AMMING |
AND CUSTOMIZING

~  PICmicns
MICROCONTROLLERS |

MYKE PREDKO Tncludesi2

complete projects

Includes 30 experiments

| /\/\1 Explains tools needed
PRINTED

for developing code

CIRCUIT

BOARD

=




CONTENTS

Acknowledgments
Foreword

Introduction

1 Microcontrollers
Microcontroller Chips 2
Programmabie Logic Devices 29
Deciding Which Device to Use in Your Application 37

2 The Microchip PICmicro® MCU
Device and Feature Summary 34
The MPLAB IDE 48
FUZZYtech 50
KEELOQ 50
The Parallax Basic Stamp 57
PICmicro® MCU-Compatible Devices 53

3 The PICmicro® MCU Processor Architecture
The CPU 56
The PICmicro® MCU’'s ALU 59
Data Movement 64
The Program Counter and Stack 72
Reset 76
Interrupts 78
Architecture Differences 871

4 The PICmicro® MCU Instruction Set
The Mid-Range Instruction Set 104
Other PICmicro® MCU Instruction Sets 135

5 PICmicro® MCU Hardware Features
Power Input and Decoupling 170
Reset 176
Watchdog Timer 177
System Clock/Oscillators 178
Configuration Registers 183
Sleep 185

xXv

xvii

33

55

103

169




vi

CONTENTS

Hardware and File Registers 187

Parallel Input/Output 7189

Interrupts 796

Prescaler 202

The OPTION Register 203

Mid-Range Built-In EEPROM/Flash Access 206
TMR1 and TMR2 212

Serial /O 220

Analog /IO 236

Parallel Slave Port (PSP) 243

17Cxx External Memory Connections 245
In-Circuit Serial Programming (ISCP) 250
Future Devices 257

6 PICmicro® MCU Application Design and
Hardware Interfacing
Estimating Application Power Requirements 254
Reset 255
Interfacing to External Devices 257
LEDs 263
Switch Bounce 265
Matrix Keypads 267
LCDs 271
Analog /0 279
Relays and Solenoids 288
DC and Stepper Motors 289
RIC Servo Control 292
Serial Interfaces 293

7 PC Interfacing
PC Interface Software 378
Serial Ports 322
Parallel Port 344
Keyboard and Mouse Ports 349
ISABus 358

8 PICmicro® MCcU Application Software Development Tools
Software-Development Tools 367
High-Level Languages 384
MPSIM.INI 402
Stimulus (.STI) Files 404
FUZZYtech 405
Version Support Tools 4710
The MPLAB IDE 471

9 PICmicro® McuU Assembly-Language Soft-Ware
Development Techniques
Creating and Supporting Your Code 454
PICmicro® Mcu Programming Tips 457
Interrupts 499
Event-Driven Programming 506

253

317

365

453




CONTENTS _ vii

State Machine Programming 508

Porting Code Between PICmicro® MCU Device Architectures 509
Optimizing PICmicro® MCU Applications 516

A Baker's Dozen Rules to Help Avoid Application Software Problems 520

10 Macro Development 523
The Difference Between Defines and Macros 526
The Assembler Calculator 528
Conditional Assembly 532
Debugging Macros 540
Structured Programming Macros 542

11 Designing Your Own PICmicro® Mcu Application 547
Requirements Definition 548
PICmicro® MCU Resource Allocation 553
Effective User Interfacing 555
Project Management 557

12 Debugging Your Applications ) 561
Characterizing Problems 562
Hypothesizing and Testing Your Hypothesis 564
Simulating Applications 565

13 Programming PICmicro® MCUs 571
Hex File Format 572
Code-Protect Features 576
Low-End Programming 577
Mid-Range and ICSP Serial Programming 580
PIC17Cxx Programming 590
PIC18Cxx Programming 593
PICSTART Plus and PRO MATE Il 596
The El Cheapo 599
The YAP-Il 609
Third-Party Programmers 625

14 Emulators 629
MPLAB ICE-2000 632
The PICMaster 635
MPLAB-ICD 636
The EMU-Il 639
Other Emulators 661

15 Experiments 663
Tools and Parts 665
PICmicro® MCU Processor Execution 669
Jumping Around 700
Data 711
Subroutines 7271
Table Data 730
Playing with the Hardware = 742
Analog Input/Output 823
I/O with Interrupts 845




viii_CONTENTS

Serial /O 867
Debugging 894

16 Projects 903
Low-End Devices 904
Mid-Range Devices 928
PIC17Cxx Devices 1017
PIC18Cxx Devices 1028

17 Real Time Operating Systems 1039
RTOS01: Simple PIC18Cxx RTOS 1042
RTOS02: Multitasking Application Example 1052

18 In Closing 1061
APPENDICES

A Glossary 1063
B Useful Tables and Data ) 1077

Physical Constants 1078

Audio Notes 1079

“Touch-Tone” Telephone Frequencies 1079
Electrical Engineering Formulas 7080
DC Electronics Formulas 71080

AC Electronics Formulas 10871
Mathematical Formulas 1081
Mathematical Conversions 7083
ASCIl 1084

ASCII Control Characters 1084

IBM Extended ASCIll Characters 1086

C PICmicro® Mcu Application Debugging Checklist 1089

D Resources 1097
Microchip 1098
Contacting the Author 1099
Buying Project Kits Presented in this Book 71099
PICmicro® MCU Books 1100
Useful Books 171071
My Favorite PICmicro® MCU Web Sites 1108
Periodicals 1110
Web Sites of Interest 1111

PICmicro® MCU Product and Service Suppliers 1117
SIMMSTICK 1141
UMPS 1149

GPASM/GPSIM LINUX PICmicro® Mcu Application Tools 1153
PCB Boards 1159

= X 0 M m



CONTENTS  ix

J CD-ROM 1167
Accessing the CD-ROM Files 1168
Rentron Articles 1170
Microchip Datasheets 1172

Index ' 1173
About the Author

Software and License Information




ACKNOWLEDGMENTS

While my name is on the cover of this book, this edition (as well as the first) would not
have been possible without the generous help of a multitude of people and companies.
This book is immeasurably richer due to their efforts and suggestions. I have over one
thousand emails between myself and various individuals consisting of suggestions and
ideas for making this second edition better than the first—I hope I have been able to pro-
duce something that is truly useful.

The first “Thank you” goes to everyone on MIT’s “PICList.” The two thousand or
so individuals that subscribe to this list server have made the PICmicro® MCU probably
the best supported and most interesting chips available on the market today. While I
could probably fill several pages of names listing everyone who has answered my
questions and made suggestions on how this second edition could be better, I am going
to refrain in fear that [ will miss someone. Everyone on the list is to be commended for
their generosity in helping others and providing support when the chips are (literally)
down.

This book wouldn’t have been possible except for the patience and enthusiasm of Scott
Grillo for trying out new ideas. Scott was exceedingly understanding when [ missed the
deadline for the book and also was willing to take on the adventure of figuring out what
was required to ship a book with both a CD-ROM and a PCB. What I appreciated most of
all was the time he devoted to me listening to my (mostly hare-brained) ideas and helping
me to come up with the book concept presented here.

Ben Wirz has been an invaluable resource on this book, helping me to define the
tools (the “El Cheapo,” “YAP-1I” and “EMU-II") and their constituent parts to mak-
ing sure that I don’t specify components that can only be found between Spadina and
University on Queen Street West in Toronto. Ben, 1 really appreciate your critiques of
the table of contents and your suggestions on what the book needed to make it better
for everyone. Next time we go to “Wonderland,” it will just be the two of us.

Along with Ben, I would like to thank Don McKenzie, Kalle Pihlajasaari, Mick
Gulovsen and Philippe Techer for your suggestions and ideas. A lot of the projects in this
book wouldn’t exist without your help, ideas or the SimmStick.

To Stephanie Lentz and everyone at the PRD Group—thank you for the hours spent on
this book (and the pocketbook) despite its extreme size and complexity. I don’t know how
you managed to decode the chicken-scratches put in the margins of the Galley Proofs. The
remaining errors are all mine even though you did your best to prevent me from making
them.

Bruce Reynolds (of “Rentron”) was an invaluable resource as well for this edition to
help me work through the table of contents and make sure that all the information needed
for new application developers was in the book. I really appreciate the ability to write ar-
ticles for your web site as a precursor for much of the information presented here.

xi




xii ACKNOWLEDGMENTS

I am pleased to say that Microchip has been behind me every step of the way for this
book project. Along with (early) part samples, tool references and information, I appreci-
ate the fast response to questions and the help with making sure I had the correct informa-
tion. A big thank you goes out to Len Chiella and Greg Anderson of the local (Toronto)
Microchip offices as well as Al Lovrich, Kris Aman, Elizabeth Hancock and Eric Sells for
the time spent on the phone, the many emails, graphics, parts and suggestions. [ know that
supporting authors is not in any of your job descriptions and I appreciate the time you were
able to devote to me.

Along with the Microchip employees listed above, I would also like to thank Kris Van
Herk for the time she spent with me and the manuscript making sure that I used the correct
terms for Microchip products. Special thanks to Steve Sanghi, Microchip’s CEO for tak-
ing time to review the manuscript and write the forword.

Along with the efforts of the Microchip employees, [ would like to thank Dave Cochran
of Pipe-Thompson Technologies who made sure that [ always had everything [ needed and
all my questions were answered. Dave, I also appreciated the lunches at Grazie with you.
Len, and Greg, not only did we agree on what should be in the book, but also on what to
order.

Jeff Schmoyer of microEngineering Labs, Inc. was an excellent resource for me to un-
derstand how “PicBasic” worked and was always enthusiastic and helpful for all the ques-
tions that 1 had. PicBasic and the “EPIC” programmer are outstanding tools that I
recommend to both new PICmicro® MCU developers and experienced application de-
signers alike.

I learned more about compiler operation from Walter Banks of Bytecraft Limited in a
few hours of telephone conversations than I did in my two senior years at university. While
much of this information came after I had finished this book, the time spent allowed me to
go back over the experiments and applications presented in this book with a much better
eye toward making the code more efficient.

There are five other companies that I have grown to rely on an awful lot for creating
books as well as doing my own home projects. I recognized two of these companies in the
first edition and I felt I should include three others for their excellent service in the Toronto
area.

Since writing the first edition of this book, Digi-Key has continued their excellent cus-
tomer support and improved upon it with their web pages and overnight home delivery to
Canada. AP Circuits are still the best quick turn PCB prototyping house in the business and
I recommend that you use them for all your projects.

For each of my books, I have relied upon M & A Cameras and LightLabs here in
Toronto for equipment rentals, photofinishing and advice. I realize that M & A also rent
equipment to the professional photographers for the movie industry, but they have always
taken the time to answer my questions and help me become a better photographer. Light-
Labs has always done their level best to ensure the poor pictures I have taken come out as
clear and scanner ready as possible. I know I can still do a lot better, but both these com-
panies have done a lot to hide my mistakes. Lastly, I want to thank the people at
Supremetronic on Queen Street in Toronto for their unbelievably well stocked shelves of
all the “little stuff > that I need for developing circuits and applications along with the time
spent helping me find (and count) the parts that T have needed.




ACKNOWLEDGMENTS  xiii

When I wrote “PC PhD,” almost twenty percent of the book was written on airliners and
I thanked the flight attendants for their time (and ice water) and villified the airline own-
ers for stacking their business passengers like cord wood. For this book, an astounding
forty or more percent of the book was written and proof-read on Air Canada flights and I
would like to repeat the thanks to the attendants. T also appreciated the concerns of Air
Canada’s management for the one flight I had with them that really sets the record for how
awful a flight from Denver to Toronto can be. Please keep the excellent staff flying and
work at making more space for those of us that are of above average height (or even below
average height).

I would like to thank everyone at Celestica (my regular employer) for helping to make
the first edition of this book happen as well as recognizing that I needed to work on this
edition even though the sky was falling. Celestica is an amazing company that is rich in the
resources that really matter—the people that work there. 1 want to thank Karim Osman
again in particular for testing the first versions of the “’YAP” and helping me to come up
with the RS-232 interface philosophies that I have used since the first edition of this book.

To my children, Joel, Elliot, and Marya; thank you for recognizing that the notes, parts
and projects left lying around the house are not to be touched, and when I’'m mumbling
about strange things, [’m probably not listening to how your day went. The three of you
would be absolutely perfect if you would just finish your homework before it was due.
This book is something you should be proud of as well.

Marya, thank you for the hugs when it was painfully obvious I needed them.

Finally, the biggest “Thank You” has to go to my aptly named wife, Patience. Thank
you for letting me spend all those hours in front of my PC, and then spending a similar
number of hours helping me out by keying in the never ending pages of scrawl that was
written in airport bars, hotel rooms and cramped airline seats. Thank you for putting up
with the incessant FedEx, Purolator, and UPS couriers, and organizing the sale of the old
house and designing the kitchen and bathroom of the new one. Writing something like this
book is an unbelievably arduous task and it never would have been possible without your
love and support.

Let’s go and enjoy the new house,

myke predko
Toronto, Canada
April 2000




FOREWORD

The Computer Revolution is at least 40 years old and shows no signs of slowing down,
but with standardization of network protocols and spectacular advances in broadband tech-
nology the revolution has taken a new turn: Universal Connectivity. It’s now possible to
connect almost any device, no matter how small, to almost any other device anywhere in
the world, provided suitable pipelines are available.

Of course Universal Connectivity means nothing without Distributed Intelligence,
which enables cooperation in the execution of tasks as well as the sharing of information
between networked devices. In multipurpose business and personal computers the core of
Distributed Intelligence is the microprocessor, but in embedded (usually single-purpose)
systems it is the microcontroller unit. ’

Microcontrollers are found in a multitude of applications in the automotive, consumer,
communications, office automation and industrial control markets. For example, a modem
car may have 50 or more microcontrollers controlling anti-lock brakes, keyless entry, air
bags, burglary alarm system, sun roof, ignition, and other engine functions. Even a tech-
nologically clueless consumer now carries a cell phone and/or pager and is likely to have
an answering machine along with a dozen home appliances that are controlled by micro-
controllers. He may own a laptop computer with one or two microprocessors and several
microcontrollers in it. On the other hand, his home is likely to have at least 30 and perhaps
as many as 200 microcontrollers embedded in such applications as the washing machine,
clothes dryer, furnace, air conditioner, security system, refrigerator, watches, sprinkler
system, microwave oven, toys, toaster, hair dryer, radio, TV, VCR, calculator, electronic
games, clocks, garage door openers, and smoke detectors.

It shouldn’t be a surprise, then, that in 1999 the embedded market used approximately 5.2
billion microcontrollers a year, compared to 346 million microprocessors for PCs (according
to industry analyst Dataquest)—or 15 times as many microcontrollers as microprocessors.

But this is just the beginning. At present many of the devices containing microcon-
trollers are isolated—that is, they are not connected to any other device nor to a central
control system. This is particularly true of home appliances. But as Universal Connectiv-
ity makes Home Networking a ubiquitous reality, demand for microcontroller-controlled
appliances will explode exponentially. The consumer will want to turn on her porch light
and check the home security system from her car before she walks to the house in the dark.
She will want the smoke detector to send a message to her office computer if it senses
smoke, and she will want the security system to alert the police if it detects that a window
has just been broken or a lock has been jimmied. She will want to be able to monitor the
baby’s room from the kitchen.

Other market segments also will experience explosive growth as new applications are
developed, more sophisticated protocols are created and standardized, and pipelines are
upgraded or installed where they presently do not exist.

Here is a detailed example of what an 8-bit microcontroller can do. In a hotel a single
8-bit microcontroller can control door access, temperature, and lighting, and detect smoke
and motion for each room via a RS-485 network link to a host computer. The desk clerk
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can then assign a key to the room, turn on the courtesy light and set the system tempera-
ture when a person checks in. In addition, the microcontroller will allow the host computer
to keep track of room access by housekeepers, repairpersons, and so on.

The microcontroller in the room control node has two functions. First, it has to continu-
ously monitor the sensors and controls located in the hotel room; any room status changes
are sent to the host computer. And it must monitor incoming control bytes from the net-
work host computer. If the floor and room data match, the microcontroller must process
the data bytes and execute the command or request for data. A PIC18C452 8-bit micro-
controller has the bandwidth required to simultaneously handle communication on the net-
work and perform the room functions.

The microcontroller has many peripherals that allow simple implementation of the room
control node. For example, the universal synchronous/asynchronous receiver/transmitter
(USART) on the PIC18C452 has an address-detect feature that makes it well suited for
RS-485 applications. The A/D converter can be used for temperature and smoke sensor in-
puts. The two available pulse-width modulation modules can be used to generate analog
voltage outputs for light dimmers. The on-chip master synchronous serial port module
provides an easy interface to a serial EEPROM device. Finally, the device has plenty of
general-purpose 1/0 for connecting keypads, displays and logic-activated devices. As on-
board Flash memory grows in popularity, many companies are expanding their Flash mi-
crocontroller offerings.

The presence of the microcontroller in the room control node allows it to make deci-
sions based on sensor input without intervention from the host computer. For example, the
microcontroller can use motion-sensor, temperature-sensor and door-access information
to provide automatic energy savings. It can automatically set the HVAC thermostat for
lower energy consumption if the room has been unoccupied for a long time.

A control panel located near the entrance door of the hotel room contains the microcon-
troller, a status display and a keypad, and the RS-485 twisted-pair network connected to
the microcontroller through a low-cost transceiver IC.

The status display and keypad can be used to access a variety of functions such as set-
ting the light levels and room temperature. The room control node forwards any access
codes received by the card reader to the host computer. In a similar fashion, the microcon-
troller can store valid access code data received from the host computer in nonvolatile
EEPROM memory. This increases security benefits because access privileges to the hotel
room can be changed instantly from the host computer.

That’s a lot of performance considering that 8-bit microcontrollers are the cheapest
class of microcontrollers available.

It is widely recognized that where cost is a significant factor, 8-bit microcontrollers pro-
vide the most bang for the buck, and the PICmicro® MCU microcontroller architecture
provides one of the broadest product offerings, ranging from 8-pin, 12-bit instruction word
to 84-pin, 16-bit instruction word devices. This book is intended to prepare you to take the
fullest advantage of one of the most important enabling technologies for embedded de-
vices, whether networked or standalone, yet one of the most economical ones. Original
equipment manufacturers (OEMs) place a substantial value on those design engineers who
can apply this technology to achieve one of the Holy Grails of electronic design: optimum
performance with low design and manufacturing costs.

Note: The Microchip name and logo, PIC, and PICmicro® MCU are registered trade-
marks of Microchip Technology Inc. in the USA and other countries. All other trademarks
are the property of their respective owners.



INTRODUCTION

In the introduction to the first edition of this book, I explained my fascination with the In-
tel 8048 microcontroller. I first discovered this device when I was looking at the first IBM
PC’s schematics. While the PC’s schematic itself took up twenty pages, the keyboard’s
schematic simply consisted of single 8048 chips which provided a “bridge” between the
keys on the keyboard and the PC system unit. I got a copy of the 8048’s datasheet and was
amazed at the features available, making the single chip device very analogous to a com-
plete computer system with a processor, application storage, variable storage, timers,
processor interrupt capability and Input/Output (“I/0”). This single chip gave designers
the capability of developing highly sophisticated applications while having extremely sim-
ple electronic circuits.

Figure 1 An assortment of PICmicro®
Microcontrollers

Microcontrollers have become such an integral part of our lives that I daresay the true
“Computer Revolution” was the insinuation of the microcontroller into our daily lives. It
has come to the point where virtually every electronic product we come in contact with has
at least one microcontroller built into it. Electrical appliances often use them for motor and
element control as well as operating interfacing. Cellular phones would not be possible
without them. Even your car’s power seat has a few built into it! The true foundation of our
modern society is the more than five billion microcontrollers that are built into the prod-
ucts we buy each year.

xvii
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INTRODUCTION

One of the most popular and easy to use microcontroller families available on the mar-
ket today is the Microchip “PICmicro®” microcontroller. Originally known as the “PIC”
(for “Peripheral Interface Controller™), the PICmicro® microcontroller (MCU) consists of
over two hundred variations (or “Part Numbers”), each designed to be optimal in different
applications. These variations consist of a number of memory configurations, different [/O
pin arrangements, amount of support hardware required, packaging and available periph-
eral functions. This wide range of device options is not unique to the PICmicro® MCU;
many other microcontrollers can boast a similar menu of part numbers with different op-
tions for the designer.

What has made the PICmicro® MCU successful is:

B The availability of excellent, low-cost (free) development tools;

B The largest and strongest user Internet based community of probably any silicon chip
family;

B An outstanding distributor network with a wide variety of parts available in very short
notice; ’

B A wide range of devices with various features that just about guarantees that there is a
PICmicro® microcontroller suitable for any application;

B Microchip’s efforts at continually improving and enhancing the PICmicro® MCU fam-
ily based on customer’s needs.

These strengths have contributed to the Microchip PICmicro® MCU being the second
most popular microcontroller product in the world today (2000). This is up from the twen-
tieth position in 1995. I would not be surprised if the PICmicro® MCU became the largest
selling family of architectures in the next few years. Along with the strong line up of cur-
rent part numbers, the addition of more Flash program memory parts, the PICI8Cxx ar-
chitecture and new built-in features (like USB) will make the PICmicro® MCU a strong
contender for the foreseeable future.

The first edition of this book has been very popular, an award winner (Amazon.com’s
1998 “Robotics and Automation” award) and been translated into other languages. Despite
this, there are aspects of the book that should be improved upon and changes in the PICmi-
cro® MCU lineup as well as my own personal philosophies on microcontroller application
development that have made it appropriate to create this second edition. In the “What’s
new in this edition” later in this Introduction, I have detailed the changes between this edi-
tion and the first one.

One consistent concern about the first edition is the relatively high level it started at.
This made the book difficult for the beginners to grasp the concepts of what was being ex-
plained or why something was done in a particular way. To help provide a bridge for peo-
ple new to digital electronics and programming, I have inctuded a number of introductory
chapters, appendices and pdf files on the CD-ROM for this material.

Three types of applications have been included in this book. “Experiments” are simple
applications that, for the most part, do not do anything useful other than help explain how
the PICmicro® MCU is programmed and used in circuits. These applications along with
the code and circuitry used with them can be used in your own applications, avoiding the
need for you to come up with them on your own.

The “Projects” are complete applications that demonstrate how the PICmicro® MCU
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can interface with different devices. While some of the applications are quite complex, I
have worked at keeping them all as simple as possible and designed them so they can be
built and tested in one evening. The applications have also been designed to avoid high
speed execution and AC transmission line issues however possible to make prototype
builds as robust as possible,

The last type of application presented in this book are the various developer’s tools used
for application software development. In this book, I have included the design for two dif-
ferent types of PICmicro® MCU programmers and a device emulator that can be used to
help with your own PICmicro® MCU application development. I am pleased that I have
been able to include a PCB to allow you to build your own programmer quite easily and
inexpensively. These application development tools, along with the application develop-
ment tools included on the CD-ROM gives you the ability to quickly start working with
the PICmicro® MCU in very short order.

There is no better feeling in the world than building a circuit, connecting a programmed
PICmicro device into it, applying power, and watching it work properly the first time. To
help you get to this point as quickly as possible, along with providing and showing how
the “MPLAB”, “Integrated Development Environment” (“IDE”) is used, I focus a great
deat of this book on understanding the PICmicro® MCU processor, 1/O hardware, and ap-
plication development process.

[ have tried to come up with a “real world” set of applications with a variety of inter-
faces that you can use as a basis for your own applications. I have tried to make the appli-
cations as realistic as possible and I have included explanations for the theory behind the
interfaces and the approach taken to connect a PICmicro® MCU to them.

Included on the CD-ROM that comes with this book is the source code for all the
PICmicro® MCU applications presented in this book. PICmicro® MCU assembler
Macros and other source files are available on the CD-ROM as well. Executable and “in-
stallation” files are also included for PC application code that are used to run the PICmi-
cro® MCU experiments as well as the source code for selected applications. I have not
included source file to the “Tool” code as I want to avoid having to support different peo-
ple’s modifications.

Also on the CD-ROM is a very complete tool base that you can work with for creating
and simulating your PICmicro® MCU application code. Microchip’s “MPLAB,” Virtual
Micro Design’s “UMPS” IDEs are available for Microsoft “Windows” PCs. These are ex-
cellent tools for you to learn about the PICmicro® MCU and develop application for it.
have also included copies of the Linux “GPL” assembler and simulator that are outstand-
ing tools for learning about the PICmicro® MCU (but you do not want to run Microsoft
“Windows”).

Finally, on the CD-ROM I have included datasheets for all the PICmicro® MCU devices
that have been used in this book along with their programming specifications. Further ref-
erence information is available on the CD-ROM and everything can be accessed via an
“HTML” interface from any web browser. The CD-ROM is as complete as I could make
it and I hope hundreds of Mega-Bytes of data on it are useful for you.

In the three years since the publication of the first edition of “Programming and Cus-
tomizing the PIC Microcontroller,” I have received almost a thousand emails from readers
with questions, comments, and suggestions. I hope this continues with this edition. Please
spend a few moments and let me know what you think of this book, and anything I can do
10 improve it.
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Conventions Used in this Book
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(Thousands of Ohms)

Millions of Ohms

microFarads (1/1,000,000 Farads)
picoFarads (1/1,000,000,000,000 Farads)
seconds

milliseconds (1/1,000 of a second)
microseconds (1/1,000,000 of a second)
nanoseconds (1/1,000,000,000 of a second)
Hertz (Number of Cycles per Second)
kiloHertz (1,000 cycles per second)
MegaHertz (1,000,000 cycles per second)
GigaHertz (1,000,000,000 cycles per second)

Decimal Number
Negative Decimal Number
Hexadecimal Number

Binary Number

The number n.nn times ten to the power “e
Optional Parameters within Italicized Braces

Either or Parameters

Negatively active Signal/Bit

Specific Bit in a Register

Example Code

Text/Code/Information that Follows is Commented out
“And So On.” This is put in to avoid having to put in
meaningless (and confusing) material to the discussion
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Two Input Bitwise AND

Truth Table:
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Inputs § OCutput
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Logical AND
Two Input Bitwise OR
Truth Table:
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Inputs § Output

A B
0 0 0
0 1 1
1 0
1 1 0

LOR Logical XOR
! Single Input Bitwise Inversion
Truth Table:

Input § Output

A :

0 1

1 i 0
NOT Logical Inversion
+ Addition
- Subtraction or Negation of a Decimal
* Multiplication ’
/ Division
% Modulus of two Numbers. The modulus is the “remainder”

of integer division

<<if Shift Value to the Left “#” Times
>>4f Shift Value to the Right “#” Times

Along with defining Units there are a few terms and expressions I should define here to make
sure you are clear on what I am saying in the text. These terms are often used in electronics
and programming, although my use of them is specific to microcontrollers and the
PICmicro® MCU.

Application The hardware circuit and programming code used to make up a micro-
controller project. Both are required for the microcontroller to work
properly.

Source Code The human-readable instructions used in an application that are con-

verted by a compiler or assembler into instructions that the microcon-
troller’s processor can execute directly.

Software I use the generic term “Software” for the application’s code. You may
have seen the term replaced with “Firmware” in some references.

PICmicro® MCU Resources and Tools

Over the past three or four years, the PICmicro® MCU has become a real powerhouse
with regards to available support. Along with this book, there are several others, numerous
Internet and commercial resources that you can access. In many ways, the PICmicro®
MCU has more support available than any other electronic device. These resources are
available for the beginner and hobbyist as well as the professional.

In this book, I have provided you with an explanation of the device, how it is pro-
grammed (both developing the software and burning it into the chip) and interfaces to




xxii___INTRODUCTION

other devices. Along with the text material, the CD-ROM includes source code for all the
experiments, projects, and tools presented in the book. For creating code, I have included
the Microchip “MPLAB” and Virtual Devices “UMPS” IDEs along with the Microchip
datasheets for the devices that are presented in the book. The CD-ROM also includes the
“www.rentron.com” articles that [ have been writing to help people understand the PICmi-
cro® MCU better. These articles demonstrate the PICmicro® MCU from some different
perspectives and will give you an idea of what was the genesis for many of the concepts
presented in this book.

Microchip has been very generous in making the datasheets, MPLAB, and other mate-
rials used in this book available for the CD-ROM. I want to point out that chances are, at
least two files will be updated in the time it takes to “master” the CD-ROM for the book to
when it is put out on the shelf. Because Microchip frequently updates the information that
they publish, [ recommend that you check with their website:

http://www.microchip.com

before embarking on a complex project of your own to ensure that you don’t miss any updates
or errata that become available. The datasheets on the CD-ROM aré an excellent quick refer-
ence for your own projects but shouldn’t be relied upon if you are using advanced periph-
erals.

The embedded PCB that is included with this book is designed to be part of an “El
Cheapo” programmer. For this programmer, | have tried to select parts that can be found
in most electronics stores (I have included a list of Digi-Key part numbers for reference).
MS-DOS and Microsoft “Windows” (“Win32”) are available for this programmer and
have been placed on the CD-ROM.

Along with the “El Cheapo,” I have also made the other PCB designs that are used with
applications in this book available in “Gerber” format on the CD-ROM. All the informa-
tion necessary for you to build the PCBs (or have them built) is included on the CD-ROM.

Some of the projects and tools presented in this book will be available for sale from
Wirz Electronics (http://www.wirz.com) and there is more information on how to order
them later in the text as well as on the CD-ROM. [ should point out that the experiments,
projects, and tools in this book are available for your personal use only. They cannot be re-
produced for sale, except with my written permission.

If you don’t have an Internet connection, then I highly recommend that you sign up with
an Internet Service Provider (“ISP”) as soon as you can. I will be keeping track of any
errors in the book that are discovered along with their corrections on my website:

http://www.myke.com

The Internet is also the number one source for any code, tools and help that you may need.
The best Internet source you will find is MIT’s “PICList.” This “List Server” (or “List-
Serv”), with two thousand subscribers, is an outstanding resource and will help you get on
your way. The variety of experience you can draw upon can be overwhelming with ques-
tions often answered within minutes of being asked.

The last resource that you should be aware of is Microchip itself. Microchip, along with
its network of distributors provide a very strong set of developer’s tools, application engi-
neering help and their yearly seminar series. The Microchip development tools (such as
“PICStart Plus,” “MPLAB 2000,” “MPLAB ICD” which are presented later in the book)
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are all of excellent quality and reasonable cost. The yearly seminars arc a great way to buy
these development tools at reduced prices as well as meet your Microchip representatives
and others in your area that work with the PICmicro® MCU professionally or as
hobbyists.

What’s New in this Edition

While much of the material from the first edition has been retained for this one, there have
been some significant changes and additions for this edition.

They are:

1.

10.
.

12.
13.

Changes to make the book more accessible for people new to electronics and easier to
find specific information.

. The book has been laid out in a new format. This format was, first used in later books

of the “Programming and Customizing” series and provides a list of the subchapters
on the first page of each chapter.

To help you find important information faster I have included the “List of Figures”,
“List of Tables” and “List of Code Examples” as well as the information located in the
book’s index. These references are meant to help find specific information and code
very quickly.

Some of the information was given in the first edition before prerequisite information
was presented. Some chapters have been reordered and changed to eliminate this from
being a problem in the second edition.

All “pseudo-code” examples are written in “C.” “C” is the most popular high level
language for PICmicro® MCU application development (as well as most technical
programming). I have followed “C” conventions in all areas of the book when pre-
senting information or data, wherever possible.

A table format for register definitions has been used in this edition to help make find-
ing specific information easier. Bits are defined from the most significant to least sig-
nificant to make translating the bit numbers to values simpler.

A glossary of terms used in the book has been included. This glossary has been opti-
mized for the PICmicro® MCU and the concepts required for it.

“Holes” in information and data have been eliminated.

Introductory electronics and programming information has been included on the CD-
ROM. This information will give you a better background to what is being presented
as well as allow me to space out information and introduce one concept at a time.
More glossary/appendix reference data has been provided.

The “Conventions Used in this Book” section of the introduction has been expanded
to include all mathematical operators and symbols used in the text and formulas.

The example experiments, projects and tools have been enhanced.

The experiments, projects and tools have been relabeled to avoid confusion regarding
the order in which information is presented. In the original edition, the applications
were labeled according to the order in which they were developed. In this edition, the
experiments and projects have been labeled according to what category of application
they come under and the order in which they appear.

Ja—
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14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

There are a number of new experiments, projects and tools added to this book. These
additions are used to demonstrate new functions or clarify areas that were ambiguous.
Complete schematics and bills of material are available for all the applications that are
presented in this book.

The “El Cheapo” programmer PCB is included with the book to allow you to quickly
and easily program PICmicro® MCUs and start building your own applications very
quickly and inexpensively.

All the PICmicro® MCU code written for the book has been tested with “MPLAB”
and programmed into PICmicro® MCU devices, where appropriate, on multiple de-
velopment tools. The MPLAB IDE is an outstanding tool designed for Microsoft
“Windows” which is available free of charge from Microchip. Also included with the
book is Virtual Micro Design’s “UMPS” and the “GPL” Linux assembler and simu-
lator.

PC Interface code has been tested on a variety of PCs. While I cannot guarantee that
the code will work on all PCs, it should be robust enough to work on most without
problems. I have tried to include both “MS-DOS” as well as Microsoft “Windows”
code for the projects.

All parts specified in this book are available easily from a variety of sources. Where
there can be confusion with regards to the parts, I have listed distributor part numbers
in the text.

The latest PICmicro® MCU devices and features are presented. The eight and four-
teen pin PICmicro® MCUs along with the latest EEPROM/Flash and PIC18Cxx parts
and their features have been added to this book. I realize that between the time I write
this and when the book comes to print, even more parts will be added. Please consult
the Microchip web site for the latest list of available PICmicro® MCU part numbers,
With the description of each interface, I have included sample code that can be placed
directly into your applications. These “snippets” of code are written with constants or
variables that are described in the accompanying text.

Update on software development. Text has been expanded to include discussions on
application development as it relates to the operation of the PICmicro® MCU. The
concept of “Event Programming” is introduced as to how it relates to the PICmicro®
MCU and microcontroller programming in general.

Two new chapters on assembly language and macro programming have been added to
help you understand how optimal code is developed and how it is measured. The mea-
surements that I introduce may be considered somewhat unusual, but I believe they
are appropriate for real-time microcontroller applications.

Copyright and Trademarks

Microchip is the owner of the following trademarks: “PIC,” “PICmicro® MCU,” “ICSP”,
“KEELOQ,” “MPLAB,” “PICSTART,” “PRO MATE,” and “PICMASTER.” Micro-
Engineering Labs, Inc. is the owner of “PicBasic.” Microsoft is the owner of “Win-
dows/95,” “Windows/98,” “Windows/NT,” “Windows/2000” and “Visual Basic,” All
other copyrights and trademarks not listed are the property of their respective manufactur-

ers and owners.
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In a time when digital electronics is becoming more complex and less accessible to stu-
dents and low-end circuit developers, microcontrollers have become excellent tools for
learning about electronics and programming, as well as providing the capabilities to create
sophisticated electronic applications fairly easily and inexpensively. Microcontrollers and,
more recently, Programmable Logic Devices (PLDs) provide a method to learn about dig-
ital interfacing and programming, and to provide the capability to easily create applica-
tions that control real-world devices.

This chapter presents how microcontrollers, as computer processor-based devices that
are completely self-contained with memory and I/O, can be used as the heart of a limitless
variety of different electronics applications. PLDs offer many of the same capabilities that
are suitable for similar, but different applications because they do not have the internal
processor. Understanding the strengths and weaknesses of the microcontroller and the ba-
sic rules for application design is important for being able to successfully develop usable
applications in an efficient manner. As you progress through the book, you will gain the
knowledge necessary to develop your own applications for the Microchip PICmicro®
MCU eight-bit microcontroller.
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Microcontroller Chips

If you were to investigate all the different types of microcontrollers, you would probably
be amazed at the number of different ones available. The different types of devices break
down as:

B Embedded (self-contained) eight-bit microcontrollers
B 16- to 32-bit microcontrollers
B Digital signal processors

A wide range of embedded (self contained) devices are available. In an embedded mi-
crocontroller, all of the necessary resources (memory, I/O, etc.) are available on the chip;
in your application circuit, you only have to provide power and clocking. These micro-
controllers can be based on an established microprocessor core or use a design specific to
microcontroller functions. Thus, there is a great deal of Varlablhty of operation—even in
devices that are performing the same tasks.

The primary role of these microcontrollers is to provide inexpensive, programmable
logic control and interfacing to external devices. Thus, they typically are not required to
provide highly complex functions. But, they are capable of providing surprisingly sophis-
ticated control of different applications.

When I say that the devices are inexpensive, | mean that they range in cost from $1 to
more than $20 each (with the cost depending on complexity, which is a function of inter-
nal features and external pin count, and quantity purchased). Twenty dollars for a chip
might seem expensive, but this is largely mitigated by the lack of additional chips required
for the application. With the PICmicro® MCU, the external parts needed to support the
microcontroller’s execution in an application can literally cost as little as five cents.

In Fig. 1-1, you will get an idea of how an embedded microcontroller chip is laid out and
the interfaces that are available to the outside world.

Generally, these microcontrollers have the following characteristics that allow them to
be simply wired into a circuit with very little support requirements. The following list will
give you an idea of what’s always available in the embedded microcontroller package:

B Processor reset

M Device clocking

B Central processor

B PROM/EPROM/EEPROM/Flash program memory and programming interface

Microcontroller Chip

Power Control
Power—— Distn Store __|
[72]
Reset o] 5 Input &
Reset Control § o Output
3 Q Pins
lock 2 =
Clocking g?’icming - VEw s
RAM - Figure . Microcontroller block
diagram
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8 \ariable RAM
B [ O pins
B [nstruction cycle timers

Along with these basic requirements for a microcontroller, most modern microcon-
~ollers have many of following features built in:

Built-in monitor/debugger program

Built-in program memory programming from a direct host connection
Interrupt capability (from a variety of sources)

Analog input and output (I/O) (both PWM and variable DC 1/0)
Serial I/0 (synchronous and asynchronous data transfers)
Bus/external memory interfaces (for RAM and ROM)

All of these features increase the flexibility of the device considerably and not only
make developing applications easier, but possible in some cases. Note that most of these
aptions enhance the I/O pins’ function and do not affect the basic operation of the proces-
sor. These options can usually be disabled (leaving the pins used for simple I/O), bringing
the microcontroller’s capabilities equal to the basic set listed previously.

Early microcontrollers were manufactured using bipolar or NMOS technologies. Most
modern devices are fabricated using CMOS technology, which decreases the current
chip’s size and the power requirements considerably. For most modern microcontrollers,
the current required is anywhere from a few microamperes (1A) in “Sleep” mode to up to
about 10 milliamperes (mA) for a microcontroller running at 20 MHz. A smaller chip size
means the chip requires less power and that more chips can be built on a single “wafer.”
The more chips that are built on a wafer, the lower the unit price is.

Maximum speeds for the different devices are typically in the low tens of megahertz
(MHz). The primary limiting factor is the access time of the memory used in the micro-
controllers. For the typical applications that are based on microcontrollers, this is generally
not an issue. The issue is the ability to provide relatively complex interfaces for applica-
tions using a simple microcontroller. The execution cycles required to provide these inter-
faces can take away from the time needed to process the input and output data. This book
covers the advanced PICmicro® MCU hardware features that provide interfacing func-
tions, as well as “bit-banging” methods for simulating the interfaces while still leaving
enough processor cycles to work through the application processing.

Some microcontrollers (most notably devices with 16- or 32-bit data paths) rely com-
pletely on external memory, instead of built-in program memory and variable memory.
Despite the tremendous advantages that a microcontroller has with built-in program stor-
age and internal variable RAM, there are times (and applications) where you will want to
add external (both program and variable) memory to your microcontroller.

There are two basic ways of doing this. The first is to add memory devices to the mi-
crocontroller as if it were a microprocessor. Many microcontrollers are designed with
built-in hardware to allow this technique. For an external memory device, the microcon-
troller diagram can be changed to Fig. 1-2.

The classic example of this type of microcontroller is the Intel 8051. Some members of
the family are shipped without any built-in program memory, which necessitated the ad-
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dition of external ROM. The bus designs of the 8051 added up to 64K as well as 64K vari-
able RAM. Other members of the family (the 8751 and 8752) had built-in EPROM pro-
gram memory that could be used alone, shared with external ROM and RAM, or even
bypassed completely, allowing the microcontroller to run without the contents of the
chip’s program memory being accessed. This latter feature allowed 8051s that were pro-
grammed with incorrect or “downlevel” program memory to be used in other applications
and not have to be scrapped.

In the PICmicro® MCU family, some of the PIC17Cxx devices are capable of imple-
menting external memory. In this book, along with explaining how the high-end PICmicro®
MCU devices work in the external memory modes, I have included a simple external mem-
ory bus access application to show how memory devices are interfaced to the PIC17Cxx.

A typical application for external memory microcontroller is as a hard-disk
controller/buffer that provides a simple interface to a system processor and distributes large
amounts of data (usually measured in megabytes (MB). The external memory allows much
more buffer memory than would be normally possible in an embedded microcontroller.

The second way is to add a bus interface to the microcontroller and control the bus /O
in software or using built-in hardware. The two-wire Inter-Inter Computer (I2C) protocol
is a very common bus standard for this method. This will allow simple I/O devices with-
out complex bus interfaces although if the external memory device is to store application
code, then an interpreter for the data will have to be built into the microcontroller’s built
in memory to be able to decode the information being passed to it.

Digital Signal Processors (DSPs) are a relatively new category of processor. The pur-
pose of a DSP is to take sample data from an analog system and calculate an appropriate
response. DSPs and their Arithmetic Logic Units (ALUs), the hardware that performs cal-
culations, run at very high speed to allow this control in real time. DSPs are often used in
such applications as active noise-canceling microphones in aircraft (a second, ambient
noise microphone provides a signal that is subtracted from the primary microphone signal,
canceling the ambient noise, leaving just the pilot’s voice) or eliminating “ghosting” in
broadcast television signals.

Developing DSP algorithms is a science unto itself, a subbranch of control theory. The
science of control theory requires very advanced mathematics and is beyond the scope of
this book (later, I will discuss “fuzzy logic,” which is a nontraditional method to use a
computer to interface with analog systems). DSPs come in a variety of designs that use
features that are most often found in the embedded microcontrollers and external-memory
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microcontrollers. Although typically not designed for stand-alone applications, digital sig-
nal processors can be used to control external digital hardware, as well as process the in-
put signals and formulate appropriate output signals.

One of the biggest questions often asked about the PICmicro® MCU’s capabilities is
whether or not it can do audio-frequency (0 to 7,000 Hz) digital signal processing. The
short answer to this question is “no” because the PICmicro® MCU lacks the processor fea-
tures (such as a built-in multiplier) and speed to be able to carry out the functions. If you
are planning on doing digital signal processing with the PICmicro® MCU, then I recom-
mend running the PICmicro® MCU at the highest possible speed (usually 20 MHz) and do
not process any signals that are faster than 1 kHz.

APPLICATIONS

In this book, application describes all of the different aspects of a microcontroller-based
circuit. I think it is important to note that a project is based on a collection of different
development efforts (for the hardware and software) and not a development process in a
single discipline. This section introduces you to the five different elements to a microcon-
troller project and explains some of the terms and concepts relating to them.

The five different aspects to every microcontroller project are:

1 Microcontroller and support circuitry
2 Project power

3 Application software

4 User input/output (1/0)

5 Device interface (I/F)

These different elements are shown working together in Fig. 1-3.

This book goes through each of these aspects with respect to the Microchip PICmicro®
MCU to give you the knowledge needed to develop your own PICmicro® MCU applica-
tion. Before doing that, I want to introduce you to the different elements and help you to
understand how they interrelate and how applications are built from them.

The microcontroller and support circuitry is simply the microcontroller (PICmicr0®
MCU) chip and any electronic parts that are required for it to work in the application.

Microcontroller

Ap
Software

Processor  Variable
Memory

Clocking User 1/0

microcontroller block
diagram
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Along with the chip itself, most PICmicro® MCU applications require a decoupling ca-
pacitor, a reset circuit, and an oscillator. The design of the PICmicro® MCU (as is true for
most microcontrollers) makes the specification of these parts very simple; in fact, in some
of the newer devices, these circuits are built into the chip itself.

The decoupling capacitor is used to minimize the effects of rapid changes in power de-
mands by devices in the circuit (including the PICmicro® MCU itself). A decoupling ca-
pacitor can be thought of as a filter that smoothes out the rough spots of the power supply
and provides additional current for high load situations on the part. As shown later in the
book, a decoupling capacitor is crucial for the PICmicro® MCU and should never be left
out of an application’s circuit.

The reset circuit on the PICmicro® MCU is very simple; often it is just a “pull-up.” This
simple circuit is often enhanced in many applications to ensure that marginal-voltage situations
(such as the case of a battery that is losing its charge) do not cause problems with the operation
of the PICmicro® MCU. The book explains how reset works in the PICmicro® MCU and
what can be done with the reset to prevent problems with the PICmicro® MCU’s operation.

For any computer processor to run, a clock is required to provide timing for each in-
struction operation. This clock is provided by an oscillator built into the PICmicro® MCU
that uses a crystal, ceramic resonator, or an RC network to provide the time base of the
PICmicro® MCU’s clocks circuitry. One of the nice features of many PICmicro® MCUs
is a built-in 4-MHz oscillator that avoids the need to provide the oscillator circuit and frees
up two pins for I/O functions.

Power is an often-neglected part of a microcontroller application’s design. Proper spec-
ification of the power supply design and selection of components are important for an ap-
plication’s reliability and cost effectiveness. This book describes the important aspects of
a PICmicro® MCU’s power supply, along with a number of circuits to help you specify
the best power supply for specific applications.

I feel that the user input/output interface is crucial to the success of a microcontroller ap-
plication. This book shows a number of different ways to pass data between a user and a
PICmicro® MCU. Some of these methods might seem frivolous or trivial, but having an
easy-to-use interface between your application and the user is a differentiator in today’s
marketplace. Along with information on developing user 1/O circuitry are some of my
thoughts on what is appropriate for users.

Device interfacing is really what microcontroller applications are all about. Looking
over Chapter 16, you should get the idea that there is a myriad of different devices that mi-
crocontrollers can interface with control or monitor. I have tried to present a good
sampling of different devices to show different methods of interfacing to the PICmicro®
MCU that can be used in your own applications.

Within the microcontroller is the application software stored in program memory. Al-
though this is one-fifth of the different elements that make up a microcontroller applica-
tion, it will seem like it will take up six-fifths of the work. Microcontroller software
development is really an art form. Information presented in this book should give you an
introduction to the knowledge required to develop your own applications. Also, there are
a lot of code “snippets” you can add to your own applications.

If you are new to electronics programming, you should look at the appendices “Intro-
duction to Electronics” and “Introduction to Programming” on the CD-ROM. These ap-
pendices will help reference the information presented on the PICmicro® MCU and the
applications built from the microcontroller presented in this book. I have tried to focus the
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~rormation with respect to developing electronic circuits for microcontrollers in these ap-
-endices.

Instructions and software When a processor executes program or code statements,
.2 1s reading a set of bits from program memory and using the pattern of bits to carry out a
specific function. These bits are known as an instruction and each pattern carries out a dif-
z2rent function in the processor. A collection of instructions is known as program. When
:he program is executing, the instructions are fetched from program memory using a pro-
zram counter address. After an instruction is executed, the program counter is incremented
0 point to the next instruction in program memory.
The four types of instructions are:

B Data movement
8 Data processing
8 Execution change
B Processor control

The data-movement instructions move data or constants to and from processor registers,
variable memory and program memory (which, in some processors, are the same thing),
and peripheral I/O ports. The many types of data-movement instructions are based on the
processor architecture, number of internal addressing modes, and the organization of the
I O ports.

In the PICmicro® MCU, variable memory and program memory is separate. The I/O
registers are part of the variable memory space. Because the PICmicro® MCU only has
one processor specific register (the accumulator), only five addressing modes are available
znd given in the following list. In Chapters 3 and 4, these operations are explained in more
Zetail as how they work with regard to the PICmicro® MCU.

1 Constant value put into the accumulator.

2 Variable/register contents put into the accumulator.

3 Indexed address variable/register put into the accumulator.

4 Accumulator contents put into a variable/register.

5 Accumulator contents put into indexed address variable/register.

I say “only five” addressing modes because, as you investigate other processor archi-
tectures, you will find that many devices can have more than a dozen different ways to ac-
cess data within the memory spaces. The previous list is a good base reference for a
processor and can provide virtually any function that is required of an application. The
only “missing” function that I feel is necessary in a processor is the ability to access the
program counter stack. This feature is available in the PIC18Cxx devices, but not in the
low-end, mid-range, and PIC17Cxx PICmicro® MCUs.

Data-processing instructions consist of basic arithmetic and bitwise operations. A typi-
cal processor will have the following data-processing instructions:

1 Addition
2 Subtraction




8  MICROCONTROLLERS

3 Incrementing

4 Decrementing
5 Bitwise AND

6 Bitwise OR

7 Bitwise XOR

8 Bitwise negation

These instructions work the number of bits of the data word size (for the PICmicro®
MCU, this is eight bits). Many processors are capable of carrying out muitiplication, divi-
sion comparisons, and data types of varying sizes (and not just the “word” size). For most
microcontrollers (the PICmicro® MCU included), the word size is eight bits and advanced
data-processing operations are not available.

Execution change instructions include gotos (or jumps), calls, interrupts, branches, and
skips. For branches and gotos, the new address is specified as part of the instruction.
Branches and gotos are very similar, except that branches are used for “short jumps,”
which cannot access the entire program memory and are used because they require less
memory and execute in fewer instruction cycles. These execution changes are called non-
conditional because they are always executed when encountered by the processor. Skips
are instructions that will skip over the following instruction. Skips are normally condi-
tional and based on a specific status condition.

If you have developed applications on other processors, you might interpret the word
status to mean the bits built into the STATUS register. These bits are set after an instruc-
tion to indicate such things as whether or not the result of the instruction was equal to zero
or caused an overflow. These status bits are available in the PICmicro® MCU, but are
supplemented with all the other bits in the processor, each of which can be accessed and
tested individually. This provides a great deal of additional capabilities in the PICmicro®
MCU that are not present in many other devices, and it allows some amazing efficiencies
in application software that will be discussed later in the book.

An example of using status bits is shown in how a 16-bit variable increment is imple-
mented in an eight-bit processor. If the processor’s zero flag is not set after the low
eight-bit increment, then the following instruction (which increments the upper eight-bit
increment) is skipped. But, if the result of the lower eight-bit increment is equal to zero,
then the upper eight-bit increment is executed:

Increment LowEightBits
Skiplfiero
Increment HighEightBits

The skip is used in the PICmicro® MCU to provide conditional execution. Other
processors only have conditional “branches” or “gotos.”

Other execution change instructions include the ca/l and interrupt, which cause execu-
tion to jump to a routine and return back to the instruction after the Call/Interrupt instruc-
tion. A call is similar to a branch of goto and has the address of the routine to jump to
included in the instruction. The address jumped to is known as a routine and includes a Re-
turn instruction at its end, which returns execution to the previous address.

The two types of hardware interrupts are explained in more detail in the next section.
Hardware interrupts can be thought of calls to routines that are initiated by a “hardware
event.” Software interrupts are instructions that make calls to interrupt-handler routines.
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Software interrupts are not often used in smaller microcontrollers, but they are used to ad-
vantage in the IBM PC.

In most processors, the program counter cannot be accessed directly, to jump or call arbi-
trary addresses in program memory. In some processors, such as the PICmicro® MCUs, the
program counter cannot be updated by the contents of a variable. In these cases, the program
counter can be directly accessed and updated. Care must be taken when updating the proces-
sor’s program counter to ensure that the correct address is calculated before it is updated.

Processor control instructions are specific and control the operation of the processor.
Common process or control instructions are Sleep, which puts the processor (and micro-
controller) into a low-power mode. Another processor control instruction is Interrupt
Mask, which stops hardware interrupt requests from being processed.

PERIPHERAL FUNCTIONS

All microcontrollers have built-in I/O functions. These functions can range from I/O pins
of remarkable simplicity (literally, just a pull up and a transistor) to full Ethernet interfaces
or video on-screen display functions. After understanding a microcontroiler’s processor
architecture, the next area to work through is the peripherals, understanding how I/O pins
work, as well as how more complex functions are carried out.

Peripherals are normally added to a microcontroller design by the use of design
“macros.” These macros are specified during the design of the chip. As different functions
are specified, a unique microcontroller is created. Microchip has developed a rich feature
set for the PICmicro® MCU that has resulted in many different PICmicro® MCU part
numbers. Each part number has a different set of features that will give you, as the appli-
cation designer, a selection of parts that will allow you to choose a device that is well suited
to your application.

When [ said that an I/O pin could be as simple as a transistor and a pull-up resistor, I
wasn’t being facetious. The Intel 8051 uses an I/O pin that is this simple (Fig. 1-4).

This pin design is somewhat austere and is designed to be used as an input when the
output is set high so that another driver on the pin can change the pin’s state to high or low
easily against the high-impedance pull up.

A more-typical I/O pin is shown in Fig. 1-5. It provides a tristatable output from the
control register. This pin can be used for digital input as well (with the output driver turned
off). This is the PICmicro® MCU’s 1/O pin design and uses the control register to select
the pin mode as input or outpur. Later in this book [ will discuss the operation of the I/O
pins in greater detail.

w
a p Data _Q
% Pin_Write L. Register
a
vy L
S
Pin_Read 8051 Parallel I/O
pins
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A microcontroller can also have more advanced peripheral I/O functions, such as serial
I/O. These peripheral functions are designed to simplify the operation or interfacing to
other devices. I call this a peripheral function because it provides a service that would nor-
mally be performed by peripherals that are added to a peripheral bus in a microcontroller.
The peripheral bus in a microcontroller is located inside the device with all of the periph-
eral functions.

How functions are programmed in a microcontroller is half the battle in understanding
how they are used. Along with changing the function of an I/O pin, they might also require
the services of a timer or the microcontroller’s interrupt controller. The block diagram in
Fig. 1-6 shows an I/O pin with a serial data transmitter.

Bit-banging 1/0 Despite the plethora of features available in different PICmicro®
MCUs, you might want to use peripheral functions that are not available or perhaps the
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built-in features are not designed to work with the specific hardware that you want to use in
the application. These functions can be provided by writing code that executes the desired
/O operations using the I/0O pins of the microcontroller. This is known as bit banging, which
is very commonly used in PICmicro® MCU microcontroller application development.

There are two philosophies behind the methods used to provide bit-banging peripheral
functions. The first is to carry out the operation directly in the execution line of the code
and suspend all other operations. An example of this is the “pseudo-code” for a serial re-
ceiver shown below:

Int SerRXWait() { // Wait for and Return the Next

// Asynchronous Character

int i;
int OutByte;

while (IP_Bit == High); // Mait for the “Start” Bit

HalfBitDlay(); // Delay to Middle of Bit

for (i = 0; I < 8; I++) | // Read the 8 Bits of Data
BitDlay(); // Delay one Bit Period

OutByte = (OQutByte >> 1) + (IP_Bit << 7);

}

return OutByte; // Return the Byte Read In

} // End SerRXWait

The advantage of this method is that it is relatively easy to code, but the downside is that
it requires all other operations in the PICmicro® MCU to stop. The serial receive function
waits literally forever for data to come in. While this function is waiting or receiving a
character, nothing else can execute in the microcontroller.

The other method of providing bit-banging functions is to periodically interrupt the
mainline execution to provide a periodic input/output function. For the serial receive
function, I could sample the input line at three times the incoming bit speed and react to
the start bit. The code that executes each time the timer interrupt handler is involved, is:

Interrupt IntSerRX() {

if (rSTATUS != startRX) // 1s Something Being Received?
Is (IP_Bit == Low) { // No - Check for Start Bit
rSTATUS = startRX; // Start Bit Found
dlayCount = 4; // Wait four Timer Dlays to middle
// of 2nd Bit
bitCount = 8; // Eight Bits are Read
} else;

else // Reading a Bit
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if (--dlayCount == 0) { // If Bit Dlay is Finished

OQutByte = (QutByte >> 1) + (IP_Bit << 7):
dlayCount = 3;

if (--BitCount == 0) // Read all 8 Bits?
rSTATUS = byteRX;

}
b // End Serial RX Interrupt Handler

1 realize that this function seems quite complex and, at first glance, is probably just
about impossible to understand exactly how it works. I will explain how this function
works in more detail later in the book. What I wanted to show was a bit-banging function
that does not prevent other microcontroller operations from being carried out while it is
operating. As well, Application Program Interfaces (APlIs) can be written for this function
to make it “behave,” from the application code’s perspective, like hardware built into the
microcontroller. )

While this function is operating as a periodic interrupt, it is taking processor cycles
away from the mainline code, but the overall percentage of lost cycles is very low. For this
reason, I prefer this type of bit banging to the inline application code. As I discuss PICmi-
cro® MCU peripheral functions later in the book, I will also present methods for imple-
menting them as bit-banging functions using timer interrupts.

PROCESSOR ARCHITECTURES

Here’s a hint when you are inviting computer scientists to dinner; be sure that they all
agree on what is the best type of computer architecture. There are a lot of strong points for
supporting the different options that are available in computer architectures. Although
RISC is in vogue right now, a lot of people feel that CISC has been unfairly maligned. This
is also true for proponents of Harvard over Princeton computer architectures and whether
or not a processor’s instructions should be hard-coded or micro-coded. Trust me when 1
say that if you don’t type your guests properly, you will have a dinner with lots of shout-
ing, name calling, and bun throwing.

The following sections provide some background for the different processor types, ex-
plain the advantages/disadvantages of the different features, and show why the designers
of the PICmicro® MCU would make specific choices over others. These sections are not
meant to provide you with a complete understanding of computer processor architecture
design, but should help explain some concepts behind the PICmicro® MCU and reasons
why some aspects of the design are implemented the way they are.

CISC versus RISC Currently, many processors are called RISC (Reduced Instruction
Set Computers, pronounced “risk”) because there is a perception that RISC is faster than
CISC (Complex Instruction Set Computers). This can be confusing because many proces-
sors available are identified as being “RISC-like,” but are, in fact, CISC processors. And,
in some applications, CISC processors will execute code faster than RISC processors or
execute applications that RISC processors cannot.




MICROCONTROLLER CHIPS 13

What is the real difference between RISC and CISC? CISC processors tend to have a
.arge number of instructions, each carrying out a different permutation of the same opera- |
tion (accessing data directly, through index registers, etc.) with instructions perceived to
be useful by the processor’s designer.

In a RISC system, the instructions are as minimal as possible to allow the user to design
their own operations, rather than use what the processor designer has given them. Later in
the book, I show how a stack “push” and “pop” would be done by RISC system in two in-
structions that allow the two simple constituent instructions to be used for different opera-
tions (or compound instructions, such as push and pop).

This ability to write to all the registers in the processor as if they were the same is known
as the orthogonality or symmetry of the processor. This allows some operations to be un-
expectedly powerful and flexible. This can be seen in conditional jumping. In a CISC sys-
tem, a conditional jump is usually based on status register bits. In a RISC system, such as
the PICmicro® MCU, a conditional jump can be based on a bit anywhere in memory. This
greatly simplifies the operation of flags and executing code based on their state.

For a RISC system to be successful, the designer must do more than just reduce the
number of tasks performed in an instruction. By carefully designing the prbcessor’s archi-
tecture, the flexibility can be increased to the point where a very small instruction set, able
to execute in very few instruction cycles, can be used to provide extremely complex func-
tions in the most efficient manner.

The PICmicro® MCU takes advantage of the aspects of register symmetry in the design
of the register/RAM addressing in the processor. As I go through the PICmicro® MCU ar-
chitecture, instructions and applications in the following chapters, you will see that fast
data-processing operations within the processor can be very easily implemented with the
operations being the same, regardiess of the data type being modified.

Harvard versus Princeton Many years ago, the United States government asked Har-
vard and Princeton universities to create a computer architecture to be used in computing ta-
bles of Navel artillery shell distances for varying elevations and environmental conditions.
Princeton’s response was for a computer that had common memory for storing the con-
trol program, as well as variables and other data structures. It was best known by the chief
scientist’s name, John Von Neumann. Figure 1-7 is a block diagram of the architecture.
The memory interface unit is responsible for arbitrating access to the memory space be-
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tween reading instructions (based upon the current program counter) and passing data
back and forth among the processor and its internal registers.

It might, at first, seem that the memory interface unit is a bottle-neck between the
processor and the variable/RAM space—especially with the requirement for fetching in-
structions at the same time. In many Princeton architected processors, this is not the case
because the time required to execute an instruction is normally used to fetch the next in-
struction (this is known as prefetching). Other processors (most notably, the Pentium
processor in your PC) have separate programs and data caches that can be accessed
directly while other address accesses are taking place.

Harvard’s response was a design that used separate memory banks for program storage,
the processor stack, and variable RAM. Figure 1-8 is the block diagram for a typical Har-
vard processor, such as the PICmicro® MCU.

The Princeton architecture won the competition because it was better suited to the tech-
nology of the time. Using one memory was preferable because of the unreliability of then-
current electronics (this was before transistors were in widespread general use). A single
memory and associated interface would have fewer things that could fail.

The Harvard architecture was largely ignored until the late 1970s when microcontroller
manufacturers realized that the architecture had advantages for the devices that they were
currently designing.

The Von Neumann architecture’s largest advantage is that it simplifies the microcon-
troller chip design because only one memory is accessed. For microcontrollers, its biggest
asset is that the contents of Random Access Memory (RAM) can be used for both variable
(data) storage, as well as program instruction storage. An advantage for some applications
is the program counter stack contents, which are available for access by the program via
the single memory area. This allows greater flexibility in developing software, primarily
in the area of real-time operating systems (which are covered in greater detail later in the
book).

The Harvard architecture tends to execute instructions in fewer instruction cycles than
the Von Neumann architecture. This is because a much greater amount of instruction par-
allelism is possible in the Harvard architecture. Parallelism means that instruction fetches
can occur during previous instruction execution and not wait for either a “dead” cycle of
the instruction’s execution or have to stop the processor’s operation while the next in-
struction is being fetched even if variables are accessed by the instruction.

For example, if a Princeton-architected processor was to execute a read byte and store
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in the accumulator instruction, it would carry out the instruction sequence shown in
Fig. 1-9. In the first cycle of the instruction execution, the instruction is read in from the
memory space. In the next cycle, the data to be put in the accumulator is read from the
memory space.

The Harvard architecture, because of its increased parallelism, would be able to carry
out the instruction while the next instruction is being fetched from memory (the current in-
struction was fetched during the previous instruction’s execution). As is shown in Fig. 1-10,
executing this instruction in the Harvard architecture also occurs over two instructions, but
the instruction read takes place while the previous instruction is carried out. This allows
the instruction to execute in only one instruction cycle (while the next instruction is being
read in).

This method of execution (parallelism), like RISC instructions, also helps instructions
take the same number of cycles for easier timing of loops and crucial code. This point,
although seemingly made in passing, is probably the most important aspect that I would
consider when choosing a microcontroller for a timing-sensitive application.

For example, the Microchip PICmicro® MCU executes every instruction, except ones
that modify the program counter in four clock cycles (one instruction cycle). This makes
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crucial timing operations much easier than, for example, an Intel 8051, which can take
anywhere from 12 to 64 clock cycles to complete an instruction. Often, a simulator or a
hardware emulator will be required to accurately time a function, rather than trying to fig-
ure out manually how many cycles will be used from the code.

I should caution you (I will continue to do so throughout the book) that these types of
performance comparisons might not be representative to all the processors using these two
types of architectures. The comparison that matters is the actual application and different
architectures and devices will offer unique features that might make it easier to do a dif-
ferent application. In some cases, certain applications will not only be more efficiently ex-
ecuted by a specific architecture, but can only execute in a specific architecture.

After reading this section, you probably feel that a Harvard-architected microcontroller
is the only way to go. But, the Harvard architecture lacks the flexibility of the Princeton in
some applications that are typically found in “high-end” systems, such as servers and
workstations.

The Harvard architecture is really best suited for processors that do not process large
amounts of memory from different sources (where the Von Neumann architecture is best)
and applications have to access this small amount of memory very quickly. This feature of
the Harvard architecture (which is what is used in the PICmicro® MCU’s processor)
makes it well suited for microcontroller applications.

Micro-coded versus hard-coded processors Once the processor’s architecture
has been decided upon, then the design of the architecture goes to the engineers who are
responsible for implementing the design in silicon. Most of these details are left “under the
covers” and do not affect how the application designer interfaces with the application. But
one detail that can have a big effect on how applications execute is whether or not the
processor is a hard-coded or micro-coded device.

Each processor instruction is, in fact, a series of instructions that are executed to carry
out the instruction. For example, to load the accumulator in a processor, the following
steps could be taken:

1 Output address in instruction to the data memory address bus drivers.

2 Configure internal bus for data memory value to be stored in accumulator.

3 Enable bus read.

4 Store the data into the accumulator.

5 Compare data read in to zero or any other important conditions and set bits in the
STATUS register.

6 Disable bus read.

Each instruction for a processor has a series of steps that must be executed in order to
carry out the instruction’s function. To execute these steps, the processor is designed to ei-
ther fetch this series of instructions from a memory or execute a set of logic functions
unique to the instruction.

A micro-coded processor is really a processor within a processor. In a micro-coded
processor, a state machine executes each different instruction as the address to a subrou-
tine of instructions. When an instruction is loaded into the instruction-holding register,
certain bits of the instruction are used to point to the start of the instruction routine (or mi-
crocode) and the uCode Instruction Decode and Processor logic executes the microcode
instructions until an instruction end is encountered (Fig. 1-11).
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Having the instruction-holding register wider than the program memory is not a mis-
take. In some processors, the program memory is only eight bits wide, although the full in-
struction might be some multiple of this (for example, in the 8051, most instructions are
16 bits wide). In this case, multiple program memory reads occur to load the instruction
holding register before the instruction can be executed.

The width of the program memory, and the speed in which the instruction holding reg-
ister can be loaded into it, is a factor in the %)eed of execution of the processor. In Harvard-
architected processors, such the PICmicro~ MCU, the program memory can be the width
of the instruction so the instruction-holding register can be loaded in one cycle. In most
Princeton-architected processors, which have an eight-bit data bus, the instruction-holding
register is loaded through multiple data reads.

A hardwired processor uses the bit pattern of the instruction to access specific logic
gates (possibly unique to the instruction), which are executed as a combinatorial circuit to
carry out the instruction. Figure 1-12 shows how the instruction loaded into the instruc-
tion-holding register is used to initiate a specific portion of the execution logic, which car-
ries out all the functions of the instruction.
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Each of the two methods offers advantages over the other. A micro-coded processor is
usually simpler than a hardwired one to design and can be implemented faster with less
chance of having problems at specific conditions. If problems are found, revised “step-
pings” of the silicon can be made with a relatively small amount of design effort.

A great example of the quick and easy changes that micro-coded processors allow was
a number of years ago when IBM wanted to have a microprocessor that could run 370 as-
sembly language instructions. Before IBM began to design their own microprocessor, they
looked around at existing designs and noticed that the Motorola 68000 had the same hard-
ware organization (architecture) as the 370 (although the instructions were completely dif-
ferent). IBM ended up contracting Motorola to rewrite the microcode for the 68000 and
came up with a new microprocessor that was able to run 370 instructions, but at a small
fraction of the cost of developing a new device.

A hardwired processor is usually a lot more complex because the same functions have
to be repeated over and over again in hardware. How many times do you think that a reg-
ister read or write function has to be repeated for each type of instruction? This means that
the processor design will probably be harder to debug and be less flexible than a micro-
coded design, but instructions will execute in fewer clock cycles.

In most processors, each instruction executes in a set number of clock cycles. This set
number of cycles is known as the instruction cycle and is measured as a multiple of clock
cycles. Each instruction cycle in the mid-range PICmicro® MCU family of devices takes
four clock cycles. This means that a PICmicro® MCU running at 4 MHz is executing the
instructions at a rate of one million instructions per second. This is a very popular speed to
run the PICmicro® MCU at because each instruction cycle is 1 usec long and it is very
easy to “time” an application or set of instructions. When I present some bit-banging 1/0
functions, I will cover how the code is timed and I will take advantage of the PICmicro®
MCU’s consistent four-clock-cycle instruction cycle when 1 do this.

Using a hard-coded over micro-coded processor can result in some significant perfor-
mance gains. For example, the original 8051 was designed to execute one instruction in 12
cycles. This large number of cycles requires a 12-MHz clock to execute code at a rate of
1 Million Instructions Per Second (MIPS), whereas the PICmicro® MCU must have a
clock running at 4 MHz to get the same performance.

Personally, I try to stay away from simplistic comparisons of computer architectures,
such as those in the last paragraph. Instead, [ try to pick the device that is best suited for an
application. Throughout the book, I will work at explaining what I consider to be the most
relevant performance measurements, as well as how to select the best PICmicro® MCU
device for a given set of requirements.

Memory types Memory is probably not something you normally think about when
you create applications for a personal computer. The memory in a modern PC available for
an application can be up to 4.3 gigabytes (GB) in size and can be “swapped” in and out of
memory, as required.

In a PC, when you execute an application, you read the application from disk and store
it into an allocated section of memory. In a microcontroller, this is not possible because
there is no disk to read from. The application is stored in nonvolatile memory and is always
the only software that the microcontroller will execute. Having the program always avail-
able in memory makes its writing somewhat different than PC or workstation applications.
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Understanding how much memory is available in a microcontroller and how it is archi-
tected (wired and accessed) is crucial to understand—especially when you are planning on
how to implement the application code. In a microcontroller, memory for different pur-
poses is typically segregated and arranged to allow the device to execute most efficiently.

Program memory is known by a number of different names, including control store and
firmware (as well as some permutations of the various names). The name really isn’t im-
portant, instead understanding that this memory space is the maximum size of the applica-
tion code that can be loaded into the microcontroller and that the application code also
includes all the low-level code and device interfaces necessary to execute an application.

A PC program could be as simple as:

// Print a simple message
main{(){

printf( “Hello World\n” );

\
i

and the actual application code to carry out this function could be as simple as:

MAIN: ; Program Execution Starts Here
mov AH, 9 ; Print the Message
1ds DX, Msg
int 021h
mov AH, 04Ch ; End the Program
xor AL, AL ; With a Return Code of *0”
int 021h

Msg db “Hello World,” 00Dh, 00Ah, O

This code simply calls the operating system routine that will print the message stored at
location Ms g and then returns execution to the operating system.

If you were to execute this program in a microcontroller, this code would be consider-
ably longer because you have to:

1 Write the display subroutine (not to mention that you would have to figure out what
kind of device to output to and initialize it).

2 Be sure that any other hardware in the device or connected to it is properly initialized.

3 At the end of the application, you will have to determine how the application ends (there
is no command line to return to).

This extra code is put into program memory along with the application code. For such
devices as an LCD, it’s not inconceivable that the support routines require more program
memory space than the application.

Rather than scaring you, I hope I’ve sparked your interest. This aspect of microcon-
trollers is what really gets me excited about doing applications and projects with them.

With this understanding of how applications execute in a microcontroller, you can look
at how it is actually implemented in the device. Earlier in this section, I mentioned that the
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program memory was nonvolatile. Nonvolatile memory is memory that does not lose its
contents even when power is removed. Normal or volatile memory circuits lose their con-
tents when power is lost. Volatile memory is most commonly known as Random Access
Memory (RAM) and can be read from or written to by the microcontroller’s processor. The
nonvolatile program memory is often known as Read-Only Memory (ROM) because dur-
ing execution, the processor can only read from it, not write new information into it.

The PICmicro® MCU has four different types of program memory available in dif-
ferent devices and applications: none (external ROM), mask ROM, EPROM, and
EEPROM/Flash. Although these four types of memory all provide the same function,
memory for the processor to read and execute, they each have different characteristics and
are best suited for different purposes.

“None” probably seems like a strange option, but in the high-end PICmicro® MCUs
running in Microprocessor mode, it is a very legitimate choice. With no internal program
memory, the device has to be connected to an external ROM chip (Fig. 1-13)

The external ROM features are primarily used when more application program memory
is required or when applications and data are to be loaded into RAM while the application
is running.

Microcontrollers are available with read-only memory program memory. When the
chips are built, they are completed, except for etching the last metal layer. When an order
comes in for a batch of microcontrollers with a ROM with a customer specified applica-
tion, these chips are pulled from stock and the last metal layer is then etched using a mask
made from the customer-supplied software program. This is known as mask ROM pro-
gramming.

With the program put into the chip, the customer will have a device that they can use in
their product without having to worry about programming them. Often, ROM contents
cannot be read out of the microcontroller to thwart others trying to pirate or reverse engi-
neer the product.

There are some significant downsides to this method of buying microcontrollers. The
first two are the cost and “lead time” of having the customized chips built. Although the
actual piece price of a ROM program memory chip is less than a device with customer-
programmable (field) program memory, the NonRecurring Expenses (NRE) costs of get-
ting the mask made only makes this process cost effective in lots of 10,000 (or more)
chips. As well, the lead time (the time from when the chips are ordered until they are re-
quired) for getting mask ROM devices built is typically on the order of six to 10 weeks.

For certain applications, such as for the automotive market, the downsides of mask
ROM microcontrollers are not significant. Here, the parts are ordered well in advance of
their use and a large guaranteed order is ensured.

Microcontroller RAM/ROM
Address Bus ,
Control Bus
]
Data Bus External
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The first reprogrammable program memory or Erasable PROM (EPROM) program
memory microcontrollers were introduced in the late 1970s. These devices used ultra-
violet light erasable memory cells that could be loaded with a program and then erased so
that another application could be programmed into them. An EPROM memory cell con-
sists of a transistor that can be can be set to be always on or off. Figure 1-14 shows the side
view of the EPROM transistor.

The EPROM transistor is a MOSFET-like transistor with a floating gate surrounded by
silicon dioxide above the substrate of the device. Silicon dioxide is best known as glass
and is a very good insulator. To program the floating gate, the control gate above the float-
ing gate is raised to a high enough voltage potential to have the silicon dioxide
surrounding it to break down and allow a charge to pass into the floating gate. With a
charge in the floating gate, the transistor is turned on at all times, until the charge escapes
(which will take a very long time that is usually measured in tens of years).

Before programming, all of the floating gates of all the cells are uncharged and the act
of programming the program memory will load a charge into some of these cells. By
convention, the memory cell acts as a switch to a pulled-up bit. If an unprogrammed
memory cell is read, a “1” will be returned because the switch is off. After the cell is pro-
grammed and pulls the line to ground, a “0” is returned.

To see if a program memory is ready to be programmed, each byte is read out of it and
compared with OxOFF (all bits set).

To erase a programmed EPROM cell, UV light energizes the trapped electrons in the
floating gate to an energy level where they can escape. In some devices, you might dis-
cover that some EPROM cells are protected from UV light by a metal layer over them. The
purpose of this metal layer is to prevent the cell from being erased. This is often done in
memory-protection schemes in which crucial bits, if erased, will allow reading out of the
software in the device. By placing the metal shield over the bit, UV light targeted to just
the code-protection bit cannot reach the floating gate and the programmed cell cannot be
erased.

This might seem like an unreliable method of storing data, but EPROM memories are
normally rated as being able to keep their contents without any bits changing state for 30
years or more. This specification is largely a statistical one, based on the probability of the
charge in one of the cells to leak away enough in 30 years to change the state of the tran-
sistor from “on” to “off.” If you are willing to wait long enough, you will find that many
EPROM devices will actually store data for much longer than 30 years.

Microcontrollers with EPROM program memory can be placed in two types of pack-
ages. If you’ve worked with EPROM before, you probably have seen the ceramic
packages with a small “window” built in for erasing the device (Fig. 1-15). EPROM mi-
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crocontrollers are also available in packages with no window and are known as One-Time
Programmable (OTP) which is shown in Fig. 1-16.

OTP devices might seem odd when you consider that the advantage of the EPROM is
its ability to be erased and reprogrammed. Taking away the window for UV light to access
it, you might as well go with a PROM or mask ROM device.

OTP devices actually fill a large market niche. Windowed ceramic packages can cost 10
times more than cheap plastic packages and, in most microcontroller applications and
products, the device will never be reprogrammed. So, by using OTP packaging, the part
can still be field programmed, will be electrically identical to the part used to develop the
application, and will be very cost effective for quantities less than the break-even point for
mask ROM.

Using OTP parts has a significant advantage for the card assembler or manufacturer. If
the manufacturer is building several products with the same device (which is not unheard
of for microcontrollers), then keeping unprogrammed parts in stock and programming
only the number required for the current build run can be a real advantage in terms of
inventory-carrying costs. Rather than keeping five or six of the same devices, at a mini-
mum chip-manufacturing build quantity in stock, the manufacturer just needs to keep the
minimum number of parts on hand to satisfy their current orders for the various products.

An improvement over UV-erasable EPROM technology is Electrically Erasable PROM
(EEPROM). This nonvolatile memory is built with the same technology as EPROM, but the
floating gate’s charge can be removed by circuits on the chip and no UV light is required.

Two types of EEPROM are used in microcontrollers. The first type is simply known as
EEPROM and it allows each bit (and byte) in the program memory array to be repro-
grammed without affecting any other cells in the array. This type of memory first became
available in the early 1980s and found its way into microcontrollers in the early 1990s.
EEPROM has been very successful when implemented in small, easy-to-access packages.

In the late 1980s, Intel introduced a modification to EEPROM that was called Flash.
The difference between Flash and EEPROM is Flash’s use of a bussed circuit for erasing
multiple cells’ floating gates, rather than making each cell independent. This reduced the
cost of the EEPROM memory and speeded up the time required to program a device
(rather than having to erase each cell in the EEPROM individually, in Flash, the erase cy-
cle, which takes as long for one byte, erases all the memory in the array).

Lead Frame/Device Pins

Wire Bonds

OTP plastic
Plastic Encapsulant
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Microchip’s Flash PICmicro® MCU microcontroller parts are actually EEPROM based.
This has caused some confusion in the market because the original EEPROM devices were
called EEPROM devices and later devices, which use the same technology, were called
Flash. Flash is the current term used by Microchip to describe their devices with electrically
reprogrammable program memory, so I will stick with this convention in this book.

If you’ve spent some time programming PC applications, you’ve probably never wor-
ried about the space that variables and data structures fill. Most modern PC languages will
allow just about unlimited variable storage. If you looked at PICmicro® MCU datasheet
before reading this book, you would have seen very little memory in the file registers of
the PICmicro~ MCU and you probably wondered how complex applications could be
written for the device.

Creating complex applications with limited variable RAM in the PICmicro® MCU is
not difficult, although large arrays cannot be implemented without external memory. This
book presents some very substantial applications without requiring any external memory.
These applications also include sophisticated text-based user interfaces that use the ability
of the PICmicro® MCU to read program memory for text output data.

A microcontroller has four types of internal variable data storage: bits, registers, vari-
able RAM, and the program counter stack.

All variable storage in the PICmicro® MCU is implemented as Static Random-Access
Memory (SRAM), which will retain the current contents as long as power is applied to it.
This is in contrast to the ROM used by program memory, which does not lose its contents
when power is taken away. SRAM can be referred to as volatile memory.

Each bit in an SRAM memory array is made up of the six-transistor memory cell shown
in Fig. 1-17. This memory cell (probably known to you as a flip flop) will stay in one state
until the write enable transistor is turned on and the write data is “over powers” the state
of the SRAM cell.

The P-channel/N-channel transistor pair on the write side of the flip flop will hold this
value as a voltage level because it will cause the P-channel/N-channel transistor pair on the
read side to output the complemented value. This complemented value will then be fed
back to the write side’s transistors, which complements the value again, resulting in the ac-
tual value that had been set in the flip flop.
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This circuit is really a pair of inverters feeding back to each other (Fig. 1-18)

Once a value has been set in the inverters’ feedback loop, it will stay there until changed.

Reading data is accomplished by asserting the read enable line and inverting the value out-
put (because the read side contains the inverted write side’s data). The driver to the SRAM
cell must be able to overpower the output of the inverter in order for it to change state.

This method of implementing a SRAM cell is well suited to a microcontroller because
it uses very little power (current only flows when the state is changed) and is quite fast. It
is not very efficient in terms of silicon space, the six transistors required for each memory
cell actually fill quite a bit of silicon surface area (“real estate”).

Bits might not seem that useful if you are used to writing PC applications, but in a mi-
crocontroller, they can really help make the application much more efficient by allowing
fast manipulation of pin states, flags, or state variables. In PCs and workstations, these
functions can be carried out in byte-level logical statements.

Working with bits will probably not be something that comes easily to you. If you’ve
been working with “typical” processors and hardware, you will probably be used to think-
ing in terms of byte-wise instructions. The PICmicro® MCU can manipulate bits very eas-
ily and efficiently, although I often find myself thinking in terms of byte operations when
I am planning an application.

When eight bits are grouped together, they are known as a byte. The byte is really the
basic unit of storage in most simple microcontrollers, such as the PICmicro® MCU. Mem-
ory bytes are known as file registers in the PICmicro® MCU. Registers are defined as a
limited number of RAM locations that can be accessed very easily by the processor itself.
This differs from RAM, which requires some external support and decoding logic and
might take a few instruction cycles to access.

Processor stacks are a simple and fast way of saving data during program execution.
This is a bit of a dry explanation of stacks and does not really tell you what you would use
them for. Stacks (Fig. 1-19) save data in a processor the same way that you save papers on
your desk. As you are working, the work piles up in front of you and you do the task that
is at the top of the pile.

Ing—\ /_\ol,:going

Stack data

Stack
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A stack is known as a Last-In/First-Out (LIFO) memory. This should be pretty obvious
because the first work item on the stack of paper will be last one you get to.

In a computer processor, a stack works in exactly the same manner as the stacked paper
example. Data most recently put onto the stack (known as a push) is the first item pulled
off the stack (known as a pop).

The PICmicro® MCU has only a program counter stack available (which is used to
point to the next instruction to be executed) and nothing for data itself. If you want to save
data in a stack-like fashion, you will have to simulate the stack functions using code:

push({ data ) {

SP++; // Point to the Next Address in Memory
Stack[ SP ] = data; // Store the Data
} // End push
int pop() {
int i;
i = Stack[ SP 1; // Get Data Pointed to by the SP
SP—-; // Decrement the SP
return 1;
y // End pop

The PICmicro® MCU’s stack is covered in more detail later in the book. This code is in-
tended introduce you to the concept of the LIFO stack, what is, and what isn’t available in the
PICmicro® MCU. Not having a stack for data can make some applications awkward in the
PICmicro® MCU, but [ present a number of methods and rules used to implement the data
stack that will simplify the task of adding one to your application. In the higher end PICmi-
cro® MCUs, the data stacks can be very easily implemented using their advanced indexed
addressing options.

Interrupts Interrupts can improve the efficiency of your applications and simplify your
application code. Despite this, they are seldom used and are often avoided as much as possi-
ble. For many application developers, interrupts are perceived as being difficult to work with
and something that actively complicates your application. This book presents a lot of infor-
mation on interrupts and applications that use interrupts because of the ease of programming
and processing speed improvements that they can offer PICmicro® MCU applications.

Computer interrupts are very analogous to interrupts in your every day life. As the com-
puter processor is executing application code, a hardware event might occur, which re-
quests the processor to stop executing and respond or handle the hardware event. The
hardware event requesting the interrupt can be a timer overflow, a serial character received
(or finished sending), a user pressing a button, and so on. Many different hardware events
can cause an interrupt to occur.

As the processor is executing application statements if an interrupt request is received
by the processor and the interrupt acknowledge hardware is enabled, the processor saves
the current application information before executing the interrupt handler (which is often
referred to as the interrupt service routine). 1 refer to the executing application code as the
application mainline and the interrupt handler as just the Aandler. Interrupt operation is
shown 1in Fig. 1-20.
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By following the process laid out in Fig. 1-20, the operation receiving an interrupt request
and processing it is explained. As the mainline code is executing (1), a hardware interrupt
request is encountered by the processor (2). When the interrupt is responded to (3), all of the
information pertinent to the mainline execution (known as the context information) is
saved. Once this is done, the interrupt handler code is executed, which saves the hardware
interrupt request information and resets the interrupt request hardware (4). With the inter-
rupt “handled,” execution can now return to the mainline. The context registers are restored
(5) and execution (6) can resume. Normally, interrupts are enabled when execution returns
to the mainline, but they can be enabled inside the handler to allow nested interrupts.

When an interrupt request is acknowledged and execution jumps to the handler, the ad-
dress it jumps to is known as the interrupt vector. This address or vector can be specified
by the application, or a specific address is used by the processor. In the PICmicro® MCU,
this address is constant. Some processors (including the higher-end PICmicro® MCUs)
might have multiple interrupt vectors for handling multiple interrupt sources with differ-
ent interrupt handlers.

The context register saving and restoring can occur totally within the interrupt ac-
knowledge (in which execution jumps from the mainline to the interrupt vector), it might
have to be done totally manually (the PICmicro® MCU falls into this category), or some-
where in between. If context register saving has been done manually, then I recommend
initially saving all appropriate registers and, as you gain more experience, you can reduce
the number of registers stored.

In the interrupt handler, I recommend processing interrupts by first saving the interrupt
occurrence, resetting the hardware so that another interrupt can occur, and finally process-
ing the data. Depending on the application, this three-step process might be truncated or
changed. The important point is to have interrupts execute as quickly as possible to ensure
that no interrupt requests are missed.

In some processors and applications, you might want to aliow interrupt requests to exe-
cute from interrupt handlers. This is known as nested interrupts and their execution looks
like the operation shown in Fig. 1-21.
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Nested interrupts can be difficult to code properly. Depending on how the application
executes, requests might be missed, unless you are very sure of your application and how
requests come in and are handled.

Not using interrupts does not mean that in-line event handlers should not follow the
three steps (save interrupt information, reset interrupt hardware, and process interrupt)
used by interrupt handlers. The three-step interrupt handler process minimizes the oppor-
tunity for subsequent interrupts to be missed, which is especially important if they are
coming in at an undetermined interval. Ideally, interrupt handlers should be written to ex-
ecute as quickly as possible so that no subsequent requests occur while the interrupt han-
dler is active and unable to respond to them.

An important concept to understand about interrupts is that they are requests. Depend-
ing on the application, the request might be refused or postponed. In an application, the
code might be executing what is known as crucial code. This code is not interruptible be-
cause of its priority or that it is executing code that must execute in a crucially timed ap-
plication. In these cases, the application can ignore the interrupt altogether or postpone it
until the crucial code has completed instead of executing as soon as it receives an interrupt
request.

As I was writing this, I looked over the first edition of this book, as well as the other
books I have written and saw that I have shown how computer interrupts are analogous to
the following every-day activities:

1 Watching The X-Files.
2 Watching Star Trek.

3 Working at your desk.
4 Driving your car.
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If I was to include a discussion on how interrupts are analogous to eating, I think 1
would encompass every normal activity that a typical reader of my books would do during
their day. With this perspective, you should realize that interrupts are something that you
should consider using in your PICmicro® MCU applications because they are something
that you are actually very familiar with. When used appropriately, interrupts will simplify
your application code.

Before reading through additional information, I would suggest that you read through
the “Interrupts” section of “Introduction to Programming” on the CD-ROM, as well as the
following section, “Event-Driven Programming,” which will give you a better idea of how
they can be used in microcontroller applications.

SOFTWARE-DEVELOPMENT TOOLS

When the first computers were built more than 50 years ago, there were no automated soft-
ware-development tools. Applications were written by hand and converted to instruction
bits and then manually loaded into the computer ROM. ROM in the first computers con-
sisted of setting switches, which was a pretty onerous task, compared to today’s relatively
simple chip programming. This process was very human intensive and had to be done very
carefully, lest an error occur in the conversion and loading of instructions, which would be
difficult to recognize and debug.

Today, a number of development tools are available to simplify the process of develop-
ing application software and loading it into the computer, or, in this book’s case, the
PICmicro® MCU microcontroller.

The most basic software development tool is the assembler, which converts program in-
structions written by the programmer into the bits required by the processor. Even though
I describe the assembler as the “most basic” development tool, it can be very complex.
Along with processing straight instructions, data can be brought in from other sources, and
macros and defines can be used to simplify the application. This book focuses on assem-
bler and applications written using it.

Compilers convert high-level languages into processor instructions and actual bits and
bytes in a similar manner to the assembler. The difference between an assembler and a
compiler is that an assembler processes device-specific instructions while a compiler con-
verts a statement:

A=B+C

into device-specific instructions.

Both assemblers and compilers can produce complete application 4ex files, which can
be loaded into a computer (or microcontroller) ROM directly and executed. They can also
produce object files, which hold a subset of the entire application and can be /inked to-
gether to form the application’s hex file.

Although PICmicro® MCU linking tools are available, I will recommend not using
them, except in the situation where source languages are mixed. For the relatively small
applications written for the PICmicro® MCU, having the complete source code available
in one application makes reading through the code easier, the assembly faster, and avoids
the issue of keeping track of multiple files for an application.
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Along with the assemblers and compilers, which convert source code into the bits re-
quired to execute on the PICmicro® MCU microcontroller, are simulators, which allow
you to watch the execution of an application on a PC or workstation. This eliminates the
need for burning (programming) a PICmicro® MCU and watch it attempt to execute an
application. It allows you to watch how the application is executing instead of just pro-
gramming it and hoping for the best.

An emulator is a step up from a simulator in that it is an actual PICmicro® MCU that
can be inserted into a circuit. In this case, an application can run in the actual circuit, rather
than be simulated in another computer. Emulators tend to be quite expensive, but can be a
godsend when you can’t figure out what is happening in an application.

Simulators and emulators, although excellent tools for checking an application, are not
development tools and do not replace the process of designing an application and writing
the code in a structured manner. Elsewhere in this book, both simulators and emulators are
described in detail, along with how I believe they are best used in the application-
development process.

Programmable Logic Devices

Programmable Logic Devices (PLDs) are chips that have logic gates and flip flops built in,
but are not interconnected. The application designer will specify how the gates and flip
flops are interconnected in order to create a portion of the application’s circuit. Most peo-
ple feel that programmable logic devices are a relatively new invention, but they have been
around for many years. It has only been quite recently (in the last 10 years or so) that
reusable chip technology (i.e., EPROM and Flash) PLDs have been available at prices that
hobbyists and small companies could afford.

There are two types of PLDs. The first is the simple array of logic gates and devices,
known as PALs and GALs (I generically refer to them as P4Ls). The chips themselves are
quite simple and relatively easy to design circuits for. These circuits are normally arranged
as a “sum of products,” in which signals on the chip can be easily interconnected to form
more complex logic functions. The chips are normally blocked out as a series of inputs and
outputs (Fig. 1-22).

The vertical lines (busses) in Fig. 1-22 are referenced to the gates and 1/0 pins to which
they are connected.

To form logic functions, the “sum of products” is used. In Fig. 1-22, a simple four-1/0,
12-gate PAL is shown. Every output is driven on a bus in both positive, as well as nega-
tive format. Connections are made between the gates and the busses to create logic func-
tions.

For example, the XOR gate, which is characterized by:

A~B
_A AND B OR A AND _B
(LA *B) + (A* _B)

A XOR B

[

is not often available in standard logic. Taking Fig. 1-22 and connecting the busses to the dif-
ferent I/O pins and gates within the PAL, I can implement the XOR gate (Fig. 1-23).
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Note in Fig. 1-23 that an I/O pin changes from an input to an output by simply connect-
ing it directly to a gate output. This feature allows the pins to be used as either inputs or
outputs.

Options for PALs include varying numbers of inputs to the internal AND and OR gates.
For the PLD shown in Fig. 1-22, L have left open the option that any of the pins can be used
for any purpose. This is a bit unusual; normally in PALs, the number of inputs to a gate is
restricted. Another option is to include built-in flip-flops to store states and turn the PAL
from a combinatorial circuit into a sequential one.

PALSs might seem simple, but they can result in large decreases in the chip count for an
application. In some cases, PALs are more expensive than the chips they replace, but they
reduce application power and board-space chip requirements. These savings could result
in overall product savings. It is not unusual for 10 TTL chips to be replaced by a single
PAL, resulting in huge PC board and power-supply cost savings.

At the high end of the programmable-logic device family range, some devices are vir-
tually ASICs (Application-Specific Integrated Circuits) and use the same programming
language (VHDL) and development tools as ASICS. These complex parts generally have
their functions broken into macros. An ASIC/PLD macro can be an AND, or XOR not,
logic gate, flip flops, or collections of functions (such as multiplexers and arithmetic logic
units), which simplify the task of circuit development and eliminate the need for wiring in-
dividual gates into basic functions.

The high-end programmable logic device’s programming information is often directly
transferable to the technology. This allows initial production to use programmable logic
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devices that requires little cost to program and when the design is qualified, ASICS can be
built at a chip foundry for reduced costs per unit.

Programmable logic devices have the advantage of being able to implement fast (less
than 10 ns) logic switching, but they typically do not have the ability to store more than a
few bits of data.

Often programmable logic devices are used in proprietary circuits because their func-
tions cannot be easily traced and decoded.

Programmable logic device and ASIC development tools are generally function text
based, as opposed to graphically based applications (like a schematic drawing). This
means that a text format, like the XOR definition, must be used to define the functions.
Most compilers for these statements are intelligent enough to pick the best gates within the
device to work with and pick the best paths without your intervention. They are typically
much more sophisticated (and expensive) than the compilers used to convert high-level
program statements into instructions for a processor.

Deciding Which Device to Use
in Your Application

Deciding what kind of part to use before beginning to do the design work can have signif-
icant impact on the cost, performance, and development effort required for an application.
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As you gain more experience with electronic devices and application development, you
will be better able to decide which device is most appropriate for a given set of require-
ments.

Notice that I didn’t say “best” with regard to the device choice. Part selection is very
subjective. What one individual considers best for a set of requirements probably will not
be same as what others consider the best. When deciding which device to use, you will
probably consider different issues:

B Built-in features

B Device cost

B Tool availability

B Familiarity/expertise availability

Many of these comparisons are very subjective and, as I said, will be different for dit-
ferent individuals.

Personally, I try to list devices in applications that meet the requirements as completely
as possible and then work at deciding at what is the “correct” device.

PLDs are excellent for situations where fast and “dumb” responses to input are required.
PLDs are very well suited for replacing “glue” chips that provide complex combinatorial
functions. Timed responses and sequential circuits can be very difficult to implement with
PLDs.

Microcontrollers are best suited for intelligent interfaces with varying timing require-
ments. These interfaces can include keypads, LCDs, and busses. For these types of appli-
cations, the Microchip PICmicro® MCU is very well suited for use as a single-chip
solution.
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OVer the years, many different eight-bit embedded microcontrollers have appeared on
the market. Many of these designs were created by companies that developed the micro-
controllers for use in other products that they sell (often cellular phones and pagers). I call
this the captured market because no matter what, a microcontroller family will always
have a customer that will buy the microcontroller with any product left over when offered
on the open market for sale. Third-party product developers can take advantage of left-
over stock that the microcontroller manufacturers have made available.

Independent microcontroller manufacturers tend to be much smaller companies than the
captive device manufacturers (mostly because they do not manufacture products other
than semiconductors) and tend to have to “scramble” to get customers interested in their
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products. Many of these companies and microcontroller designs are niche players who tar-
get small markets and opportunities.

Microchip, with their PICmicro® MCU families of microcontrollers, has avoided these
stereotypes and has established itself as a market leader (going from the number 20 to
number two supplier of microcontrollers on the open market in five years). The company
has been able to establish this stellar growth by continuously improving and enhancing the
PICmicro® MCU families, according to customer demands. Also, they have provided
world-class application development tools for the PICmicro® MCU at competitive prices.

1 use the term families when describing the PICmicro® MCU because four different dis-
tinct processor architectures are described in this book. From a high level, each
PICmicro® MCU can be described as a microcontroller with an eight-bit RISC Harvard-
architected processor that has built-in clocking, reset, memory, timers, interrupts,
input/output (I/O) pins, and optional advanced interfacing capabilities. The advanced in-
terfacing options are common hardware macros that are available to the different PICmi-
cro® MCU processor families. The PICmicro® MCU is a remarkably easy to work with
microcontroller that is well optimized for many different applications.

Since writing the first edition of this book, Microchip has released more than /00 new
versions of the PICmicro® MCU (with each version known as a new part number). Each
part number has unique processor features, program and register memory, as well as /O ca-
pabilities that help make it easier for the application designer to select a part that is best for
their application. Among the features that make the PICmicro® MCU extremely attractive
to new developers is the ease in which the devices can be programmed using very simple
hardware (as you can see in the El Cheapo programmer that is included with this book).

Along with the new part numbers, Microchip has also been continually improving the
development tools that are available for the PICmicro® MCU. The MPLAB IDE is one of the
best Integrated Development Environments (IDE) that I have ever worked with and it con-
tinues to be improved. Microchip also has its own line of programmers and emulators that
are quite affordable, of excellent quality, and are integrated to work with the MPLAB IDE.

The PICmicro® MCU is astonishingly well supported by users with well over 1,000 Web
sites (as of this writing) that are devoted to it and feature applications, third-party (commer-
cial and GNU license) development tools and Frequently Asked Questions (FAQs). These
sites make the PICmicro® MCU one of the most-represented and best-supported devices on
the Internet. MIT’s PICList is one of the busiest List Servers on the Internet with more than
2,000 subscribers discussing PICmicro® MCU issues and helping out with other’s prob-
lems. The PICmicro® MCU is probably the second-best Internet-supported electronic de-
vice on the Internet, with only the PC having more Web sites and information.

All of these factors make the Microchip PICmicro® MCU an excellent microcontroller
to learn about and work with. This is true if you are just starting out in electronics and pro-
gramming or if you are an expert looking to add some new skills to your repertoire.

Device and Feature Summary

When you first look at the selection of different part numbers for the PICmicro® MCU, you
will probably be overwhelmed by the number of choices. As I write this, 117 different
PICmicro® MCU part numbers are available, with as many as thirty new ones available
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each year. It is a credit to Microchip that the part numbers are reasonably logically ordered
and the number of different part numbers are not a hindrance, but actually an advantage for
vou when selecting what is the best part for you to use for your applications.

[ tend to group the part numbers according to the processor architecture and the features
on the chips (Table 2-1).

TABLE 2-1 PICmicro® MCU Part Numbers To Feature Table

PART NUMBER ARCHITECTURE FEATURES APPLICATIONS

12C5xx

12C6xx

16F62x

16C7x
16x8x

16F87x

16C9xx

17Cxx

18Cxxx

Low-End

Mid-Range

Mid-Range

Mid-Range
Mid-Range

Mid-Range

Mid-Range
High-End

18Cxx

Internal

ADC/Internal

Comparator

Voltage
Comparator/
Flash Program
Memory

ADC

Flash Program
Memory

ADC/Flash
Program
Memory

ADCN2C

External
Memory

ADC/n2C

Simple Interfacing
Osc/Reset

Simple lnterfacihg
Osc/Reset/
Data EERPOM

14C000 Mid-Range ADC/Nretf Power Supply
Control

16C5x Low-End Basic Applications

16C505 Low-End Basic Applications

16HV540 Low-End Voltage Basic Applications
Regulator

16C55x Mid-Range Basic Applications

16C6x Mid-Range Digital Applications

16C62x Mid-Range Voltage Analog Monitoring '

Analog Monitoring

Ana|og Interfacing

Application
Development

Analog Interfacing/
Applications
Development

Analog Interfacing

Advanced
Applications

Analog/Digital
Interfacing '

_

[T
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This book covers the four different processor architectures and the different hardware
features that are available in the different PICmicro® MCU devices. The applications pre-
sented use the PICmicro® MCUs that T consider the best suited for them.

For device-specific information, [ have included a number of PICmicro® MCU datasheets
on the CD-ROM that comes with this book. If you are looking for specific features, you
should check the Microchip Web site for the latest part list, as well as the Microchip product
line card, which details all the parts that are available, along with their features.

LOW-END ARCHITECTURES

When the PICmicro® MCU first became available from General Instruments in the early
1980s, the microcontroller consisted of a very simple processor executing 12-bit wide in-
structions with basic I/0 functions. Some devices were able to work with external program
memory, and others had built-in programmable ROM on board. Variable RAM in these
devices consisted of a few tens of bytes. The chips themselves were built using numerous
manufacturing processes and were quite inefficient in terms of power consumption com-
pared to modern devices. Over the years, these microcontrollers have been improved by
redesigning them with CMOS technology, providing better program memory that can be
easily programmed (or burned) in the field, along with additional features.

Despite these improvements, the original PICmicro® MCU architecture has become the
low-end of the PICmicro® MCU microcontroller families. The devices do not have many
of the features of the other PICmicro® MCU families that make them less attractive to
work with for many applications. This is not to say that the low-end devices, (which have
been given the part numbers: 12C5xx, 16C5x, and 16C505), are not useful and should not
be considered when planning an application. Instead, they should be considered for spe-
cific application niches. The application niches should be chosen with the following ap-
plication requirements in mind:

B Simple interface functions
B Limited variable memory
B Simple digital interfaces

I make these recommendations primarily because the low-end PICmicro® MCU’s do
not have a lot of program memory and cannot implement involved application code. Many
devices only have 512 instructions available with the maximum for the architecture being
only 2048 (2K). This is not to say complex applications and code cannot be implemented,
just that code with complex interface functions (and complex text interfaces) should not be
attempted with low-end PICmicro® MCUs.

When the low-end PICmicro® MCUs first came out, they were given their own unique reg-
ister names and conventions that differed from the mid-range devices. These variances caused
some confusion with people transitioning between the parts. To help alleviate this problem,
over the past few years, Microchip has been changing the low-end device register names and
documentation to better match the mid-ranges. This has resulted in some confusion for peo-
ple who have worked with the low-end devices or who have older documentation.

I recommend that you only use the latest low-end documentation and stick with the reg-
ister and resource names that match the mid-range devices to simplify the effort in moving
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' porting) applications between architectures. With these changes to the documentation, the
low-end devices have become much more like the mid-range, although with fewer fea-
tures. For this reason, 1 tend to call the low-end architecture a subset of the mid-range ar-
chitecture.

When [ first started working with PICmicro® MCUs, I didn’t feel like the low-end
architectures were that useful because of the limited program and variable memory, no in-
terrupts, no advanced peripheral features, and no serial programming. This conclusion was
felt even more strongly because of the availability of the low cost mid-range parts that do
not have these limitations. Microchip has kept the low-end architecture viable with the re-
lease of the 12C5xx and 16C505 devices that are ideally suited for simple, digital inter-
facing applications. These parts are extremely low cost and can be used to replace
common clocking (such as the 555 timer) and logic chips.

I believe that the low-end projects presented later in this book are well suited to the low-
end devices. I focus on the 12C5xx and 16C505 parts that have built-in reset and clocking
capabilities that can be used to simplify overall applications.

MID-RANGE APPLICATIONS

When you look at a list of PICmicro® MCU part numbers, you will probably realize that
the mid-range processor architecture is used in an overwhelming majority of the micro-
controllers that Microchip makes. This is the reason why I focus on the mid-range in this
book and show the other differences of PICmicro® MCU architectures as variations on the
mid-ranges.

The mid-range PICmicro® MCUs also have the widest range of peripheral enhance-
ments available to any of the other PICmicro® MCU families and more complete than
this diversity means that there are over 200 different part numbers from which to
choose from to help you decide the optimal solution to your application needs. De-
pending in your experience with other microcontrollers, you might be taking this state-
ment with a grain of salt; other manufacturers have had problems supplying all the
parts they advertise or only make certain part numbers available to low-volume cus-
tomers. Microchip has gone to great efforts to ensure that all PICmicro® MCUs are
available and virtually all package types from distributors. The only exception to this
would be bare dies in waffle pack shipping containers that are only available for high-
volume customers ordering directly from Microchip.

If you are familiar with the classic Von Neumann architecture, all of the PICmicro®
MCU families (not just the mid-range) will seem pretty strange. This book focuses on and
presents the mid-range architecture from a block-diagram perspective. Each aspect of it is
explained so that you will understand how the instructions execute and what makes them
attractive to optimizing the application. This point is probably the most important: when
you are familiar and comfortable with the PICmicro® MCU’s architecture, you will be
amazed at what you can come up with.

The mid-range PICmicro® MCU architecture uses the low-end’s and enhances it with
the ability to access many more registers. This ability is used to implement advanced 1/O
peripheral devices, as well as more variable memory. In either device architecture, you
will find that the PICmicro® MCU processor architecture will allow you to optimize code
in ways that cannot be done in other architectures.
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PIC17Cxx DEVICES

The PIC17Cxx PICmicro® MCU is the most different from the other three PICmicro®
MCU processor architectures presented in this book. The PIC17Cxx has the ability to in-
terface with eight- and 16-bit parallel bus devices, as well as having quite good built-in se-
rial (asynchronous and synchronous) interfaces. Besides the built-in parallel bus and serial
interfaces, the PIC17Cxx also has a number of timers that have good support for pulse gen-
eration and measurement.

The true strength of the PIC17Cxx is in its architecture and computational abilities. The
PIC17Cxx processor architecture is quite different from the low-end and mid-range com-
ponents and has some features that allow faster internal data movement and processing.
Along with the addition of a built-in hardware multiplier and faster clock speed, the
PIC17Cxx can digitally process audio signals for some applications. This capability is re-
ally not available in the low-end and mid-range PICmicro® MCUs.

PIC18Cxx DEVICES

As 1 write this, the first production samples of the newest PICmicro® MCU family, the
PIC18Cxx, are becoming available. The PIC18Cxx is well positioned to be the architec-
ture family of choice in the PICmicro® MCU lines with the peripheral features of the mid-
range and an enhanced processor that has significantly increased capabilities over both the
mid-range and PIC17Cxx devices. When 1 first became interested in the PICmicro®
MCU, the PIC16C54 was the device of choice for new users. When I wrote the first edi-
tion of this book, the PIC16C84 was the most popular device. For this edition, I am focus-
ing on the PIC16F84 and PIC16F877, but when the next edition comes out, [ wouldn’t be
surprised if a flash-based PIC18Cxx is featured.
The PIC18Cxx processor offers the following advantages:

B Up to 1 MB of instructions can be addressed in the program memory
B Up to 4 KB of file and hardware registers

B A software-accessible stack

B Improved oscillator options

The PIC18Cxx has a 16-bit instruction word and instruction set that is source-code com-
patible with the mid-range devices. As the PIC18Cxx architecture and applications are
presented, mid-range compatible code is used as much as possible to simplify the task of
porting mid-range applications to the PIC18Cxx parts.

Although increased memory access and more oscillator options (including the use of the
OSC2 pin as [/O) are useful advantages of the PIC18Cxx over the other PICmicro® MCU
families, the ability to read and write the stack is very exciting. As shown later in the book,
this feature can be used to implement a true real-time operating system, something that
cannot be done in the other PICmicro® MCU architecture families.

ROM/EPROM/FLASH

There are a lot of options for the PICmicro® MCU and one of the most important is the
type of program memory that is used for an application’s PICmicro® MCU. Choosing
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-rogram memory has implications on cost, customer response, and security. The choice
snould not be taken lightly because it can very well be a determining factor in the success
of vour product.

Some microcontrollers, such as the 8051, have an option for external memory to be used
:nstead of internal memory. This option makes it easier to develop applications in some
cases, but it does mean that fewer I/0 lines are available for the application. This option is
not available for the low-end and mid-range PICmicro® MCUs because the instruction
word size is not evenly divisible by eight (the most common size of RAM, ROM, PROM,
EPROM, and Flash memory chips). The PIC17Cxx devices, with their 16-bit instruction
word do have an external memory capability. The PIC18Cxx currently does not have this
capability, but it could be added, like the PIC17Cxx’s, in the future.

I tend to avoid using external program memory because of the loss of pins, increased
board and wiring requirements, and extra component costs. The different PICmicro
MCU families have varying amounts of program memory built in, which allows you to
choose the part number that best suits your application.

The most basic program memory option for the PICmicro® MCU is EPROM. This is
probably surprising because, based on experience with other devices, most people would
consider ROM to be the most basic option available for microcontrollers. Microchip has
made mask-programmable ROM available for most devices, but will ask a customer to
consider EPROM first—especially to support initial builds and application debugging.
Some low-end, all mid-range, and the high-end chips support serial programming, which
can be done on assembled products. This is known as [n-Circuit Serial Programming
(ICSP) and is covered in detail later in this book.

EPROM nparts are available in two types of packages. “Windowed” packages are
quartz-windowed ceramic packages that allow ultraviolet light to the chip for erasing.
The windowed ceramic packages are usually given the package code JW. One-Time Pro-
grammable (OTP) packaging consists of plastic encapsulant used for the chip that is sol-
dered to the board. In this type of package, no ultraviolet erasing light can reach the
device to erase it after it has been programmed (which is why it is called one-time pro-
grammable).

Figure 2-1 shows an OTP PIC12CS508 along with a windowed ceramic “JW”
PIC12CE673 and a Surface Mount Technology (SMT) PIC12C508.

One-time programmable EPROM parts are designed for production and can only be
programmed once. Using these parts has three advantages over ROM:

B There is no part procurement lead time.
B There is no NRE needed for buying product.
8 Product can be shared between customers.

NonRecurring Expenses (NRE) required for making ROM masks and the stocking costs
of unprogrammed parts can be shared for different products as demand warrants. Stocking
unprogrammed EPROM parts are an advantage if a code problem is uncovered, compared
to stocking a batch of ROM parts that are no longer usable in the product. From this kind
of perspective, it is easy to see that EPROM is preferable to ROM for many situations.

Microchip was one of the first microcontroller manufacturers to provide Flash (or
EEPROM) program memory. The advantage of this type of program memory is that it can
be programmed without an ultraviolet erasure step. Thus, applications can be built into a

(PO S—
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Different 8-pin PICmicro® MCU packages

circuit and be reprogrammed during application development. Microchip refers to its elec-
trically reprogrammable PICmicro® MCUs as Flash—even though it does have the elec-
trically erasable program (EEPROM) capability of modifying individual words in the
program memory. In some newer devices, program memory can be changed from within
the application and this ability is taken advantage of in the PICmicro® MCU emulator
(EMU-II) presented later in this book.

One of the biggest complaints that I see about the choices that Microchip has made re-
garding programming is the unavailability of Flash versions for all devices. As time has
gone on, more Flash-based PICmicro® MCUs have become available. Now, representa-
tive devices are available for virtually all of the mid-range, with new devices planned to
fill the gaps, as well as be provided for the 18Cxx architecture.

Chapter 15 (“Experiments”) uses Flash-based PICmicro® MCUs almost exclusively.
This is to take advantage of the reprogrammablility of the Flash to allow fast application
changes for doing “what if” testing, as well as to keep your costs down when creating the
experiments. Chapter 16 (“Projects”) uses more EPROM-based parts because these appli-
cations are more permanent and less likely to be changed over time.

PERIPHERALS

A good portion of this book is dedicated to the built-in peripherals of the PICmicro®
MCU. These peripherals range from advanced serial I/O capabilities, analog-to-digital
conversion, pulse timing, and output. Mastering these features will simplify your applica-
tions and make them much more cost effective than if you had to add external chips to per-
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is provided on how these functions can be simulated in bit-banging routines.

All of the built-in peripherals are on the PICmicro® MCU’s internal data bus and take
up addresses in the register space of the processor. This register space is used to locate
processor-specific registers (such as STATUS), addressing registers (such as INDF and
FSR), I/O pin registers (for example, PORTA and TRISA are really peripherals them-
selves), variable memory, and the peripheral I/O registers. One way to visualize this is
shown in Fig. 2-2.

The peripherals can often also request hardware interrupts. The base interrupt control
and acknowledge register is INTCON, but many PICmicro® MCUs have additional reg-
isters available for multiple interrupt sources.

In most PICmicro® MCUs, the peripherals use 1/0 pins that are shared with other /O
functions (usually parallel 1/0). Depending on the peripheral, when the peripheral hard-
ware is engaged, the I/O pins automatically are devoted to the task or they might have to
be explicitly written to for the peripheral function to be enabled. For some analog I/O dig-
ital converter input pins, they are set in ADC mode on power up, and some instructions are
required to put them in a mode where they can be used as digital [/O.

This book covers many of the different peripherals available within the PICmicro®
MCU and some of the things to watch out for. To make your job of interfacing to them eas-
ier, I have included macros that will help you to develop assembler application code, re- 1
quiring just a few simple parameters to use in your applications.

DEVICE PACKAGING

When I use the term device packaging, 1 am describing the encapsulant that is used to pro-
tect the chip and the interconnect technology used to connect the chip electrically to the
printed circuit card (which I call the raw card or Printed Circuit Board or PCB). There are
quite a few options in this area; selecting the appropriate ones to use can have a significant
impact on the final application’s cost, size, and robustness.

The two primary types of encapsulation used to protect chips are plastic and ceramic.
Plastic encapsulants are the most prevalent and use an epoxy potting compound that is in-
jected around a chip after it has been wired to a lead frame. The lead frame becomes the
pins used on the package and is wired to the chip via very thin aluminum wires ultrasoni-
cally bonded to both the chip and the lead frame. Some chips are attached to the lead frame
using C4 technology that is described later.
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Once the encapsulant has hardened, the chip is protected from light, moisture, and phys-
ical damage. As I indicated earlier, EPROM microcontrollers in a plastic package are gen-
erally referred to as a One-Time Programmable (OTP) package (Fig. 2-3). Once the
EPROM has been programmed, the device cannot be used for anything else.

The primary purpose of putting a microcontroller into a ceramic package is that a quartz
window can be built into the package to allow ultra-violet light to erase the EPROM pro-
gram memory.

When a ceramic package is used, the chip is glued to the bottom half and is wired to the
lead frame. Ceramic packaging is normally only available as a PTH device, where plastic
packages can be in a very wide range of different card-attachment technologies.

Ceramic packaging can drive up the cost of a single chip dramatically (as much as ten
times more than the price of a plastic OTP packaged device). This makes this type of pack-
aging only suitable for such uses as application debugging, where the advantage of the
window for erasing outweighs the extra cost of the package.

The technology used to attach the chip to the board has changed dramatically over the
past 10 years. In the 1980s, most devices were only available in Pin-Through-Hole (PTH)
technology (Fig. 2-5), in which the lead frame pins are soldered into holes in the raw card.

This type of attachment technology is very easy to work with (very little specialized
knowledge or equipment is required to manufacture or rework boards built with PTH
chips). The primary disadvantage of PTH is the amount of space required to put the hole
in the card. As well, the requirements for space around each hole makes the spacing
between lead centers quite large, by comparison to Surface-Mount Technology (SMT)
(shown in Fig. 2-6) in which the pins are soldered to the surface of the card.

The pin through hole is normally built with pins 0.100” (100 thousandths of an inch) be-
tween pin centers. For some pin grid array parts (in which the pins are put on a two-
dimensional matrix), lead centers can be as low as 0.071" (71 thousandths of an inch) be-
tween pin centers. The measurement between lead centers is a crucial one for electronics
because it is directly related how densely a board can be “populated” with electronic com-
ponents.

The two primary types of SMT leads are the gull wing and the J lead (Fig. 2-7).

The two different types of packages offer advantages in certain situations. The gull-
wing package allows for hand assembly of parts and easier inspection of the solder joints.
The J lead reduces the size of the part’s overall footprint. Right now, gull wing parts are

Window
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Ceramic Package
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significantly more popular because this style of pin allows easier manufacturing and re-
working of very small leads (with lead centers down to 0.016").

The smaller size and lead centers of the SMT devices has resulted in significantly higher
board densities (measured in chips per square inch) than PTH. As noted, typical PTH lead
centers are 0.100” apart, and SMT starts at 0.050” and can go as low as 0.16". The SMT
parts with small lead centers are known as fine-pitch parts.

To give an idea of what this means in terms of board density, consider a PTH package
that has pins at 0.100” lead centers and an SMT package with pins at 0.050” lead centers.
With the smaller lead sizes, the SMT package can be about half the size of the PTH part in
each dimension (which means that four SMT parts can be placed in approximately the
same space as one PTH part). As well, without holes through the card, components can be
put on both sides of the card. Thus, in the raw card space required for one PTH part, up to
eight SMT parts can be placed on the card.

Assembling and reworking SMT parts is actually easier in a manufacturing setting than
PTH. Raw cards have a solder/flux mixture, called solder paste, screened onto the SMT
pads of the boards. This screening process consists of a metal stencil with holes cut into in
the locations where the solder paste is to be put. A squeegee-like device spreads the paste
over the stencil and the paste is deposited on the card where there are holes.

Once the paste has been deposited, the parts are placed onto the paste and then run
through an oven to melt the solder paste, soldering the parts to the board. To rework a com-
ponent, hot air (or nitrogen gas) is flowed over the solder joints to melt the solder, allow-
ing the part to be pulled off. Although SMT is easier to work with in a manufacturing
setting, it is much more difficult for the hobbyist or developers to work with (especially if
parts have to be pulled off a board to be reprogrammed).

Chip On Board (COB) packaging is very descriptive because in this type of packaging,
a chip is literally placed on the raw card. Chip on board is useful in microcontrolier appli-
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cations that require a very small form factor for the final product; because the chip is used
directly, there is no overhead of a package for the application. Typical applications for
COB include telephone smart cards and satellite or cable TV descramblers.

Two methods of COB attachment are currently in use. The first method is to place the
chip on the card and wire the pads of the chip to the pads on the card using the same tech-
nology as wiring a chip to its “lead frame” inside a package. This is done using small alu-
minum wires ultrasonically welded to the chip and raw card. (Fig. 2-8)

The chip itself can either be glued or soldered to the raw card. Soldering the chip to the
raw card is used in applications where the raw card is to be used as a heatsink for the chip
(which reduces the overall cost of the assembly).

The other method of COB, known as C4 (Fig. 2-9), is actually very similar to the SMT
process.

The solder balls used in this process are called bumps (because they are so small). This
technology was originally developed by IBM for attaching chips to ceramic substrates or
backplanes without having to go through a wire-bonding step.

C4 attach requires a very significant investment in tools for placement and a very spe-
cialized process (because of the small distance between the chip and the card, water used
to wash the card can be trapped with flux residue, causing reliability problems later). C4
attachment is really in the experimental stage at this point for chip attachment to printed
circuit boards. This is caused by the difficulty in reliability in putting the chip down onto
a raw card, the opportunity for fatigue failure in the bumps caused by the chip, and raw
card expanding and contracting at different rates (caused by heating and cooling).

PICmicro® MCUs are available in a variety of packaging, as can be seen in the follow-
ing diagrams. Figure 2-10 shows the different windowed ceramic packages. Figure 2-11 il-
lustrates the different sizes of the plastic OTP packages. Standard SMT packages are
shown in Fig. 2-12 and the fine-pitch lead devices are shown in Fig. 2-13.

All of the SMT packages have leads with 0.050” lead centers, except for some of the
small, fine-pitch parts. Unpackaged chips are available for some parts from Microchip for
use in COB applications. In these cases, the chips are available in waffle packs for auto-
mated chip pickup and placement.

Each package has a one- or two-letter suffix code in the part number to describe the
chip’s package. For example, the 16F84 is normally sold as a PIC16F84P, which indicates
the 16F84 has a plastic, DIP package. Normally, windowed ceramic parts are PTH, except
for the CL PLCC package.

Plastic Encapsulant

/Wire Bonds\

[T

Chip on board

packaging
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PART NUMBER CONVENTIONS AND ORDERING

Determining which part number to specify when ordering a PICmicro® MCU for an ap-
plication or product is very consistent across the entire line. Figure 2-14 shows the con-
ventions for how the part numbers are specified by Microchip.

In Fig. 2-14, please note that not all the options presented are available for each part.
The data sheet for the part will have specific information for the part number.

Letter suffixes When you look for a specific PICmicro® MCU part number, you
might discover that you have more than one part to choose from. As I write this, three ver-
sions of the 16C73 are available: the PIC16C73, the PIC16C73A, and the PIC16C73B.
The letter suffixes indicate different versions of the part, but documentation on the differ-
ences is often very sketchy and will seem incomplete.

Microchip, like many other integrated circuit manufacturers, continually tracks the qual-
ity of their products, as well as their conformance to specifications. They are also continually
replacing their manufacturing equipment with newer tools that are capable of producing bet-
ter-quality chips with smaller device dimensions. The quality information and manufactur-
ing process improvements make the updating of parts attractive in different situations. These
updates are the new letter suffixes that you will see in PICmicro® MCU catalogs.

SIDE BRAZED
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CERAMIC DUAL IN-LINE
(CERDIP)

8-Lead Brazed CERAMIC CHIP CARRIER
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Windowed ceramic PICmicro® MCU packages
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These suffixes represent an entirely new chip design (often referred to as a respin). Mi-
crochip continually updates their parts to use smaller chips, as well as eliminate the use of
circuits that have proven to be unreliable in manufacturing. The function (speed and fea-
tures) of the part is never changed in these revisions, lest compatibility with previous ver-
sions of the device be lost. For the most part, different letter codes of the same PICmicro®
MCU part number will work in an application, regardless of its suffix letter.

Even though I’ve mentioned product quality as a driver in implementing a respin, it is
not the main driver. The main reason to catry out a respin is to provide smaller chips that
perform the same function. Smaller chips bring two advantages to Microchip: power
reduction and part cost reduction.

Power is reduced as the part size is reduced. The longer the path an electron has to
travel, the greater the overall resistance it will encounter. By reducing the distances that
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RC/LP/XT./HS - Osc Type) SO, SM - 200-mil SOIC

Control Store S8 - 209-mil SOIC
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electrical currents have to travel on the chips, the resistances (which are the cause of power
dissipation within the chip) are reduced.

It might be surprising that redesigning a part reduces its cost, but even a small reduction
in part size can have huge cost advantages for a chip manufacturer. In chip manufacturing,
cost is directly related to the number of wafers required to build a specific number of chips.
By increasing the number of chips on a wafer, the throughput of the manufacturing process
will increase without a significant increase in cost.

When chips are manufactured, silicon wafers have the circuits for a number of chip dies
imprinted on them. During the manufacturing process, circuits are laid out on the dies us-
ing a photographic process. Once the circuits are laid out, chemical processes will convert
the pictures on the dies into circuits. When the manufacturing process has finished, the
dies are cut apart and put into packages for what are normally known as chips (Fig. 2-15).

The vast majority of the time that the wafers and dies spend in the manufacturing
process are devoted to the chemical processes that “build” the circuits. These chemical
processes do not change based on the number of circuits on a wafer. Thus, the manufac-
turing process cost per die goes down the more dies that can be put through the process (or
the more dies that can be put on a single wafer).

For example, if a reduction of 25% can be achieved on a die axis, an area reduction of
almost 50% per die can be achieved. This means that by reducing the size of a chip by a
quarter on each side, almost twice as many chips can be put on a wafer. The new chip cost
will be a little more than one half of what it was originally to Microchip.

MPLAB

Microchip’s MPLAB (Fig. 2-16) Integrated Development Environment (IDE) is, by far,
the best application development tool offered by any chip manufacturer I know of. The
MPLAB IDE is easy to work with, fairly intuitive and, best of all, free. It is capable of in-
tegrating all of the software application development tasks. This is provided in a source-
code level, rather than instruction-level or even bits’n’bytes, format.
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AWYAP-1130.P3T

in Error
to Verify

clrcf axP

28FC goto  MainLine
008C Int movwE OxC
Code 0803 movE  0x3,W
008D movwf OxD
1283 bt 0x3,0x5
0804 mavE  Ox4,W
008E movwf OxE
23EE call Dlay4é
0892 decfsz 0x12
elrt 2813 goto  Int_NotRTC
3003 movlw 0x3
goto 0092 movwf 0x12
0A90 inct  0x1Q
1503 btfsc 0x3,0x2
PAGE 0A91 incf  Oxil
TMRO 2815 goto Int_RX
org 23EE Int_No call playd
Int 281§ goto  Int RX

Int_RX btfsc OxF,0x0

goto  Int_ReadChar
btfss 0x6,0x0

goto  Int_StartRead

Value
H"0D"

w

call Dlaylé STATUS BT0O0011000"

call Dlay4 PCLATH HTOO"

goto Int_TX PCL H'00" 2
OxF, 0x0 FIR H00' o
Dlaylé INTCON B100000000" ¥¥

OxLE trisa B'00011111"
PORTA BT000000007
trish Br11111111" K
PORTB B'00000000" 3

7 i

The MPLAB IDE executing

The MPLAB IDE is a 16-bit Microsoft Windows application that is designed for Wini6
(Windows 3.x) and Win32 (Windows 95/98/NT/2000) operating systems. It requires about
10 MB of hard drive space on your PC. I have included version 5.11 (or later, depending on
CD-ROM revisions), which can be used to edit, assemble, simulate, emulate, and program
the code given in this book. It can also be used to develop applications for any PICmicro
MCU devices announced at the time of release of the used version of the MPLAB IDE.

The MPLAB IDE brings together the following functions:

B Editor

B Assembler
W Compiler

B Linker

B Simulator
E Emulator

B Programmer

together for an application into a package known as a project. Projects keep track of all the
options used with the MPLAB IDE for creating an application and displaying it on the
MPLAB IDE desktop.

When the simulator/emulator functions are used, code can be displayed and monitored
either from the source code window or as individual instructions in the processor memory
window. This capability allows you to see the application executing, as well as observe
and modify variable and hardware register contents.
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MPLAB is designed to work with the following Microchip development tools:

B PICStart Plus programmer
B PRO MATE II programmer
B PICMaster emulator

B MPLAB-ICE emulator

B MPLAB-ICD debugger

Along with this hardware, C compilers from High-Tech, CCS, and Bytecraft interface
to the MPLAB IDE seamlessly, without requiring any special interfaces.

All of the applications, projects, and tools presented in this book used the MPLAB IDE
when they were created for writing the source code, assembling and compiling it, simulat-
ing and emulating the code, and programming the parts with the code. The version of the
MPLAB IDE that comes with the book is the latest version available from Microchip at
the time of writing. Although this version is very comprehensive and well debugged, you
should check the Microchip Web page for the latest version before working through the
applications presented here.

FUZZYtech

To help you develop your own fuzzy logic applications; Microchip has created
FUZZYtech. This tool will allow you to easily and graphically create fuzzy logic applica-
tions. Included in the kit is a simple demonstration board, consisting of a resistive (ohmic)
heater and a temperature sensor (thermistor). This demonstration board can be used to set
up a first fuzzy logic application for a potentiometer (desired temperature setting), the tem-
perature sensor, and the PWM heater output.

If you go through FUZZYtech, you will discover that the rule generation still must be
done manually (although entered into the system through the FUZZYtech Microsoft Win-
dows GUI) and then the system creates the output code. The application programmer is re-
sponsible for the interfaces to external hardware, as well as any other functions to be put
into the PICmicro® MCU.

FUZZYtech does not turn the PICmicro® MCU into a fuzzy logic device tailored to a
specific application. FUZZYtech creates MPASM-compatible output that can be inte-
grated into the application code. It provides source code to be used as a fuzzy logic control
for given inputs as an enhancement to the application.

In this book 1 will demonstrate the operation of MPLAB along with an example appli-
cation.

KEELOQ

Microchip’s KEELOQ development system is a security algorithm for allowing control of
hardware devices over media that can be monitored by third parties. My car’s theft alarm
uses a KEELOQ-equipped PICmicro® MCU in the locking/unlocking fob and in the car
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Direction of Wheel
\R‘otation

Value[i]
Q Value[i+1]
Y Value[i+ 2]

“KEELOQ” psuedo-random wheel

itself. The fob transmits a seemingly random number to the receiver and increments to a
new (pseudo) random value for the next time a signal is to be sent.

Each fob/receiver combination has a unique linear feedback shift register to create a
pseudo-random number, based on a specific “seed” value. I like to think of the pseudo-
random number generator as a wheel with a large number of points on it. When you are at
any point on the wheel, you can figure out the next value as it rotates (Fig. 2-17).

When the transmitter sends a signal, the receiver checks it against its wheel and re-
sponds if it is equal to the expected value at the next value on the wheel. If it isn’t, the re-
ceiver marks the place and identifies the next point on the wheel. If the next time the
transmitter sends a value and it matches the next expected value, the receiver responds.

The reason the receiver checks the incoming signal and the chance that something is
missed is because the transmitter’s signal could be lost or garbled in the receiver (or, like
me, you might have a small child that likes to push buttons, any buttons).

Now, I have really simplified this and probably missed some very important points of
how KEELOQ works. But, this is okay because if you would like to use KEELOQ tech-
nology, you will have to sign a nondisclosure agreement with Microchip. KEELOQ is
quite complex and is able to handle a number of different cases (such as sending different
commands to the receiver) that aren’t discussed here.

The Parallax Basic Stamp

A number of years ago, Parallax came out with an innovative use for the PICmicro®
MCU. They packaged it with a voltage regulator and serial EEPROM to create a self-
contained unit that could be used by beginners and experts alike to create small applica-
tions quickly and very easily (Fig. 2-18). The STAMPI consists of a PIC16F54 running
at 4 MHz, provides eight I/O pins, and can execute PBASIC statements (the program-
ming language of the Basic Stamp) at a rate of about 1,000 per second. The STAMP2,
which uses a PIC16F57, has 16 I/0 pins, more EEPROM memory, can run at about twice
the speed of the STAMP1.




52 THE MICROCHIP PiCmicro® McU

Parallax
Basic Stamp1” (left);
“Basic Stamp2” (right)

The basic stamp consists of a small circuit; the original devices were the size of a postage
stamp (where the product got its name) that can be blocked out as shown in (Fig. 2-19).

The hardware itself is quite robust, except for the voltage regulator. The devices used in
the stamp can be easily burned you if too much current is drawn through them. When this
happens, I recommend replacing the built-in voltage regulator with a 78L05, which shuts
down if excessive current is drawn.

The basic stamps are programmed from a PC using a parallel port (BS1) or serial port
(BS2). Programming normally takes just a few seconds and is done from the Parallax
Stamp Integrated Development Environment, which consists of an MS-DOS editor, com-
piler, and programmer interface.

To make creating the applications easier, Parallax created PBASIC, a BASIC language
subset that was designed for use in interfacing applications. To be honest, this version of

+5-Volt Voltage gUnregulated

Power - Regulator Power In

8/16 I/Og PICmicro® MCU Programming

Pins ﬂ Interface
SEEPROM

Block diagram of parallax “basic stamp”
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BASIC is very limited and can be counter-intuitive to work with in the areas of assign-
ments and conditional execution. But, for many people, the stamps are the fastest way to
get into Microcontroller programming and hardware interfacing.

Both BASIC for the stamps and PicBasic for the PICmicro® MCU are compiled lan-
guages. In the basic stamp’s case, the PBASIC statements are converted into “tokens” that
are executed by an interpreter built into the basic stamp. The Microelectronics Lab’s
PicBasic converts PBASIC statements into actual PICmicro® MCU instructions that are
executed from the PICmicro® MCU’s program memory.

The appendices include a fairly detailed explanation of the PicBasic statements and I
have created quite a complex application using the PicBasic compiler. This compiler is
quite straightforward and easy to work with.

The Parallax Basic Stamp PBASIC language also works quite well, but you should be
aware of two issues.

First, assignment statements are executed left to right and not in order of operations, as
you might be familiar with. For example, the statement:

A=B+C*D

is executed by first adding B to C and then multiplying this sum to D. I tend to think of this
as being similar to the Reverse Polish Notation (RPN) data-entry method used in HP cal-
culators and try to write the code this way. So, in PBASIC, the line above should be writ-
ten as:

A=C*D+ B

to ensure that the product of D and C is added to B.
Another way of doing this is to store intermediate values to make the statement easier to
understand. For example, the single line about can be broken up into:

D *¢C
temp + B

temp
A

The second issue about PBASIC is how variable memory is used. Instead of providing
variables that can be declared, memory in the PICmicro® MCU is defined by bits, bytes,
and words consisting of two bytes. The bytes are B0, B1, etc. It is important that, for a
given word number, the byte number times two and the next one are used. Thus, changing
a byte variable will also change a word variable. Care must be taken to ensure the variables
are declared in such a way that no words or bytes use the same memory space.

PICmicro® MCU-Compatible Devices

The PICmicro® MCU has spawned a number of successful products that are based on the
device and its architecture. These devices have ranged from development tools (such as a
number of the programmers and emulators presented in this book) to source code and pin-
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compatible “clones.” These devices have generated a lot of interest. In many cases, such
as the Parallax Basic Stamp, they have been truly innovative and interesting products.
Microchip has not licensed any of the PICmicro® MCU circuits or architecture to other
companies. Despite this, a number of chips are available that claim to be PICmicro® MCU
compatible from an electrical or software perspective. This book only focuses on the Mi-
crochip products and the products and applications that are designed to work with them.
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I,ve always found that when you really understand something, you can describe it in a
number of different ways and formats. At the end of this chapter, you will be able to un-
derstand the PICmicro®™ MCU architecture and how the various functional blocks inter-
connect. By going through each feature of the PICmicro® MCU processor, [ hope to give
vou a better understanding of how each of the functional parts of the PICmicro® MCU in-
terface with each other and how they work.

This chapter covers the various features of the PICmicro® MCU and develops a block

diagram of its internal workings.

The PIC16C61 Microchip documentation includes a block diagram (Fig. 3-1). Looking

at it for the first time can be confusing and frustrating.
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PIC16C61 Block diagram

I have made the material presented in Chapter 3 of the first edition easier to understand.
For the second edition of the book, I have removed references and uses of PICmicro®
MCU instructions, except where their use is pertinent to the material and helps with the ex-
planation of the architecture and how the PICmicro® MCU works. For these changes, the
code is now written in C pseudo-code to illustrate how the architecture features are ac-
cessed.

To avoid confusion by trying to explain all the different architecture differences among
the PICmicro® MCU families, the mid-range family’s architecture is covered first and the
other families are presented afterward.

The CPU

In the documentation, you’ll find that the PICmicro® MCU processor is described as a
“RISC-like architecture . . . separate instruction and data memory (Harvard architecture).”
This chapter explains what this means for people who do not have PhDs in computer ar-
chitectures. Also, this chapter explains how application code executes in the PICmicro®
MCU processor.
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The PICmicro® MCU processor can be thought of as an Arithmetic/Logic Unit (ALU),
receiving, processing, and storing data to and from the various registers. A number of
specific-use registers control the operation of the CPU, as well as I/O-control registers
and RAM registers, which can be used by the application software for variable storage. In
this book, I call the specific use registers hardware registers or I/0 registers, depending on
the function that they perform. RAM registers or variable registers are called file registers
by Microchip.

The registers are completely separate from the program memory and are said to be in
their own spaces. This is known as Harvard architecture. In Fig. 3-2, notice that the pro-
gram memory and the hardware it is connected to is completely separate from the register
space. This is not quite 100% true (as is explained later in this chapter regarding immedi-
ate addressing and table operation).

The PICmicro® MCU has three primary methods of accessing data. Direct addressing
means that the register address within the register bank is specified in the instruction. If a
constant is going to be specified, then it specified immediately in the instruction. The last
method of addressing is to use an index register that points to the address of the register to
be accessed. Indexed addressing is used because the address to be accessed can be arith-
metically changed. Other processors have additional methods of addressing data.

When accessing registers directly, seven address bits are explicitly defined as part of the
instructions. In mid-range PICmicro® MCU direct addressing instructions, these seven
bits result in up to 128 addresses that can be accessed (Fig. 3-3).

These 128 register addresses are known as a bank. To expand the register space beyond
128 addresses for hardware and variable registers, Microchip has added the capability of
accessing multiple banks of registers, each being able to register 128 addresses in the mid-
range PICmicro® MCUs.

The low-end PICmicro® MCUs can access 32 registers per bank; they also have the op-
portunity to have four banks accessible by the processor (up to 128 register addresses to-
tal). This is explained later in this chapter, along with how register addressing is
implemented for the PIC17Cxx and PIC18Cxx devices.

The “ALU” shown in Fig. 3-3 is the arithmetic/logic unit. This circuit is responsible
for doing all of the arithmetic and bitwise operations, as well as initiating conditional
execution requested by the PICmicro® MCU’s instructions. Every computer processor
available today has an ALU that integrates these functions into one block of circuits.
The ALU is discussed in detail later in this chapter.

Control
_SPac®  pata
‘Addr' Instruction
Srogram| ¢y Decode Register
Memory l Space
‘ PC Stack J
| Data_
Processor and N
Register éd:r'
Interface LU Harvard architec-
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Basic PICmicro® MCU architecture

The program counter provides addresses into the program memory (which contains
the instructions for the PICmicro® MCU processor), which are then read out and stored
in the instruction register and then decoded by the instruction decode and control cir-
cuitry. If an instruction is received that provides a direct address into the file registers,
then the least-significant seven bits of the instruction are used as the address into the
file registers.

This little fact is important to remember because it will give you an idea of whether or not
the assembled source code is correct. Sometimes you will write instructions incorrectly and
although they will assemble without error, their operation will not be correct. To find this,
you can look at the instruction bits in the listing file and check that the correct address and
instruction is being used.

The program memory contains the code that is executed as the PICmicro® MCU appli-
cation. The contents of the program memory consists of the full instruction at each address
(which is 12 bits for the low end, 14 bits for the mid-range, and 16 bits for both the
PIC17Cxx and PIC18Cxx devices). This differs from many other microcontrollers in
which the program memory is only eight bits wide and instructions that are larger than
eight bits are read in subsequent reads. Providing the full instruction in program memory
and reading it at the same time results in the PICmicro® MCU being somewhat faster in
instruction fetches than other microcontrollers.

The block diagram (Fig. 3-3), although having 80 or more percent of the circuits needed
for the PICmicro® MCU’s processor, is not a viable processor design. There is no way to
pass data from the program memory and the file registers for immediate addressing, and
there is no way to modify the program counter. As this chapter continues, Fig. 3-3 is fleshed
out until it becomes a viable processor that can execute PICmicro® MCU instructions.
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PICmicro® MCU Processor with “w” register as an “accumulator”

To implement two ALU operation parameters, a temporary holding register, often
known as an accumulator, is required. In the PICmicro® MCU, the accumulator is known
as the w register. The w register cannot be accessed directly (in the low-end and mid-range
PICmicro™ MCUs), instead the contents must be moved to other registers that can be ac-
cessed directly.

Every arithmetic operation that occurs in the PICmicro® MCU uses the w register. If
you want to add the contents of two registers together, you would first move the contents
of one register into w and then add the contents of the second to it.

The PICmicro® MCU architecture is very powerful from the perspective that the result
of this operation can be stored either in the w register or the source of the data. Storing
the result back into the source effectively eliminates the need for an additional instruction
for saving the result of the operation. This allows movement of results easily and effi-
ciently.

This changes the processor diagram to Fig. 3-4. Notice that the ALU has changed to a
device with two inputs (which is the case in the actual PICmicro® MCU’s ALU) and that
the contents of the w register are used as one of the inputs. Also notice that when a result
is passed from the ALU, it could either be stored into the w register or in the file registers.
This is a bit of foreshadowing into one of the most important features of the PICmicro®
MCU architecture and how instructions execute.

The diagram shows the PICmicro® MCU at its simplest level. Despite this, well over
half of the instructions can be run only using this hardware.
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The PICmicro® MCU’s ALU

The arithmetic logic unit (ALU) of the PICmicro® MCU processor performs arithmetic,
bitwise and shifting operations on one or two bytes of data at a time. These three simple
functions have been optimized to help maximize the performance of the PICmicro® MCU
and minimize the cost of building the chips. An in-depth understanding of the ALU’s func-
tion is not crucial to developing applications for the PICmicro® MCU. However, having
an idea of the trade-offs that were made when designing the ALU will give you a better
idea of how PICmicro® MCU instructions execute and what is the best way to create your
applications. Within this discussion of how the PICmicro® MCU’s ALU operates and is
designed, I will discuss the hardware used in 27 of the 37 instructions available in the mid-
range PICmicro® MCU processor.

Twenty years ago, when the PICmicro® MCU was first developed, any savings in cir-
cuits used in the ALU (or anywhere else in the device) paid huge dividends in the final cost
of manufacturing the device. This legacy has stuck with all of the different PICmicro®
MCU architecture’s ALU design.

I think of the ALU as a number of processor operations that execute in parallel with a
single multiplexer, which is used to select the result that is to be used by the application.
Graphically, this looks like the block diagram shown in Fig. 3-5.

The STATUS register stores the results of the operations and is described in more detail
in the next section. The ALU is the primary modifier of the STATUS bits that are used to
record the result of operations, as well as provide input to the data shift instructions.

The circuit shown in Fig. 3-5 would certainly work as drawn, but it would involve a
number of redundant circuits. Many of these functions could be combined into a single cir-
cuit by looking for opportunities, such as noting that an increment is addition by one and
combining the two functions. A list of arithmetic and bitwise functions available within
the PICmicro® MCU, along with the combinations, are shown in Table 3-1.

The twelve operations listed in Table 3-1 could be reduced to six basic operations with
the constants / and Ox0FF provided as extra inputs, along with immediate and register
data. Notice that the basic bitwise operations (AND, OR, XOR, and Shift Right) do not
have equivalencies; this is not a problem because they are usually simple functions to im-
plement in logic. This is not true for the arithmetic operations.
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TABLE 3-1 Available PICmicro® MCU ALU Operations

OPERATION EQUIVALENT OPERATION ‘ |

Move AND with OxOFF

Addition None

Subtraction Addition to a Negative

Negationn XOR with OxOFF (Bitwise “Invert’) and Increment
increment Addition to One ,
Decrement Subtraction by One/Addition by OXOFF
AND None

OR None

XOR None

Complement XOR with OxOFF

Shift Left Add value to itself plus carry

Shift Right None
5000000 S

For example, instead of providing a separate subtractor, the ALU’s adder could be used
with the addition of some simple circuits to provide addition and subtraction capability i
1Fig. 3-6).

I have used subtract as an example here because it is an instruction you will probably
learn to hate as you start working with the PICmicro® MCU. The reason for the problems
with subtraction is because the result of the operation probably won’t make sense to you
unless you look at how the operation is carried out and how the hardware is implemented
(Fig. 3-6). To introduce subtraction and help show how the PICmicro® MCU’s ALU
works, 1 wanted to show how an adder, with some a few additional circuits, could be used
1o provide addition and subtraction instructions using only an adder and a selectable nega-
tion circuit. The other instructions in the PICmicro® MCU work as you would expect and

Input "A" Input "B"

Adder Input using mul-
tiplexed straight and inverted to simply
implement subtractor
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Muxing inputs
for muitiple functions

Result STATUS

the optimization of the ALU does not result in any other nonconventional instruction exe-
cution.

The circuit in Fig. 3-6 could be further enhanced by adding 0x001, 0xOFF as part of the
ALU input B selection. Figure 3-7 shows a relatively simple circuit that can do addition,
subtraction, incrementing, and decrementing. Adding the capability of complementing
Input A, would give the ability of negating a number as well. By adding just a few in-
puts to the ALU’s adder, it is able to perform all the arithmetic operations of the
PICmicro® MCU.

Notice that I do not include a 0 as an input to the circuit’s block diagram. I didn’t be-
cause ( is very easy to derive by incrementing 0xOFF. The actual result is 0x0100. Because
the eight least-significant bits are used, the value is effectively 0x000. This kind of value
generation avoids the need for an additional multiplexer input and decoding circuitry in
the ALU.

Like many microcontrollers, the PICmicro® MCU instruction set has the capability of
modifying and testing individual bits in registers. These instructions are not as clever as you
might think and are, in fact, implemented with the ALU hardware that I’ve described in this
section.

A bit set instruction simply ORs a register with a value that has the appropriate bit set.
A bit clear (or reset) instruction ANDs the contents of a register with a byte that has all the
bits set, except for the one to be cleared. It is important to realize that entire registers are
read in, modified by the AND/OR functions and then written back to the register. As
shown later in the book, not being aware of the method used in the PICmicro® MCU for
setting and clearing bits can result in some vexing problems with some application’s exe-
cution.

THE STATUS REGISTER

The STATUS register is the primary CPU execution control register used to control the ex-
ecution of the application code and monitor the status of arithmetic and bitwise operations.
The STATUS register is common for the different PICmicro® MCU architectures, but
some bits relate to the ALU that [ want to include in this section.
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Each of the different mid-range PICmicro® MCU processor architectures have three
bits (“flags”), which are set or reset, depending on the result of an arithmetic or bitwise op-
eration. They are the carry, digit carry, and zero bits; in the low-end and mid-range de-
vices, they are bits zero, one, and two, respectively, of the STATUS register. These bits are
often referred to as the execution status flags (Z, DC, and C).

The zero flag (Z) is set when the result of an operation is zero. For example, ANDing
0x05A with 0x0AS:

Ox05A AND 0x0AS5 0b001011010 & 0b010100101

0b000000000

(1

results in zero which will set the zero flag.
Adding zero and zero together will obviously produce a zero result, but so will the ad-
dition of two values that add up to 0x0100 (256). In this case:

0b010000000 + 0b0O10000000
0b100000000

0x080 + 0x080

produces the nine-bit result 0x0100. Because all of the processor-accessible registers in
the PICmicro® MCU are only eight bits in size, only the least-significant eight bits will be
stored in the destination. These least-significant eight bits are all zeros, so the zero flag
will be set as well.

The carry flag (C) is set when the result of an operation is greater than 255 (0xOFF) and
is meant to indicate that any higher-order bytes should be updated as well. In the previous
example (0x080 + 0x080), the result was 0x0100 that stored 0x000 in the destination and
set the zero flag. In this case, the ninth bit of the result (the 1) would be stored in the carry
flag. 1f the result was less than 0x0100, then the carry flag would have been reset.

Along with being used for addition, the carry flag is used for subtraction and shift in-
structions.

Previously, I have noted that subtraction was actually negative addition. For example,
one subtracted from two would be:

2 —1 =2+ (-1

The two’s complement equivalent of the negative number can be calculated by comple-
menting it and incrementing the result:

-1 = (1"0x0FF) + 1
Putting this value back into the previous formula, subtraction becomes:

2 -1 + (=1)

+ (170x0FF) + 1
+

X

Ox0FE + 1

onon

This value stored into the (eight-bit) destination is 0x001, but the ninth bit, which is used
as the carry flag, is set. Thus, the actual subtraction result will set the carry flag. This is dif-
ferent from most other processors, in which a positive (or zero) result from a subtraction
operation resets the carry flag and sets it if the result is less than zero. In these processors,
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the carry flag becomes a borrow flag and indicates when a value has to be borrowed from
a higher-order byte must occur.

In the PICmicro® MCU, the carry flag is really a positive flag when it comes to
subtraction. If the carry flag is set, then the result is zero or positive. If the carry flag is
reset, then the result is negative. This difference between the PICmicro® MCU and other
processors can make it difficult to port assembly-language applications directly from other
processors to the PICmicro® MCU.

[n the latest Microchip documentation, the carry flag is referred to as a negative borrow
flag, with respect to subtraction. This is a reasonable way of looking at the execution of the
instruction as it is reset when a borrow from the next significant byte is required.

The digit carry is set when the least-significant nybble (four bits) of the result is greater
than 15 after an arithmetic operation (add or subtract). It behaves identically to the carry
flag, except that it is only changed by the result of the least-significant four bits, instead of
by the whole byte.

For example, the operation:

0x0A + Ox0A = 0x014

in the PICmicro® MCU, the digit-carry flag will be set (and the zero and carry flags reset).

The digit-carry flag might seem to be unnecessary, but as you understand the
PICmicro™ MCU more and more, you will find opportunities where it is very useful.
Later, the book has some examples of how the DC flag can be used and the functions
that it can provide.

The execution status bits and how different instructions change them are explained in
more detail in the next chapter. The STATUS register itself, along with the zero, carry, and
digit carry flags are explained in Chapter 5.

To change the three arithmetic STATUS bits, a new value must be explicitly written
into them (using the movwf, bcf, or bsf instructions). If the STATUS register is the desti-
nation of an arithmetic or bitwise operation (as is explained in the next section), these bits
will contain their bit values of the result of the operation, not the value resulting from the
operation. In the first edition of this book, I made the mistake of thinking the result would
override the values for these bits in the first experiment.

The STATUS register can be added to the PICmicro® MCU architecture block dia-
gram to show how the results from the ALU are stored in them. Figure 3-8 shows the
PICmicro® MCU processor with the STATUS register being written to by the ALU.

Data Movement

Earlier in the book, I presented the concept that there are five methods of accessing (read-
ing and writing) data within the PICmicro® MCU application. These five methods corre-
spond to the traditional used by other computer processors. The five addressing modes built
into the PICmicro® MCU can be manipulated to make the built in data addressing modes
much richer and more capable. This and the next section cover the different addressing
modes and how the PICmicro® MCU architecture has been designed to give much more
flexibility to instruction execution than you might first suspect when looking at the archi-
tecture or the instruction set.

When a seven-bit register address is specified within an instruction, it is known as direct
addressing and any register within a 128-address bank can be accessed. Arithmetic and
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bitwise operations that access a register (instead of provide a parameter explicitly) can
store the result in either the w register or back in the source register.

Earlier in the chapter, I introduced this capability as something to note in the architec-
ture block diagrams. Figure 3-8 shows that the result from the ALU can be stored either
back into the file registers or into the w register. When storing the result back into the file
registers, the same address as the source is used for the destination.

This capability gives you the option of performing an operation without changing the
value saved in either w or the source register. The obvious use of this feature is to subtract
two values together without saving the result to place the result of the comparison in the
STATUS bits instead of changing the source.

To facilitate this, the last parameter of a register arithmetic or bitwise instruction is ei-
ther a 0 or a / and could be the labels w or f; respectively, as is shown in the addwf in-
struction:

addwf register, w|f

In this instruction, the contents of the w register are added to the contents of register. If
w (or 0) is specified as the destination, then the result is stored in the w register. If /'(or /)
is specified, then the result of the addition instruction is stored in register.

This is one of the most confusing and powerful concepts of the PICmicro® MCU and it
can be a problem for many new PICmicro® MCU programmers. The ability to specify an
arithmetic operation’s result is unusual in eight-bit processors and is not described in most
beginner courses in assembly-language programming.

k—Program Counter| f =)
Program
Memory File
Registers
i
Instruction Reg ] -
u Address Bus 5
: 2
Instruction Status [= —
Decode & Results
Control ’—@f‘_
ALU
| =
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PICmicro® MCU Processor with “Status” register
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This feature will make applications more efficient and often simpler than what could be
written in less radical processor architectures. For example, if you had to implement the
statement:

A=A+ 4

in a typical processor, the instructions would be:

4
Accumulator + 4
Accumuijator

Accumulator
Accumulator
A

il

If the register destination option in the PICmicro® MCU is used, then the code could be
simplified to:

4
A + Accumulator

Accumuiator
A

nn

This example shows one of the ways in which the PICmicro® MCU’s processor is more
efficient than many other microcontrolier’s. In this example, by simply storing the addi-
tion result back into the accumulator (w in the PICmicro® MCU), I decreased the space
and cycles required for implementing the 4 = 4 + 4 statement in PICmicro® MCU as-
sembler by one third over what would be required by other devices.

When I write PICmicro® MCU assembly language, I continually look for opportunities
to save the result in one of the parameters, instead of saving it temporarily in the w regis-
ter and then providing an explicit store instruction.

In the previous example, I could have written the typical assembler statements as:

A
Accumulator + 4
Accumulator

Accumulator
Accumulator
A

which makes the opportunity for this optimization less obvious. When you are first learn-
ing to program the PICmicro® MCU, try to look at things as many different ways as pos-
sible; you will be amazed at what will fall out of the equations.

As a quick hint that will become easier to understand as you work with the PICmicro®
MCU architecture: always order assembler statements so that the statements accessing the
same variables are always grouped together. By doing this, the opportunity for saving the
result as the destination and eliminating the need to explicitly store it back becomes much
more obvious.

Leaving the result in w is useful for instructions where you are comparing and don’t
want to change the source. It is also used in cases where the result is an intermediate value
or the result is to be stored in another register. The immediate data is passed as the least-
significant eight bits of the instruction. This addressing mode is not surprisingly known as
immediate addressing.

To provide immediate addressing, a multiplexer is placed before the ALU to select the
data source from either the eight least-significant bits of the instruction of the registers of
the PICmicro® MCU. As is shown in Fig. 3-9, if immediate (or “explicit™) data is to be
processed, then data from the instruction can be selected as an ALU parameter instead of
file registers.
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There will be instances in applications where the ability to directly address a register or
explicitly specify a value will not be sufficient and some method of arithmetically speci-
fying an address will be required. In the PICmicro® MCU, indexed addressing is carried
out by loading the FSR register with the address that you want to access. This eight-bit
register has some bank considerations for data movement (which are discussed in the next
section).

The contents of the FSR register are muitiplexed with the seven immediate address bits
(Fig. 3-10). The address source to be used is selected as the least-significant bits of the in-
struction if the register is not equal to 0x000, the INDF register, which indicates that the
register pointed to by the FSR register is to be used.

Indexed addressing is typically described in high-level languages as specifying the in-
dex to an array variable. This method of addressing is called array addressing because the
array variable can simply be known as an array. Adding one to an array variable could be
written out as:

Array[ Index] = Array[Index] + 1;

In this statement, the start of the array variable is the label Array while the byte (element)
within it is the Index.

When specifying the array variable and element in the PICmicro® MCU, the offset to
the start of the array variable must be added to the element number to get the register ad-
dress within the PICmicro® MCU.
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So, to carry out this array increment operation in the PICmicro® MCU, the following
steps would have to be taken:

W Index;

W w + Array; // The Element Address is the Index into the
// array variable added to the start of the
// array variable

FSR = w; // Load the Index register with the Element
// Address

[FSR] = [FSR] + 1; // Increment the Element Address

Notice that I take advantage of the ability of the PICmicro® MCU to load, change, and
store a register.

One thing is wrong with this list of instructions; the [FSR/ format used to indicate the
register pointed to by the FSR register isn’t used. Instead, the INDF register (which has an
address of zero in the low-end and mid-range PICmicro® MCUs) is accessed. This regis-
ter actually doesn’t exist; it is the register that is pointed to by the FSR register. This is a
bit of a hard concept to understand, but it will become clearer as I work through the in-
structions and sample code later in the book.

Using the INDF register instead of /FSR], the instruction operation listed becomes:

w = Index;
= w + Array; // The Element Address is the Index into the
// array variable added to the start of the
// array variable
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FSR = w; // lLoad the Index register with the Element
// Address
INDF = INDF + 1; // Increment the Element Address

This example is fairly simple. Accessing array variables that have elements larger than
one byte or cases where the destination is not the same as the source (and a constant isn’t
added to them) make the operations of the PICmicro® MCU somewhat more complex.

Single-byte, single-dimensional arrays can be implemented quite easily as can multidi-
mensional arrays. Multidimensional arrays are treated like a single-dimensional arrays,
but the index is arithmetically calculated from each parameter (i.e., the index for element
3, 5 in an eight-by-eight array would be 3 * § + 5).

BANK ADDRESSING

One of the most-difficult concepts for most people to understand when they first start
working with the PICmicro® MCU is of the register banks used in the low-end and mid-
range PICmicro® MCUs. The number of registers available for direct addressing in the
PICmicro® MCU is limited to the number of bits in the instruction that can be devoted to
the task. The low-end PICmicro® MCUs have only five bits (for a total of 32 registers per
bank), but the mid-range PICmicro® MCUs have seven bits available (for a total of 128
registers per bank). I focus on the mid-range PICmicro® MCUs; the low-end PICmicro®
MCUs, the PIC17Cxx, and the PIC18Cxx use different methods that are presented later in
the chapter.

To provide additional register addresses, Microchip has introduced the concept of banks
for the registers. Each bank consists of an address space the maximum size allowable by the
number of bits provided for the address. When an application is executing, it is executing
out of a specific bank, with the 128 registers devoted to the bank directly accessible.

Each PICmicro® MCU has a number of common hardware registers that are available
across all the banks. For the mid-range devices, these registers are INDF and FSR,
STATUS, INTCON (presented later), PCL, and PCLATH (also presented later).
These registers can be accessed regardless of the bank that has been selected. Other hard-
ware registers can be common across all or some of the banks as well. All mid-range
PICmicro® MCUs have file registers that are common across banks to allow data to be
transferred across them.

Figure 3-11 shows the PIC16C84’s register space for Bank ( and Bank 1. When execu-
tion has selected Bank 0, the PORTA and PORTB registers can be directly addressed.
When Bank 1 is selected, the TRISA and TRISB registers are accessed at the same address
as PORTA and PORTB when Bank 0 is selected.

To change the current bank where the application is executing, the RPx bits of the
STATUS register are changed. To change between Bank 0 and Bank 1 or Bank 2 and Bank
3, RPO is modified. Another way of looking at RPO is that it selects between odd or even
banks. RP1 selects between the upper (Bank 2 and Bank 3) and lower (Bank 0 and Bank
1) bank pairs. For most of the basic PICmicro® MCU applications presented in this book,
you will only be concerned with Bank 0, Bank 1, and RPO.

At the risk of getting ahead of myself, the TRIS registers are used to specify the input or
output operation of the I/O port bits. When one of the TRIS register bits are set, the corre-
sponding PORT bit is in input mode. When the TRIS bit is reset, then the PORT bit is in
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Bank 0 Bank 1

0x000 INDF INDF 0x080 Notes:

0x001 TMRO OPTION 0x081 » For Higher Function
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PIC16C84 Register square

output mode. To access the PORT bits, Bank 0 must be selected; access to the TRIS bits
requires Bank 1 to be selected.

For example, to set PORTB bit 0 as an output and loaded with a 1, the PICmicro® MCU
code would execute as:

PORTB.Bit0 = 1; // Load PORTB.Bit0 with a *“1”
STATUS.RPO = 1; // Start Executing out of Bank 1
TRISB.Bit0 = 0; // Make PORTB.Bit0 Output
STATUS.RPO = 0; // Resume Execution in Bank 0

The “RPO” bit is a bank select bit built into the Status register and will be described in
more detail below.

To help clarify the bank operations, the Bank 1 registers are defined with bit 7 set in
their address specification. For the mid-range PICmicro® MCUs, the Bank 0 register ad-
dresses are in the range of 0 to 0x07F; Bank 1 register addresses are in the range of 0x080
to 0xOFF. Once the RPO bit is set to select the appropriate bank, the least-significant seven
bits of the address are used to access a specific register.

As you start working with more complex mid-range PICmicro® MCUs, which use all
four banks, you will see registers with address bit eight set, which indicates that the regis-
ters are in banks two and three. To access these registers, the appropriate bank select bits
of the STATUS register are set and the least-significant seven bits of the Microchip-
specified address are used as the address.

The Microchip TRISB label is given the value 0x086, which has bit seven set and is in
bank 1. PORTB has an address value of 0x006 and can only be accessed when bank 0 is
selected.
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Specifying an address with bit seven (or eight) set will result in the message

Register in operand not in bank 0. Ensure that bank bits are correct.

This indicates that an invalid register address has been specified and to be sure that ex-
ecution is in the correct bits. Most people clear bits seven and eight of the defined register
address to avoid this message. This can be done by simply ANDing the address with
0x07F to clear bit seven, but a much more clever operation is normally done to ensure that
the correct registers are accessed from the correct bank.

Instead of ANDing with 0x07F, to clear bit seven for Bank 1, the address is XORed with
0x080. By doing this, if the register is supposed to be in Bank 1 (bit seven of the address
is set), then it will be cleared. If the register can only be accessed in Bank 0 (bit seven of
the address is reset), then this operation will result in bit seven being set and will cause the
message listed above to be given. This is a nice way to ensure that you are not accessing
registers not in the currently selected bank.

Using the XOR operation, the example becomes:

PORTB.Bit0 = 1; // Load PORTB.Bit0 with a “1”
STATUS.RPO = 1; // Start Executing out of Bank 1
(TRISB~(0x080).Bit0 = 0; // Make PORTB.Bit0 Qutput
STATUS.RPO = 0; // Resume Execution in Bank 0

This is also true for banks two and three, which have address bit eight set. Table 3-2 lists
the value to XOR registers for specific banks. If the error message comes out of the register
access, then you will know you are accessing a register in the wrong bank. Notice that the
INDF, PCL, STATUS, FSR, PCLATH, and INTCON registers are common across all the
banks and do not have to have their addresses be XORed with a constant value to be accessed
correctly from within any bank.

Direct bank addressing is a very confusing concept and, unfortunately, very important
to PICmicro® MCU application development. I realize that it will probably be difficult for
you to understand exactly what [ am saying here, but it will become clearer as you work
through the example application code.

The index register (FSR), as indicated, is eight bits in size and its bit seven is used to se-
lect between the odd and even banks (Bank 0 and Bank 2 versus Bank 1 and Bank 3). Put
another way, if bit seven of the FSR is set, then the register being pointed to is in the odd
register bank. This “straddling” of the banks makes it very easy to access different banks
without changing the RPO bit.

TABLE 3-2 Proper PICmicro® MCU PORT and TRIS Bit Access with
Correct Bank Addresses

ADDRESS RANGE XOR VALUE

0x0000 to Ox007F None

0x0080 to OxO0FF 0x0080
0x0100 to Ox017F 0x0100
0x0180 to OXO1FF 0x0180
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For example, if I were to use the FSR register to point to TRISB instead of accessing it
directly, I could use the code:

PORTB.BitD = 1; // Load PORTB.Bit0 with a “1”
FSR = TRISB; //  FSR Points to TRISB
INDF.Bi1t0 = 0; // Make PORTB.Bit0 Cutput

This ability of the mid-range FSR register to access both Banks 0 and 1 is why I recom-
mend that, for many applications, array variables are placed in odd banks while single-
element variables are placed in even banks. Of course, this is only possible if the entire
file-register range is not “shadowed” across the banks (such as the PIC16F84, PIC16C711,
and other simple mid-range PICmicro® MCUs that you are likely to use when you are
starting out).

To select between banks two/three and banks zero/one with the FSR, the IRP bit of the
STATUS register is used. This bit is analogous to the RP1 bit for direct addressing. Hav-
ing separate bits for selecting between the high and low bank pairs means that data can be
transferred between banks using direct and index addressing without having to change the
bank-select bits for either case.

Even though the FSR register can access 256 different register addresses across two
banks, it cannot be used to access more than 128 file registers contiguously (all in a row).
The reason for this is the control registers contained at the first few addresses of each bank.
If you try to “wrap” around a 128-byte bank boundary, you will corrupt the PICmicro®
MCU’s control registers with disastrous results.

The Program Counter and Stack

The mid-range’s program counter can be represented by the block diagram in Fig. 3-12.
Looking across the different families of the PICmicro® MCU device, implementing gotos,
calls, and table writes (writing to the program counter registers directly) will seem incon-
sistent and difficult to understand. Actually, these operations work according to a similar
philosophy in the different architectures. Once you understand it, they really won’t seem
all that scary. This section shows how the program counter works in the mid-range de-
vices; later, the chapter explains how the program counter works for the other families.

In all PICmicro® MCU devices, instructions take one word or address. This is part of
the RISC philosophy that is used for the design. This might mean that there is not suffi-
cient space in a goto or call instruction for the entire address of the new location of the pro-
gram counter. A certain number of the address’s least-significant bits are put in the
instruction. These bits reflect the “page” size of the PICmicro® MCU.

Tables are an important feature of the PICmicro® MCU to allow for conditional jump-
ing or data access. Many of the applications presented in this book use tables for user in-
terfaces or conditional execution. Tables are code artifacts in which the program counter
is written to force a jump to a specific location in program memory. The least-significant
eight bits of the program counter has been given a software interface and is known as the
PCL register. Writing to these bits will change the program counter to a new value.

When the eight least-significant bits are written to the PCL, the remaining, more signif-
icant bits are taken from the PCLATH register and concatenated to the eight bits written
to PCL. The value in the PCLATH register is written into the program counter any time
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PCL is changed. This is also true for goto and call instructions, but it works somewhat dif-
ferently in these cases.

To demonstrate how direct writes to the PICmicro® MCU’s program counter works,
you could consider the example of wanting to jump to address 0x01234 within a mid-range
PICmicro® MCU’s program memory using a direct write to the program counter. First,
the value 0x012 is written into the PCLATH register. Next the value 0x034 is written into
the PCL register. When the write to the PCL register is made, the upper bits of the program
counter are loaded from the PCLATH register. This operation could be modeled as:

PCLATH = 0x012; /1 Set the PCLATH Value

PCL = 0x034; // Change the Program Counter
// Program Counter = (PCLATH << 8) + PCL
// = (0x012 << 8) + 0x034
// = 0x01200 + 0x034
!/ = 0x01234

Another way of approaching how the write to the PICmicro® MCU’s program counter
is to look at the block diagram of the PICmicro® MCU’s program counter hardware and
see how the data flows from the processor into the program counter. In Fig. 3-13, the
addwf PCL, finstruction, which adds the current value in PCL to the contents of w and put
the result back into the program counter, is shown. In the diagram, you can see that the
PCLATH bits are combined with the data coming out of the ALU after the addition oper-
ation and then passed back to the 13-bit counter (the actual PICmicro® MCU’s program
counter) through the 3-to-1 mux (multiplexer).

When the addw/ PCL, f instruction is executed, eight bits of data are added to the pro-
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gram counter. This means that only 256 unique addresses can be accessed (they can be
anywhere in the PICmicro® MCU’s program memory because the PCLATH register will
provide the upper address bits). Although a table size of 255 seems to be the maximum,
there are some tricks to increase the size significantly.

In each PICmicro® MCU, a page is the number of instructions that can be conveniently
jumped within using the available bits in the instruction. The page size for the low-end
PICmicro® MCU is determined by the nine-bit address that is embedded in the 12-bit in-
struction. These nine bits can address 512 (0x0200) instructions, which is the low-end
PICmicro® MCU’s page size. In the mid-range devices, 11 bits are used for the address
within an instruction, which gives the devices a 2,048 (0x0800) instruction page size. Any
address within a page can be accessed directly by a gofo or call instruction.

The addresses specified by gofos and calls instructions are zero based within the page
and are not relative to the location of the goto or call instruction. This important point can
be confusing because, in MPASM assembly-language programming, goto and call in-
structions can jump to instructions that are relative to the gofo and call instructions with-
out regard to the start of the page.

If addresses outside the page have to be accessed, then the new page must be selected.
In the mid-range devices, the selected page is provided to the program counter by the
PCLATH register. In this case, only the bits that are not specified by the goto or call in-
struction are added to the address that is loaded into the PICmicro® MCU’s program
counter. The PCLATH bits that are in conflict with the instruction’s address are ignored
and the instruction’s address bits are used instead. For the mid-range PICmicro® MCU,
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this means that PCLATH bits zero through two are ignored when a goto or call instruction
is encountered.

Going back to the previous example, if PCLATH was loaded with 0x012 and the in-
struction goto 0x0567 was encountered, the PICmicro® MCU’s program counter would
be loaded with 0x0567 for the 11 least-significant bits and the least-significant three bits
of PCLATH (0b0010) are ignored:

PCLATH = 0x012; // Set the Page Value

goto 0x0567 // PC = ((PCLATH & 0x018)<<8) + Address
// = ((0x012 & 0x018)<<8) + 0x0567
// = (0x010<<8) + 0x0567
// = (x01000 + 0x0567
// = (x01567

For this example, when the goto instruction is executed, the PICmicro® MCU’s pro-
gram counter will be loaded with 0x01567.

The previous example’s 0x01234 is correct because PCL is updated directly. If a goto
0x034 instruction was in place, then the address jumped to will be 0x01034 because the
most-significant three bits of the address to goto are equal to zero.

So a goto or call typically gets its address from the instruction and the PCLATH regis-
ter. Figure 3-14 shows that the PCLATH register is accessed to make up the corplete ad-
dress, but that only two bits (four and three) are used when the new address is calculated.

Subroutine calls work very similarly to gotos or writes to the PICmicro® MCU’s pro-

Instruction PCLATH _Data
F‘e{) F¥E3US
goto
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13 Bit Counter [=— peoe!
r*—Load
Prog. Mem. ‘
Address s__“ /Low 8 Bits

Stack

J

PICmicro® MCU “Goto” instruction operation
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gram counter, except that before the program counter is updated, it is “pushed” into the
stack shown in Fig. 3-12. The value pushed onto the stack is not the address of the call in-
struction, but the address of the instruction affer the call, which is the return address for the
subroutine. In virtually all processors (the PICmicro® MCU included), as soon as the in-
struction is fetched from program memory, the program counter is incremented. When a
call instruction is executed, this incremented value is saved on the stack, not the original
value.

The PICmicro® MCU’s stack is a bit unusual in that it is devoted to the program
counter, cannot be accessed by software and is quite limited. In most other devices, the
stack is part of variable memory and can be accessed by the application code. By placing
the stack in variable memory, almost infinitely large stacks can be implemented, allowing
such programming constructs as recursive subroutines and data pushing and popping onto
and off of the stack.

These limitations to the PICmicro® MCU stack means that nested subroutine calls and
nested interrupt-request handlers have to be limited in an application. As well, data will
have to be stored using the FSR index register into a simulated stack. This is not really a
significant problem for your application code and the application code in this book shows
you how to implement your own data stack for saving and passing data between subrou-
tines.

Before moving on, I just want to point out that the PIC18Cxx devices do not have all
the stack limitations of the other PICmicro® MCU family architectures. The PIC18Cxx’s
stack can be updated from the application code, which allows it to implement such appli-
cations as debuggers and real-time operating systems, which are presented later in the
book. Later, this chapter presents the PIC18Cxx’s program counter stack and how it can
be manipulated.

Reset

Six different situations cause the PICmicro® MCU’s reset (hardware re-initialized and
processor stopped) to become active, followed by execution restarting at the reset vector
address, and begin to execute the application again. The operation of the PICmicro® MCU
is almost exactly the same in the different situations, although applications might use the
different reset options or check different indicators.

The six reset options are:

1 Power On Reset (POR)

2 _MCLR reset during operation
3 Brown-Out Detect reset (BOR)
4 Watchdog Timer (WDT) reset

8§ _MCLR reset during sleep

6 WDT reset during sleep

_MCLR is the PICmicro® MCU’s negatively active reset pin. Negatively active means
that when the pin is pulled to ground, it makes the reset circuit active, stops the internal
PICmicro® MCU oscillator, reinitializes the PICmicro® MCU hardware, and holds the
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PICmicro® MCU in an inactive state until the _MCLR line goes high again. A typical
PICmicro® MCU reset circuit is shown in Fig. 3-15.

In the circuit shown in Fig. 3-15, when power is applied to the PICmicro® MCU Ve
becomes active), reset will be disabled, and the PICmicro® MCU will be allowed to exe-
cute. When _MCLR goes high, the internal operation looks like Fig. 3-16.

In this situation, when _MCLR goes high, the internal oscillator is started. After 1024
cycles (and an optional PWRTE internal 72-ms delay), the application code begins to ex-
ecute at the reset vector.

The Brown-Out Detect is a function that is built into some PICmicro® MCUs in which
the reset circuit is activated when the input power drops below 4.0 or 1.8 volts (for low-
voltage operations). This feature is typically used with battery-powered applications in
which V.. is not regulated.

Sleep is a state in which the PICmicro® MCU can be placed when active operation is
not required. Sleep can be turned off, and the PICmicro® MCU allowed to execute again
by a _MCLR reset, a watchdog timer reset, TMRO interrupt, or an external interrupt re-
quest. Sleep is examined in more detail elsewhere in this book.

The last hardware feature that can cause a reset is the WatchDog Timer (WDT). This
timer must be reset within a specified interval or the PICmicro® MCU will be reset auto-
matically. The purpose of the watchdog timer is to reset the PICmicro® MCU when it has
been upset by an external event and it is unable to continue executing properly.

When the PICmicro® MCU resets, two bits in the status register and two other bits in
the optional PCON register will change state. The PCON register, available on later-
designed PICmicro® MCUs, makes it much easier to determine the cause of a reset.

The two bits affected by the reset are _TO and _PD. _TO is active (low), when the

Vee ——J E
_MCLR 4/

OSC : s e 0
1024 Cycles ——

Internal ,
Reset .

|

I;WRTE PICmicro®
Delay MCU reset waveform
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TABLE 3-3 "Reset Event to Status Bit Values

EVENT -TO -PD o =

Power On

1
Brown Out 1
- MCLR Reset u
Watchdog Timer Reset 0
- MCLR During Sleep 1
Watchdog Timer Reset During Sleep 0
B O OIS

watchdog timer has caused a reset. _PD is active (low) when the reset takes place after
sleep. The _PCON _BOR register bit is active when a brown-out reset has occurred. And
the PCON _POR bit is active when the reset follows the PICmicro® MCU being powered
up. Table 3-3 shows how these bits are set for the six different reset situations.

Upon any reset, file registers have the same values as they had before reset and the hard-
ware registers are given their power-up settings. Thus, the I/O pins are returned to input
and the peripheral functions are disabled. To restore operation after reset, you might have
to save the hardware register contents values before the expected reset operation so that
they can be restored later.

The w and file register contents on power up are undetermined and can be any value.
When you work with MPLAB and other simulators, these values are generally zero, which
will lead to problems if they are not initialized. This issue is covered later in the book.

If a_MCLR or WDT reset occurs, the file register contents are the same as before the
reset. This allows you to determine the reset type by placing a known value into these reg-
isters and checking them immediately following reset. This is shown in Chapter 15.

The reset vector is the program memory address that the application starts executing af-
ter reset. For the mid-range and high-end devices, this address is zero (0x0000). For the
low-end PICmicro® MCUs, the reset vector is the highest address of the program memory
(i.e., for a 512-instruction device, this is address 511 decimal, 0x01FF).

Most people leave the low-end PICmicro® MCU reset vector address unprogrammed
(OxOFFF, which translates to the xorlw 0xOFF instruction) and let the program counter roll
over to zero and start executing the application from there, as if the reset vector was ad-
dress 0 (like the other PICmicro® MCUs).

Interrupts

In the various sections so far where I describe interrupts, I have used diagrams like Fig.
3-17 to describe how interrupt requests are passed to the PICmicro® MCU, responded to
and then execution returns to the mainline. Along with providing this explanation,
I have included philosophies behind use of interrupts and how applications have been
written to exploit them, but I have not spent a lot of time covering what happens in the
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PICmicro® MCU when interrupts execute. To understand what happens inside the PICmi-
cro® MCU, I have already gone through many of the important features that make inter-
rupt execution possible. What I want to do in this section is to describe the hardware used
by the mid-range PICmicro® MCU to receive, acknowledge, and process interrupts. The
interrupt hardware used by the PIC17Cxx and PIC18Cxx is similar and works in much the
same way.

Because of the operation of the PICmicro® MCU, some interrupt-requesting events
are coming in to the processor all the time. These requests are a result of TMRO over-
flowing during normal operation, PORTB input pins changing state, etc. In fact, many
of the peripheral hardware events don’t have a completion bit or flag; instead, they rely
on the interrupt request flag to indicate that the operation has completed or the input
event has occurred. Later in the book, these bits are described as F bits because their la-
bels always end in the letter “F.”

To have these interrupt event requests passed to the PICmicro® MCU processor, the in-
terrupt request enable bit (which I call the E bits) respective for the interrupt event request
has to be set along with the GIE bit of the INTCON register. For the three basic interrupts
in the PICmicro® MCU (TMRO overflow, RBO/INT pin state change, and PORTB pin
change), the E and F flags are in the INTCON register. Other interrupt event E and F flags
can be located in the PIR and PIE registers or in peripheral control registers, depending on
the peripheral requesting the interrupt and the PICmicro® MCU part number.

When the interrupt request comes in the F bit is set. If the GIE bit is set, then on the next
instruction, instead of executing the next instruction, the address of the next instruction (or
destination address) is saved in the program counter stack and execution jumps to address
0x0004 (for the mid-range PICmicro® MCUs) which is the interrupt vector. At this time,
the GIE bit is reset, preventing any other interrupts from being acknowledged.

The code starting at address 0x0004 is known as the interrupt handler and its purpose is
to respond to the incoming event, reset the interrupt-requesting hardware, and prepare it
for requesting another interrupt event and reset the interrupt controller hardware. For many




80 THE PICmicro® MCU PROCESSOR ARCHITECTURE

interrupt events, all that is required to reset the requesting hardware and the interrupt con-
troller is to simply reset the F-bit requesting the interrupt. During the interrupt handler,
GIE is reset, which prevents other interrupt events from interrupting the interrupt handler,
which could cause problems with the PICmicro® MCU having to handle a nested inter-
rupt.

Execution continues from here until the retfie (return from interrupt) instruction, which
sets the GIE bit again to allow additional interrupts to execute and returns the PICmicro®
MCU’s program counter to the address after the interrupt was acknowledged. This entire
process is shown in Fig. 3-18.

Figure 3-18 shows the different aspects of the interrupt handler’s execution. There are a few
things to notice in this diagram. The first is the two instruction cycles required for the jump to
the interrupt handler and the two cycles required for the retfie instruction to execute. As cov-
ered in the earlier sections, when a jump occurs in the PICmicro® MCU, two cycles are re-
quired to flush the prefetch buffer and to load in the next instruction before it can be executed.

Along with looking at the two-instruction cycle operation of the execution changes, no-
tice that the jump to the interrupt vector cannot occur until the current instruction has fin-
ished executing. This is important because it means that the timing for the interrupt handler
is not 100% predictable. The operation of the interrupt handler will lengthen by one cycle
if a call, jump, or PCL update is occurring when the interrupt request comes in. In these
cases, the jump to the interrupt handler will have to wait for the two-cycle instruction to
complete before the jump can occur, which results in a maximum four-instruction-cycle in-
terrupt latency instead of the best-case situation of three-instruction-cycle latency.

1 am mentioning this because where you are most likely to see a difference in the re-
sponse to an interrupt request is in the MPLAB IDE simulator, where the jump to the interrupt
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handler might happen one cycle later than you expect. Not expecting that this can cause
you to look through the code, trying to find the reason for this anomaly. In very few cases,
the one instruction cycle delay will be a problem, but when you are first working with the
PICmicro® MCU, this can cause some confusion.

If you forget to reset the F flag or if another interrupt event requests the interrupt han-
dler before the current request has completed, you will find that execution will not seem to
return to the mainline. Instead of immediately following the retfie instruction, the first in-
struction of the interrupt handler (at address 0x0004) will be executed. You can starve the
mainline code of cycles if interrupt requests come in too quickly or are not reset.

Starving the mainline of instruction cycles because of interrupt operation is something
that is very hard to find when you are debugging your application. In fact, I would consider
it to be one of the hardest problems to find someone new to the PICmicro® MCU because
the simulator will probably not show what happens unless there is a volume of requests
(most likely from peripherals).

Architecture Differences

The four different PICmicro® MCU architectures have a number of similarities and many
of the differences are a result of the instruction word sizes than features added or deleted
in the processor itself. As pointed out elsewhere in the book, I have focused on the mid-
range PICmicro® MCU processor architecture because it has the most commonality with
the other architectures.

The two differences you should understand before working with other architectures for
applications are:

1 Program counter circuitry
2 Register organization

The following sections examine these differences, how execution changes are accom-
plished, and how data is accessed and moved within the different PICmicro® MCU
architectures.

LOW-END DEVICES

The low-end PICmicro® MCU devices have a very similar architecture to that of the mid-
range devices, although it is missing some of the features of the mid-range. The most ob-
vious omission is the lack of the addlw and sublw instructions, but there are some other
subtler differences that you will have to deal with as well.

One of these differences is a change in the reset vector compared to the mid-range
PICmicros® MCU. In the mid-range devices, reset is always 0, but in the low-end devices,
this address is always the last address in program memory. Table 3-4 lists the reset vector
addresses for different low-end devices’ program memory sizes.

As covered in more detail later in the book; I recommend ignoring the reset vector ad-
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TABLE 3-4 - Low-end PICmicro® MCU Program Memory Size to
Reset Vector

PROGRAM MEMORY SIZE RESET VECTOR

512 OxO1FF
1024 Ox03FF
2048 O0x07FF

dress and instead use address 0, which will be the next instruction after the instruction at
program memory end’s executes. When the last instruction in program memory executes,
the low-end (and, actually, all) PICmicro® MCU’s program counter resets to zero and ex-
ecution continues from there. If the instruction is left unprogrammed, then it will be read
as (xorlw O0x0FF), which essentially negates the initial contents of w, which are unknown
because the value in w is undefined at power up, as are all the other file registers.

By ignoring the last instruction, you are allowing applications to be written similarly to
mid-range applications and not have any differences in regard to reset. It is important to re-
member that this last address must be left unprogrammed with no instructions placed in it. [
tend to remember this by always subtracting one from the specified program memory size.

The following two sections describe the differences in the program counter hardware
and the register addressing hardware between the low-end devices and the mid-range de-
vices. These are the major differences between the two architectures (along with the avail-
ability of interrupts in the mid-range). Later, I present strategies for writing applications
in such a way that moving code and full applications between the two architectures is
relatively simple.

Register access [ consider the register organization of the low-end PICmicro®
MCUE s to be the largest differentiator between them and the mid-range devices. The use of
a 32 bank with no bank-select bits considerably reduces the possible number of file regis-
ters and the usability of (relatively) large tables in the low-end PICmicro® MCUs. Al-
though I am disappointed by how few file registers are available and the difficulty in
accessing what is available, 1 do think the low-end PICmicro® MCUs are usable and
should be considered when specifying which PICmicro® MCU to use in an application.

The low-end register space is shown in Fig. 3-20.

The low-end PICmicro® MCU’s TRIS and OPTION registers can only be written to us-
ing the tris and option instructions. These instructions are explained in detail in the next
chapter, but notice that I write them in lower case. This is done to differentiate them from
the TRIS and OPTION registers, which, like all registers identified in the text, are denoted
in upper case.

Low-end instructions only provide five bits for a register address in a direct addressing
instruction and take the form:

INSTRTARRRRR

where INSTRT is the bit pattern for the instruction. d is the destination (1 stores the result
back in the register and O stores the result in the w register) and RRRRR is the register
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address. In these direct addressing instructions, only the registers in the first bank can be
accessed. Accessing registers in other banks require the use of the FSR register.

As can be seen in Fig. 3-20, the first 16 addresses of each bank are common. The
16-bank unique file registers are located in all last 16 addresses of the bank. This limitation
of only being able to address data 16 bytes at a time prevents the construction of arrays or
other data structures longer than 16 bytes.

Of course, you could work out an algorithm for changing the FSR’s high-order bits (bits
five and six) to simulate an array of greater than 16 bytes, but, rather than doing this, [
would recommend that you go to one of the other PICmicro® MCU architectures for the
application instead.

There can be up to four banks in the low-end devices. If 16 file register bytes are avail-
able in the last half of each bank and eight or nine file registers are available in the first half
(depending on whether or not port C is available), the maximum number of unique file reg-
isters in the low-end PICmicro® MCU is 72 or 73.

One quirk is that the low-end PICmicro® MCU’s FSR register can never equal zero. In-
stead of ignoring unused high-order FSR bits, Microchip’s designers instead elected to set
them. Even if all four bank registers are used (for a total of 128 FSR accessible registers),
the FSR register cannot be equal to zero; the FSR register bit seven will be set. Table 3-5

TABLE 3-5 Low-end PICmicro® MCU Minimum FSR Value to Number of
Banks

NUMBER OF BANKS ~ SET FSR BITS . - MINUMUM FSR VALUE

7,6,5 Ox0EQ
7:6 0x0C0
7 0x080
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lists which bits will be set in the low-end’s FSR, depending on how many bank registers
the PICmicro® MCU has.

It can be hard to remember that the low-end’s FSR register can never be zero. Chances
are, you’ll only remember it after you’ve tested the contents of FSR with an instruction se-
quence like:

moviw 0
xorwf FSR, w

and discover that the result is never zeroed.

Program counter The low-end PICmicro® MCU’s program counter is quite a bit dif-
ferent from that of the mid-range PICmicro® MCU. If you look at the standard register set
for the low end, you’ll see that there is no PCLATH register; the page-select bits are part
of the STATUS register (where the bank select bits are in the mid-range PICmicro®
MCUs). As well, because of limitations in the low-end architecture, there are some prob-
lems with being able to place and work with tables and subroutines that you should be
aware of.

The differences in the low-end PICmicro® MCU’s program counter to the mid-range’s
are partially based on the 512-instruction page size of the low-end PICmicro® MCUs (the
mid-range has a 2,048-instruction page size). In the low-end devices, execution stays
within these 512 instructions, unless an interpage jump on call is executed or execution
simply passes from a lower page to an upper.

The low-end PICmicro® MCU’s program counter block diagram is given in Fig. 3-19.

The PAO and PA1 bits of the STATUS register (bits five and six) perform the same
function as the PCLATH register of the mid-range PICmicro® MCUs. Bit PAO is used to
provide bit nine of the destination address to jump to during a goto or call instruction or
when PCL is written to. Bit PA1 is address bit 10. In some low-end PICmicro® MCUs,

Bank 0 Bank 1 Bank 2 Bank 3

Addr - Reg Addr - Reg Addr - Reg | Addr - Reg

00 - INDF 20 - INDF 40 - INDF 60 - INDF

01 - TMRO 21 - TMRO 41 - TMRO 61 - TMRO Shared

02 - PCL 22 - PCL 42 - PCL 62 - PCL Registers

03 - STATUS |23 - STATUS |43 - STATUS | 63 - STATUS

04 - FSR 24 - FSR 44 - FSR 64 - FSR

05 - PORTA* |25 - PORTA* |45 - PORTA* | 65 - PORTA*

06 - PORTB |26 - PORTB 46 - PORTB 66 - PORTB

07 - PORTC |27 - PORTC 47 - PORTC 67 - PORTC

08-0F Shared| 28-2F Shared]| 28-2F Shared| 68-8F Shared

File Regs File Regs File Regs File Regs

10-1F Bank 0| 30-3F Bank 1| 50-4F Bank 2| 70-7F Bank 3| BankUnique
File Regs File Regs File Regs File Regs Registers

*OSCCAL can take place of PORTA in PICmicro® MCUs
with internal oscillators

Low-End PICmicro® McuU register map




ARCHITECTURE DIFFERENCES 85

you will see bit seven of the STATUS register being referred to as PA2. This bit is not used
by any of the current PICmicro® MCUs.
In the mid-range devices, to perform a jump based on changing PCL, the following code

is used:
PCLATH = HIGH new_address;
PCL = LOW new_address;

In the low-end PICmicro® MCUEs, this operation is quite a bit more complex because
although PAO-PA2 bits are updated, none of the other bits in the status register should be
changed. The equivalent low-end PICmicro® MCU operation to the PCLATH/PCL up-
dating of the program counter is:

STATUS
2CL

(STATUS & OxO01F) + ((HIGH new_address & Ox0FE) << 4);
LOW new_address;

o

In the low-end PICmicro® MCU code, the contents of the status register are ANDed with
0xO1F to reset the PAO to PA2 bits. In this formula, which changes the STATUS register,
notice that [ also delete the least-significant bit of the upper byte of the new_address. As
discussed in the next paragraph, the bit eight of the destination address can never be spec-
ified within the STATUS register. Once the correct bits for PAO and PA1 have been cal-
culated, they are added to the other bits of the STATUS register. For call instructions, bit
eight of the new address is always zero because the instruction word only provides an
eight-bit address and PAO becomes the ninth bit of the new address. This is not a problem
for the goto instruction, because nine bits, which compass a full low-end page of 512 in-
struction addresses can be specified within the goto instruction itself. For the call instruc-
tion, in which only eight bits address bits are specified as the destination address, the last
256 instructions of a low-end page cannot be accessed.

Table jumps (direct writes to the PCL register) also have the same restriction as the call
instruction addresses; they all must be in the first 256 instructions of an instruction page.
Larger than 256 entry tables could be created, but they would require a bit of software to
calculate the jump across page boundaries to make the table appear contiguous.

Using any of the PA bits for flags in the status register should never be done. Incorrect
updates of these bits, which are not returned to the correct value before the next table op-
eration, goto or call will result in the application jumping being invalid. This will be al-
most impossible for you to debug, so avoid any potential problems and don’t modify these
bits, except when you are about to change your address location to another page.

PIC17CXX ARCHITECTURE

When you compare the features of the PIC17Cxx to the low-end and mid-range
PICmicro® MCUs, you probably feel like a completely different architecture was created
for it. The unique features of the PIC17Cxx compared to the other PICmicro® MCUs include:

1 The ability to access external, parallel memory
2 Up to seven I/O ports
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3 A built-in 8x8 multiplier

4 Up to 902 file registers in up to 16 banks

5 Up to 64K address space

6 The ability to read and write program memory
7 Multiple interrupt vectors

Along with these enhanced features, block diagrams of the PIC17Cxx (Fig. 3-21) further
make you feel like the PIC17Cxx is unique and not that portable between the other
PICmicro® MCU architectures.

Despite this apparently different architecture, you can think of the PIC17Cxx’s processor
as architected like Fig. 3-22, which is not that much different from the low-end and mid-
range PICmicro® MCU processors. Data for arithmetic operations are still routed through
the registers on a data bus and temporary values are stored in a w register (known as WREG
in the PIC17Cxx and PIC18Cxx). Instructions can also save arithmetic results in either
WREG or the source register. With this basis, you should better understand why I consider
the PIC17Cxx to be similar to that of the low-end and mid-range PICmicro® MCUs.

The important differences in the PIC17Cxx architecture are:

1 The accumulator, WREG, can be addressed in the register space

2 The STATUS and OPTION register functions are spread across different register
3 The program counter works slightly differently than for the other architectures

4 The registers are accessed differently and accesses can bypass the WREG

5 An 8x8 multiplier is built in

The next two sections cover the program counter and register differences. This really
only leaves two points to consider. The first is the status register changes and the 8x8 mul-
tiplier hardware.

Instead of a status register, the PIC17Cxx provides the same functions in the ALUSTA
and CPUSTA register. The ALUSTA register is defined in Table 3-6.

As covered later in the book, the FSR index registers of the PIC17Cxx and PIC18Cxx can
be incremented or decremented during an access. This feature is useful for implementing
high-level languages.

The overflow (OV) bit indicates when the arithmetic operation incorrectly changes the
polarity of a two’s complement number. For example, when adding numbers like 0x042
and 0x053, the result will be 0x095, which is the two’s compliment value -105 (decimal)
and not the desired 149 (decimal). After this case, the OV flag will be set to indicate that
the result is invalid as a two’s complement number. The CPUSTA which is used to monitor
the PICmicro® MCU’s execution status, is shown in Table 3-7.

Interrupts in the PIC17Cxx are similar in operation to the mid-range PICmicro® MCUs,
with an E bit enabling the interrupt-request flag bit (the F bit) to request that the processor
execute the appropriate interrupt handler. The PIC17Cxx does not have a GIE bit, which
enables interrupts, but does have the GLINTD bit, which must be reset for interrupt re-
quests to be passed to the processor. I like to think of it as the _GIE (negative GIE) bit.

Depending on which interrupt is requested and acknowledged, execution will jump to a
different interrupt vector address. If multiple interrupts are requested at the same time, the
highest priority one will be serviced first. The interrupts, their priorities, and vectors are
listed in Table 3-8.
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PIC17Cxx processor architecture

The 8x8 multiplier is a very simple piece of hardware that bypasses the PICmicro®

MCU’s ALU and ALUSTA register to multiply the contents of WREG with another value.
The 16-bit result is stored in the PRODL and PRODH registers.

Remembering a trick from high school, you can use the eight-bit multiply capability to
multiply two 16-bit numbers together. When you were learning basic algebra and multi-
plying two two-value expressions together, you were taught to multiply the two “first” val-

TABLE 3-6 PIC17CXX ALUSTA Bit Definitions

FUNCTION

F83: FS2- FSR1 Mode Select
1x - FSR1 does not Change after Access
01 - Increment FSR1 after Access
00 - Decrement FSR1 after Access
FS1: FSO - FSRO Mode Select
1x - FSR1 does not Change after Access
01 - Increment FSR1 after Access
00 - Decrement FSR1 after Access
OV - Overflow bit Indicated Overflow in a seven bit, two's
complement number
Z - Set when Result is Zero
DC - set when Add or Subtract Operation on the Least
Significant four bits Affects the Most Significant four bits
C - Set on Add or Subtract it Operation Affects a More
Significant Byte




ARCHITECTURE DIFFERENCES

TABLE 3-7. PIC17CXX CPUSTA Bit Definitions

FUNCTION

Unused
STKAV - When Set, the Program Counter Stack has Space Available

GLINTD =When Set; all Interrupt Requests are disabled

_TO - Beset after a Watchdog Timer Reset

- PD - Reset after a “sleep” Instruction

~POR - Reset by the PICmicro® MCU i a “Power On Reset”
- POR = Beset by the PICmicro® MCU if a “Brown Out Reset”

ues together, followed by the “outside,” “inside,” and “last.” This FOIL algorithm could
be described as:

(A + B) x (C+D)=AC + AD + BC + BD

By breaking a 16-bit number into two bytes and recognizing that the high byte is multi-
plied by 0x0100, 4 and B can be written as:

A
B

(AH * 0x0100) + AL
(BH * 0x0100) + BL

Il

For 4 x B, the numbers can be broken up into two parts and then FOILed:

(AH * 0x0100 * AL) + (BH * 0x0100 * BL)
(AH * 0x0100 * BH * 0x0100) + (AH * 0x0100 * BL)
+ (AL * BH * 0x0100) + (AL * BL)

AXxB

Knowing that multiplying by 0x0100 is the same as shifting up by one byte (or by eight
bits), the two 16-bit variables, 4 and B can be multiplied together into the 32-bit “product”
using the code:

Product = MUL(AL,BL);
TProduct = MUL(AL,BH)<<8;
Product = Product + TProduct;
TProduct = MUL(AH, BL)<<8;
Product = Product + TProduct;

TABLE 3-8 PIC17Cxx Interrupt Vector Address and Priorities
for Different Sources

PRIORITY VECTOR ADDRESS SOURCE

High 0x0008 RAO/INT Pin Interrupt
0x0010 TMRO Overilow Interrupt
0x0018 TOCKI Pin Interrupt

Low 0x0020 Peripheral Device Interrupt
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TProduct
Product

(MUL(AH, BH)<<K8)<<8;
Product + TProduct;

This process can be very easily converted to assembly language.

Register access I feel that the most-significant differentiator in the four PICmicro®
MCU architectures is how registers are accessed. The low-end and mid-range PICmicro®
MCU architectures are similar, but the lack of the same hardware I/O registers in each
bank of the mid-range differentiates it from the low-end in which the first 16 addresses of
each bank are “shadow copies” of bank zero’s registers. The PIC18Cxx register architec-
ture is a completely “flat” twelve-address bit space. The PIC17Cxx has a unique register
architecture from the other PICmicro® MCUs.

The PIC17Cxx’s register space is designed around a single 8-bit register address built
into the instruction set. Like the low-end and mid-range PICmicro® MCUs, the PIC17Cxx
uses multiple register banks to allow the access more registers than just this base number.
Unlike the low-end and mid-range PICmicro® MCUs, there are two bank areas to access
registers and each one has its own set of address bits. I normally think of the PIC17Cxx’s
registers as being organized like Fig. 3-23.

The first 32-register addresses (0x000 to 0x0IF) is known as the primary register set. These
registers are the primary processor and PICmicro® MCU hardware features. The hardware

Address —_ _
0x000 { INDFO

FSRO
PCL
PCLATH
ALUSTA
TOSTA
CPUSTA Primary (P)
INTSTA Registers
INDF1
FSR1
WREG
TMROL
TMROH
TBLPTRL
TBLPTRH BSR3-BSR0O File (F)
0x00F |BSR /Select Registers
0x010 I""Special- Special- Special-
Function Function Function
0x017 | Registers Registers Registers
0x018 | PRODL
0x019 | PRODH

0x01A 4 pie BSR7-BSR4
OXOLE Registers / Select

0x020 File File File
oxorr | Registers | Registers | Registers

PIC17Cxx register block
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interface registers are the Special-Function Registers (SFR) located at the register banks in
0x010 to 0xO01F, with up to 16 banks. The P register special-function register banks are se-
lected by the least-significant four bits of the Bank-Select Register (BSR).

The entire register address range can be accessed as the “F” register set in the full set,
banked file (variable) registers are located in the register space above the “P” registers.
These file registers are banked, with the selection made by the most-significant four bits of
the BSR register.

The five address bits of the primary register set and the eight of the full register set al-
lows data to be moved quickly and easily within the register space without having to go
through the WREG. For example, moving the contents of 0x042 and 0x043 to the TMROL
and TMROH registers could be accomplished by using the movfp instructions, which pass
data from the F (full) register set to the primary:

movfp  0x042, TMROL
movfp  0x043, TMROH

These two instructions perform the same operations as the mid-range operations:

temp = w;
w = contents of 0x042;
TMROL = w;
w = contents of 0x043;
TMROH = w;
w = temp;

without requiring the temp variable to store the current copy of w.

A nice feature of the PIC17Cxx (and PIC18Cxx) architecture is the accessibility of the
w register in the register map. Using instructions like movfp, which doesn’t modify the sta-
tus (ALUSTA in the PIC17Cxx) register bits, is much easier than using the double swapf’
of the mid-range PICmicro® MCU when saving and restoring context registers during in-
terrupt processing.

Program counter Ifyou are familiar with the mid-range PICmicro® MCU’s program
counter, you should not have any problems working with the PIC17Cxx’s. The PIC17Cxx
behaves very similarly to the mid-range PICmicro® MCUs, with only a few differences
that you should be aware of.

The PIC17Cxx’s processor can access 64k 16-bit words of program memory, either in-
ternally or externally to the chip. Each instruction word is given a single address, so to ad-
dress the 64k words (or 128k bytes), 16 bits are required. From the application developer’s
perspective, these 16 bits can be accessed via the PCL and PCLATH registers in exactly
the same way as the low-end and mid-range PICmicro® MCUs. The PIC17Cxx’s pro-
gram-counter block diagram is shown in Fig. 3-24.

The block diagram in Fig. 3-24 differs from the mid-range PICmicro® MCU’s program
counter block diagram in one important respect, when the goto and call instructions are ex-
ecuted, the upper five bits of the specified instruction overwrite the lower five bits of the
PCLATH register. After executing a goto or call instruction PCLATH has been changed
to the offset of the destination within the current page.
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Instruction

Address 3 Data Bus
PCLATH

} |

\ 3:1 MuItipIexerJ

Program y PCL
Counter— —|> Program|Counter I‘——
Increment

A 4

[ 16x 16-Deep Stack |
L ——

PIC17Cxx program counter

For the most part, this is not a problem, but you will have to beware of one case: when
the “table” jumps. When you first saw that a gofo statement updated the PCLATH regis-
ter, you probably thought that this made table operations easier. For example, a table read
could be as simple as:

call TableRd(offset);

int TableRd(int entry)
{

PCL = Table + entry

Table:
return “A”

return “B”

} // End TableRd

Looking at this code, there should be no problems as long as the table does not go over
a 256-instruction word boundary. Even if it did, the code could be changed to:

Call TableRd(offset)

int TableRd(int entry)
{

int temp;
temp = (table & 0xO0FF) + entry;

if (temp > OxOFF)
PCLATH = PCLATH + 1;
PCL = temp




ARCHITECTURE DIFFERENCES 93

Table:
Return “A”

Return “B”
' // End TableRd

This is better, but still does not address the real problem if an interrupt occurs sometime
between the call instruction and the PCL update. If an interrupt occurs and if a gozo or call
instruction is executed within the interrupt handler, then the PCLATH register will be
changed, resulting in an invalid table jump.

To prevent this from happening, the interrupt handler’s entry and exits must always save
and restore PCLATH as shown in the code example:

Int
movpf ALUSTA, _alusta
movpf BSR, _bsr
movpf WREG, _wreg
movpf PCLATH, _pclath

; Interrupt Handler Code.

movfp _pclath, PCLATH
movfp _wreg, WREG
movfp _bsr, BSR
movfp _alusta, ALUSTA

retfie ; Return to Interrupted Code.

This code will make more sense as you read about PIC17Cxx register addressing and
how the instructions work, later in this chapter and the book. For now, keep this code as
the template for PIC17Cxx interrupt handlers.

PIC18CXX ARCHITECTURE

The PIC18Cxx architecture (Fig. 3-25) is probably the easiest PICmicro® MCU to de-
velop assembly-language code for. This is because of its large linear register space that can
be accessed simply and multiple index registers able to operate like a data stack with
pushes and pops. Microchip advertises that the PIC18Cxx is source-code compatible with
other PICmicro® MCUs. This point is a bit of a stretch because the PIC18Cxx instruction
set has many capabilities and functions not in the other PICmicro® MCUs.

The block diagram I like to use for the PIC18Cxx is shown in Fig. 3-26.

Figure 3-26 shows that the registers are all contained in a 4,096-byte contiguous regis-
ter space. What is important to realize (and might not be very clear in Fig. 3-26), is that the
WREG register provides an input to the ALU, as well as a possible destination to all the
arithmetic and bitwise instructions.

When registers are accessed directly, an eight-bit address is specified in the instruction.
To access every byte within the register space, a four-bit BSR register has been provided
with the ability to select each 256-register bank. As shown in the next section, direct reg-
ister access has some short cuts that you can take advantage of to avoid using the BSR in
your applications.

Like the PIC17Cxx, the PIC18Cxx has a number of FSR index registers with FSR post-




Data Bus<8>

JL @ r— - — = - — — - T
I |
21 Table Pointer <2> Data Latch PORTA
I RAO/ANO I
<A 8 8 Data RAM | 4 RA1/AN1 I
21 inc/dec logic B RA2/AN2/VREF-
e 4 RA3/ANS/VREF+ |
21 Address Latch | i RA4/TOCKI :
Address Latch ka 20 ﬁ 1 2I2I | : gzzANMSS/LVDIN |
Program Memory Address<12>
{up to 2M Bytes) f N I I
Program Counter '. 12% 4ﬁ
Data Latch BSR shol| [Eanio, | |
FA1 | |
FSR2 12
| I I
16 inc/d_ei I I
gl | |
I I
PORTB
! I
| RBO/INTO I
Instruction RB1/INT1
Register L1 RB2/INT2 I
| RB3/CCP2() |
Instruction RB7:RB4
Decode & < I I
Control | I
0SC2/CLKO I I I I I I
OSC1/CLKI Power-up | |
K= Timer I |
Timing Oscillator
'IIIICC))SSCI) Generation [ Start-up Timer | ]
Power-on | |
{} Reset
Watchdog I |
XPLL S Mimer ALUZ8> | _poRTC |
RCO/T10SO/T1CKI
- Brown-out 8 | 5 Rcimiosycep2® |
—
Voltage | V] Reset b | : RC2/CCP1 I
Reference Lt A RC3/SCK/SCL
_l—L I RC4/SDI/SDA |
| » RC5/SDO |
MCLR I RC6/TX/CK
MCLR VoD Vss | RC7/RX/DT |
L — - - e - — 4
e A
I I
| Timer0 Timer1 Timer2 Timer3 "> A/D Converter !
| it it it |
| U U U |
I Master Addressable I
CCP1 CCP2 Synchronous USART
I Serial Port I
L o o e e e — — J

Note 1: Optional multiplexing of CCP2 input/output with RB3 is enabled by selection of configuration bit.
2: The high order bits of the Direct Address for the RAM are from the BSR register (except for the MOVFF
instruction).
3: Many of the general purpose I/O pins are multiplexed with one or more peripheral module functions. The
multiplexing combinations are device dependent.

PIC18Cxx processor architecture
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Program Memory Register Space
—= o rie [
Registers
Program g
Counter ¢ Q
Stack @
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WREG a
<Y
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Fast Stack o
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»
p| Instruction Register/ >
Decode
Second Instruction N
Register d

PIC18Cxx architecture block diagram

and pre-increment, post-decrement, and the ability to access data, relative to the FSR. This
will make compiler development much simpler for the PIC18CXx than for any of the other
PICmicro® MCUs.

The PIC18Cxx’s register space is designed to minimize the work required by assembly-
language developers and compiler writers.

As I mentioned, instruction, formatting, and execution is similar in the PIC18Cxx with
the major difference being the direct register addressing options. The PIC18Cxx has a
number of word instructions that allow goto and call instructions throughout the entire 2.1-
MB maximum program memory space, as well as the ability to move register contents di-
rectly within the memory space.

New instructions include enhanced subtraction capabilities, including compare opera-
tions in which two parameters (one in WREG) are subtracted with the status bits changed
and the result discarded. When coupled with the branch or condition instructions, the
PIC18Cxx has many of the more traditional conditional execution options that are not
available in other PICmicro® MCUs. When the total condition execution of the PIC18Cxx
are compared to other processors, the PIC18Cxx has many more options than are available
in the average device.

The PIC18Cxx’s ALU has been enhanced, compared to the other PICmicro® MCUs by
the inclusion of add with carry and true subtract with borrow instructions. The true sub-
tract with borrow instruction works as you would expect, instead of the typical reversed
PICmicro® MCU instruction:

subwfb Reg, Dest ; Dest = Reg - WREG - B

the PIC18Cxx offers the:

subfwb Reg, Dest ; Dest = WREG - Reg - B
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that works in a more traditional manner than the standard PICmicro® MCU subtraction in-
structions. This new subtraction instruction make the transition to the new PICmicro®
MCUs easier for people familiar with other computer processors.

The program counter and its stack are similar in operation to the other PICmicro®
MCU, but have the ability to be modified under application software control. This new ca-
pability greatly enhances the PIC18Cxx’s ability to run multitasking operating systems or
monitor programs compared to the other PICmicro® MCUs. This exciting feature is taken
advantage of later in the book.

Lastly, the PIC18Cxx does have some unique interrupt capabilities. Rather than having
multiple interrupt vectors, each dedicated to a type of interrupt, such as the PIC17Cxx, the
PIC18Cxx has the ability to specify high-priority interrupts, which are given a different
address from low-priority interrupts. As well as providing a fast path for the high-priority
interrupts, this feature allows splitting up of interrupts to avoid having to check F bits to
determine which interrupt is active.

The last architecture feature that can be taken advantage of in PIC18Cxx is the fast
stack, which consists of three register bytes that save the context registers automatically
when an interrupt request is acknowledged. These registers can be restored upon return
from the interrupt handler when the retfie (Return From Interrupt) instruction is executed.
The fast stack can also be taken advantage of within basic subroutine calls, but this is a fea-
ture I do not recommend using because it will cause problems if interrupts are used in an
application.

Register access The PIC18Cxx register architecture is probably the nicest of the four
PICmicro® MCU families. Although there is still banking, the variable placement rules
covered elsewhere in the book still apply with the ability of directly accessing key vari-
ables, as well as the I/O hardware registers (called the SFR registers in the PIC18Cxx). In
the applications that I have done for the PIC18Cxx, I have found that I have had to think
the least about the variable placement and hardware register accessing. The PIC18Cxx can
access up to 4,096 eight-bit registers that are available in a contiguous memory space.
Twelve address bits are used to access each address within the register map space shown
in Fig. 3-27.

Although there are still register banks, the file registers from one bank to the next can be
accessed by simply incrementing one of the three FSR registers, instead of redirecting the
FSR register into the next bank that is required in the other PICmicro® MCUs. The FSR
registers can either be loaded with a full 12-bit address using the Ifsr instruction or the FSR
registers can be accessed directly by the application.

To access a register directly, the PIC18Cxx’s BSR (Bank-Select Register) register must
be set to the bank the register is located in. The BSR register contains the upper four bits
of the register’s address, with the lower eight bits explicitly specified within the instruc-
tion. The direct address is calculated using the formula:

Address = (BSR << 8) + Direct Address

To simplify directly accessing variables, the first 128 addresses are combined with the
second 128 addresses (Fig. 3-27) to make up the access bank. This bank allows direct ad-
dressing of the special-function registers in the PICmicro® MCU, as well as a collection
of variables without having to worry about the BSR register.
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Register Map

0x0000

0x007F
BankO 0x0080

0x00FF
0x0100

Bank1

0x01FF

0x0200
Bank?2

0x02FF

0x0300

Bank3

0x03FF

Access Bank

0x0E0Q

Bank14

OxOEFF
0x0F00

Bank15 020750
OFFF

a=

_ PIC18Cxx register format

®

Practically speaking, the access bank means that, for the first time in the PICmicro
MCU, you will be able to access most, if not all, of the registers required in an application
without having to specify a bank or use a special instruction (such as ¢ris and option). This
greatly simplifies the task of developing PIC18Cxx applications and avoids some of the
more-difficult aspects of learning how to program the PICmicro® MCU in assembly lan-
guage: how to access data in different banks.

The hardware /O registers (SFR) are located in the last 128 addresses of the register
space. This might seem limiting, but remember that thls is more dedicated hardware regis-
ter space than is available in any of the other PICmicro® MCUs.

The first 128 file registers in the access bank are more than enough for most applica-
tions. As stated, these registers should be used for individual byte and 16-bit variables used
in an application. Placing these variables in this address space will avoid the need for you
to specify a BSR address for accessing data.

If registers must be specified outside of the access RAM area, they could be accessed di-
rectly using the movff instruction that moves a source byte from anywhere in the register map
to any other location. This two-word instruction is covered in more detail in the next chapter.

The index register operation of the PIC18Cxx is very well organized and will make it
much easier for compiler writers to create PIC18Cxx compilers than for other PICmicro®
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TABLE 3-9 PIC18Cxx INDF Register Options

REGISTER FUNCTION ,
 INDFx Register Pointed to by FSRx without modification |

PLUSWx Register Pointed to by FSRx + WREG

| PREINCx FSRx Incremented before data movement. Register Pointed to by
~ FSRx +1 '

POSTDECx  Register Pointéd to by FSRx. FSRx Decremented After Access
POSTINCx  Register Pointed to by FSRx. FSRx Incremented after Access

MCUs. Along with the three 12-bit-long FSR registers, when data is accessed, the opera-
tion can result in the FSR being incremented before or after the data access, decremented
after, or access the address of the FSR contents added to the contents of the w register. A
specific access option is selected by accessing different INDF register address. Table 3-9
lists the different INDF registers and their options concerning their respective FSR
register.

This FSR capability is taken advantage of in the real-time operating system presented
later in the book.

When compilers are covered later in the book, included are the operations carried out
based on the traditional PICmicro® MCU architectures. The capabilities of the FSR regis-
ter in the PIC18Cxx allow the FSR registers to simulate stack operations. For example, to
simulate a push of the contents of the WREG using FSRO as a stack pointer, the operation:

POSTDECO = WREG;
could be used. Going the other way, a pop WREG could be implemented as:
WREG = PREINCO;

In the first case, the stack is decremented after a data value is placed on it. When the data
value is to be popped off, the stack pointer (FSR0) is incremented and the data value it is
pointing to is returned.

I specified this order of operations to allow access to pushed stack items. Each time that
a value is pushed, the FSR register is decremented. To go back and access other items, I
can use the PLUSWO register to read a stack element. For example, to read the element
placed three pushes earlier, I would use the code:

WREG
WREG

= 3;
= PLUSWO;

This example, while showing how the FSR access with offset works, does not take into
account the abilities of the PIC18Cxx instruction set. Using this example as a basis, you
would probably assume that writing into the FSR stack at a specific offset is not simple.
This is because there is no way to add a constant from the WREG and having a value some-
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where that can be accessed and written by the FSR register. The PIC18Cxx’s movff instruc-
tion allows data transfers using an FSR index register and the WREG offset without ac-
cessing WREG in any way.

Program counter The PIC18Cxx program counter and stack is similar to the hard-
ware used in the other devices, except for three important differences. The first difference
is the need for accessing more than 16 address bits for the maximum one million possible
instructions of program memory. The second difference is the availability of the fast stack,
which allows interrupt context register saves and restores to occur without requiring any
special code. The last difference is the ability to read and write from the stack. These dif-
ferences add a lot of capabilities to the 18Cxx that allow applications that are not possible
in the other PICmicro® MCU architectures to be implemented.

In the PIC18Cxx, when handling addresses outside the current program counter, not
only is a PCLATH register (or PA bits, as in the low-end devices) update required, but
also a high-order register for addresses above the first 64 instruction words. This register
is known as PCLATU. PCLATU works identically to the PCLATH register and its con-
tents are loaded into the PIC18Cxx PICmicro® MCUs program counter when PCL is up-
dated.

Each instruction in the PIC18Cxx starts on an even address. Thus, the first instruction
starts at address zero, the second at address two, the third at address four, etc. Setting the
program counter to an odd address will result in the MPLAB simulator halting and
the PIC18Cxx working unpredictably. Changing the convention used in the previous
PICmicro® MCUs to one where each byte is addressed means that some rules about
addressing will have to be relearned for the PIC18Cxx.

As I write this, no PIC18Cxxs have more than 16k instructions, which means that the
PCLATU register will never be anything other than zero. The case where PCLATU will
be updated is when you have a PIC18Cxx that has more than 32k instructions, which re-
quire 64k byte addresses.

The fast stack is an interesting feature that will simplify your subroutine calls (in appli-
cations that don’t have interrupts enabled), as well as working with interrupt handlers. To
use the fast stack in the call and return instructions, a I parameter is put at the end of the
instructions. To prevent the fast stack from being used, a 0 parameter is put at the end of
the call and return instructions.

The fast stack is a three-byte memory location where the w, STATUS, and BSR regis-
ters are stored automatically when an interrupt request is acknowledged and execution
jumps to the interrupt vector. If interrupts are not used in an application, then these regis-
ters can be saved or restored with a call and return, such as:

Call sub, 1 ;o Call “sub” after saving “w”, “STATUS”
; and “BSR”
sub ' ; Execute “Sub”, Ignore “w”, “STATUS”
: ; and “BSR
return 1 ; Restore *w”, “STATUS” and “BSR” before

Return to Caller

The fast stack option is not recommended in applications in which interrupts are en-
abled because of the interrupt overwriting the saved data when it executes.
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If the fast option is not used with interrupts, then the three context registers can be
saved, restored by using the code:

Int
movwf W ; Save Context Registers
movff STATUS, _status
movff BSR, _bsr
Interrupt Handler Code
movff _bsr, BSR ; Restore Context Registers
movf W, W
movff _status, STATUS
retfie

Notice that in the interrupt handler, the w register is restored before the status register so
that the status flags are not changed by the movf instruction after they have been restored.
As in the example interrupt code given for the PIC17Cxx architecture, this code should be
kept in your hip pocket until it is required.

The last difference is also the most significant. The ability to access the stack is quite
profound and a deeper understanding of the PIC18Cxx’s stack is required than for the
other PICmicro® MCU processor architectures.

TABLE 3-10 PIC18Cxx STKPTR Register Bit Definitions

BIT DESCRIPTION

7 STKFUL—Stack Full Flag which is set when the Stack is Full or Overflowed

6 STKUNF—Stack Underflow Flag which is set when more Stack Elements
have been Popped than Pushed.

5 Unused

I 4-0 SP4:SPO—Stack Pointer
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The stack itself, at 31 entries is deeper than the other PICmicro® MCU stacks, and the
hardware monitoring the stack is available as the STKPTR register. A block diagram of
the stack is shown in Fig. 3-28.

The STKPTR register is shown in Table 3-10. The STKUNF and STKFUL bits will be
set if their respective conditions are met. If the STVREN bit of the configuration fuses is
set, when the STKUNF and STKFUL conditions are true, the PICmicro® MCU will be
reset.

I’'m of a mixed mind as to the appropriateness of resetting the PICmicro® MCU after
an invalid stack operation. Although a reset will definitely indicate an error has occurred
(just like a watchdog timer timeout), there would be a problem with decoding what has
happened.

The value at the top of the stack can be read (or written) using the top or stack (TOSU,
TOSH, and TOSL) registers. These registers are pseudo-registers, like INDF. These regis-
ters access the top of the stack directly.

When an address is pushed onto the stack, the SP bits of the STKPTR register are in-
cremented and then the TOSU, TOSH, and TOSL registers are updated. Address pops oc-
cur in the reverse order; data is taken out of the TOSU, TOSH, and TOSL registers and
then the stack pointer bits are decremented. The 18Cxx has push and pop instructions,
which increment and decrement the stack pointer and SP bits. These instructions should be
used to change the stack pointer; the SP bits should never be written to directly to avoid
any possible damage to the stack and being unable to return to the caller.

Using the TOS registers, the stack can be recorded or changed, for example, if you
wanted to implement a computed return statement “into” a table which starts at “Table
Start.” The following instructions could be used:

“0SU = ((TableStart & OxOFFO000) >> 8) + ((offset & O0xO0FF0000) >> 8);
“f ((((TableStart & OxOFF00) >> 4) + ((offset & OxO0FF00) >> 4)) >
O0x0FF) .

Instruction « Data
Bus Bus
Program
Memory
Address 301 CCLATH ko
Mux
pPC -Bi
mcm.lm Bit PC PCL PCLATU [&»
Program Counter Stack
Element O “ <« TOSL [+
Element 1 « TOSH |+
Element 2 » TOSU |
)
°
Element 30

. PIC18Cxx program counter stack
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TOSU = TOSU + 1;
TOSH = ((TableStart & O0xO0FF00) >> 4) + ((offset & OxOFF00) >> 4);
if (((TableStart & OxOFF) + (offset & OxOFF)) > OxOFF)

if ((TOSH + 1) > OxO0FF) {

TOSH = 0;
TOSU = TOSU + 1; N
} else
TOSH = TOSH + 1;
TOSL = (TableStart + offset) & OxO0FF;
Return

The block diagram for the 18Cxx’s program counter and stack is similar to that of
the other PICmicro® MCUs, but it incorporates the differences that have been discussed
(Fig. 3-29).

In Fig. 3-29, you can see that the 21-bit program counter can be updated either from the
stack, the PCL registers of the processor, a new address from the instruction or incre-
mented after normal instruction execution. The output value is used to access program
memory during execution and/or the configuration fuses during programming,.
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This book emphasizes understanding the PICmicro® MCU’s processor architecture and
visualizing how application code and instructions move data through the PICmicro®
MCU. I do this because the PICmicro® MCU’s instruction set is somewhat unusual. Most
people first learn assembly-language programming on a conventional Von Neumann
processor, such as the Motorola 6800. When presented with the PICmicro® MCU, they
feel like they are starting all over again.

By developing a good understanding of the PICmicro® MCU device, you will be able
to code it quite easily. Along with being able to develop software for the PICmicro® MCU
quite easily, you will also be able to look for opportunities to optimize your application
and simplify it using the PICmicro®MCU’s architectural features.

To characterize a processor’s instruction set, I find that it is best to break the instructions
into functional groups. The instruction sets used by the four different PICmicro® MCU ar-
chitectures can be broken up into four such groups.
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The first group contains the data-movement instructions that are used to move data in
and out of the processor. As indicated earlier in the previous book, data movement within
the PICmicro® MCU generally passes through the w register, although register arithmetic
instructions have the option of storing the result into the w register or back into the source
register.

Data-processing instructions includes adding and subtracting from registers, along with
incrementing, decrementing, and doing bitwise operations. The arithmetic instruction
group can be broken up into two subgroups, the register arithmetic (where only the con-
tents of registers are used) and the immediate arithmetic (where an explicitly stated con-
stant value is used for the operation).

Execution change instructions make up the next functional group. These are the gotos,
calls, returns, and conditional instruction skips. The PICmicro® MCU instruction sets dif-
fer from other traditional processor instruction sets in that a jump on condition requires
two instructions instead of a single explicit one. To carry out conditional jumps or other
conditional operations, a skip next instruction is executed before the actual operation.

Along with traditional gofos and calls instructions is the opportunity to write to the PICmi-
cro® MCU’s program counter directly. This ability gives you the opportunity to create con-
ditional jumps, based on arithmetic values or implement data tables, which return constants
for different values. This very powerful function in the PICmicro® MCU is in the applica-
tions presented in this book.

Finally, a number of processor control instructions are used to control the operation of
the PICmicro® MCU’s processor. These instructions are quite typical for most micro-
processors (not only microcontrollers) and there shouldn’t be any surprises in this set.

As in the previous chapter, 1 initially focus on the mid-range devices to explain the in-
struction’s operation. Later in the chapter, the differences between the instruction sets used
by PICmicro® MCU families are reviewed. The appendices include instruction set sum-
maries for your use.

You should always remember that PICmicro® MCU instructions execute in one in-
struction cycle unless the program counter is changed so that execution does not continue
to the following instruction. This makes programming timing crucial applications much
easier than in other microcontrollers; later in the book, I'll present examples of time-
critical code and methodologies used to write it.

The Mid-Range Instruction Set

It would be wrong to say that I choose the mid-range to concentrate on in this book be-
cause it is a bridge between the “high-end” devices (PIC17Cxx and PIC18Cxx) and the
low-end. Yes, the mid-range’s instruction set has more instructions than the low-end, and
the high-end has more, but I choose the mid-range device because it will most likely be the
family for which you will develop your applications. As shown in the previous chapters,
the mid-range has a substantial number of different part numbers with a myriad of differ-
ent built-in features.

As I work through the instructions, I have included a diagram with the data flow for
each instruction as well as the number of cycles required for the instruction to execute and
the STATUS register flags that are affected. This format will be optionally used in the ex-
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planation of the instruction sets for the other PICmicro® MCU processor architectures be-
cause the instruction operation can be identical to mid-range’s instructions explained
previously.

In the appendices, I have included a reference for each instruction.

DATA-MOVEMENT INSTRUCTIONS

If you are familiar with the Intel 8086 (which is the base processor used in the IBM PC),
you will probably appreciate the ability of some instructions to execute without having to
store temporary results in the accumulator registers. This feature can significantly simplify
applications and avoid the need to temporarily modify the contents of the accumulators.
Unfortunately, the PICmicro® MCU does not have this capability and data must pass
through the w register (which is the PICmicro® MCU’s accumulator) before it can be put
in a destination register. The typical data flow for information in the PICmicro® MCU is:

w = Source; // Load “w” with the Source Data
Destination = w; // Store the contents of “w”

To load w, two primary instructions are used. The moviw instruction (Fig. 4-1) loads w with
a constant value. This constant can be any eight-bit value. The format of the instruction is:

movlw Constant ; Load “w” with “Constant”

This is the basic method of loading w with a value, but it depends on what has been pro-
grammed into the application code.

Pgm Counter]‘-—ﬂ
Program i Option o
Memory Program | | File TRIS 5
Counter || Registers o &
Stack /W Regs
Address Bus
4 N
|Instruction Reg]
moviw

[L__Instruction Bits 7:0

Instruction Format:
movliw Const
Cycles:
1
Flags:
None

Explicit Data

Instruction
Decode &
Control

“moviw” Instruction operation
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Pgm Counter T_[
Program | T Option g
Memory Program | | File TRIS &
Counter || Registers [~ 2
Stack H/W Regs| ||°
[Address Bus
[Instruction Reg]| retlw
{ Instruction Format:
retiw Const
Cycles:
» 2
Flags:
Instruction None
Decode &

Control

retlw” Instruction operation

Pgm Counter

Program i Ootion o

Memory Program || File Tlglls &
Counter | Registers o e 2
Stack egs

[Address Bus

[Instruction Reg]
movf

[(__Instruction Bits 7:0 .
Resuits Instruction Format:
Explicit Data movf Reg, d
Cycles:
1
Flags:
Instruction Z=Reg |0
Decode &
Control

movf” Instruction operation




THE MID-RANGE INSTRUCTION SET

107

None of the STATUS flags are changed by the moviw instruction.

In the “movlw constant” instruction on page 105, the text that follows the semi-colon (;)
1s ignored by the assembler. This text is known as a comment and is used to indicate to a
person reading the source code what the code is doing. In “C,” double slashes (“//”’) per-
tform the same function. Comments are described in more detail later in the book.

Later, this chapter introduces how subroutines are implemented in the PICmicro® MCU.
One of the subroutine return instructions is the ref/w instruction, which returns from a subrou-
tine and loads w with a constant value (the operation of this instruction in shown in Fig. 4-2).

This instruction is useful for implementing tables that return constant values (which are
explained later in the chapter) and are the only way of returning from a subroutine in the
low-end devices. The operation of the ret/w instruction, which is defined as:

retlw Constant
could be simulated by the use of the two instructions:

movlw Constant
return

To load w with the contents of a register, the movfinstruction (Fig. 4-3) is used. The for-
mat of the movf instruction is:

movf Variable, d ; Move the contents of “Variable” through the
; ALU and set the “Zero” flag based on its
: value. Store “Variable” according to “d”

where d is the destination of the contents of the variable. As written earlier in the book, d
can be either 0 or 1. When you use the MPLAB assembler, the values w or fcan be used
instead of 0 or 1, respectively, for d to indicate where the byte read in is going to be stored.
If d is w or 0, then the value of Variable read by movf will be stored in the w register.

If d is for 1, then the value of Variable read by movf will pass through the PICmicro®
MCU’s ALU, change the zero flag (according to its value), and then be stored back into
Variable without changing the contents of the w register.

I like to define the movf instruction as being used to set the zero flag according to the
contents of the register and optionally load w with the contents of the register. This might
seem like a backward way to describe the instruction, but it is actually quite accurate in
terms of how the instruction executes.

To test the value, the ALU ORs the value read from the register with 0x000, which sets
the zero flag if the result of this operation is zero.

Another way to set a register value is to use the clear instructions, c/rw and clrf
(Fig. 4-4). Clrw clears the w register and sets the zero flag. Clrf clears the specified regis-
ter and also sets the zero flag.

The clrw instruction does not have any parameters and is invoked by simply entering:

clrw
The clrfinstruction only has one parameter and that is the register that is specified:

cirf Register
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Pgm Counter
Program I : o
Counter || Registers = @
Stack H/W Regs
[Instruction Reg]
(L_Instruction Bits 7:0 | cirf .
Results Instructlon_Format:
Explicit Data cirf Register
Cycles:
1
Flags:
Instruction 7=1
Decode &
Control

Pgm Counter
Program 1 : S
Memory Program || File ?g}gn &
Counter || Registers [ "7 2
Stack egs
[Instruction Reg]|
(L_Instruction Bits 7:0 J mowyf -
Results Instrusw)fnRFormat.
Explicit Data Cync:I:S' eg
1
' Flags:
:Sstrugtion | None
ecode & . "t
Control l Reg ="w

‘movwif” Instruction operation
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Storing the contents of w is accomplished using the movwf instruction (Fig. 4-5). This
instruction simply loads the specified register with the contents of the w register. No
STATUS flags are affected by the operation.

The format of movwfis:

movwf Register

where Register is the destination register for the contents of the w register.

Along with the movwf instruction, the option and #ris instructions store the contents of
w into specific registers. None of the STATUS flags are changed (or are required to be
changed) for these instructions.

The option instruction (which doesn’t have any parameters (Fig. 4-6) is specified as:

option

This instruction saves the contents of w into the OPTION register (at address 0x081),
bypassing the need (in the mid-range PICmicro® MCU) to set the RPO bit of the STATUS
register to set the contents of OPTION. Notice that in the Microchip PICmicro® MCU
manuals, you will most often see the OPTION register referred to as OPTION_REG. The
reason for this is because of the same label being given to both the OPTION register and
option instruction. This book does not use the OPTION_REG convention to specify the
register instead of the instruction, but the register is capitalized (as has been done with all
register names to identify them). The instruction is in lowercase.

Tris (Fig. 4-7) is used to load an I/O port driver-enable (TRIS) register with the contents
of w. The TRISA, TRISB, and TRISC registers can be accessed using these instructions,
which have the format:

Pgm Counter
Program il o
Memory Program|| File TRIS &
Counter || Registers g
Stack

[Instruction Reg|
(L__Instruction Bits 7:0

option
Instruction Format:
option
Cycles:
1
Flags:
None

Results
Explicit Data

Instruction
Decode &
Control

‘option” Instruction operation
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5 Pgm Counter
Program I S
Memory Program g
Counter o
Stack ®

[instruction Reg]

|L_Instruction Bits 7:0 tris '
Results Instfuctlon Format:
Explicit Data tris PORTn
= Cycles:
1
Flags:
Instruction None
Decode &
Control

“tris” Instruction operation

tris PORTx

or by setting the RPO bit of the STATUS register, which makes execution use the Bank 1
set of registers and access the TRIS registers directly.

Microchip does not recommend the use of the option and #ris instructions in the mid-
range PICmicro® MCUs. These instructions were originally created for the low-end
PICmicro® MCUs, which do not have the OPTION and TRIS registers in the different
banks (as do the mid-range). Microchip, while continuing their use in the current mid-range
PICmicro® MCUs, might not continue them in future devices, which is why their use is not
recommended.

As indicated elsewhere in the book, I personally don’t recommend their use because
they do not access all the PORT registers in all PICmicro® MCUs. If you look at the bit
pattern for the instruction:

Obd 00 0000 0110 Offf

where fff is the PORT register written to by the instruction, you will see that the TRIS reg-
isters for PORTA (address 5), PORTB (address 6), and PORTC (address 7) are the only
ones that can be written to. With PICmicros® MCU that have a PORTD (address 0x008)
and PORTE (address 0x009), the #ris instruction cannot be used because these TRIS reg-
isters cannot be accessed by the #ris instruction.

Despite this, you still might want to use the #ris and option instructions—especially
when debugging an application on a mid-range PICmicro® MCU that is designed to be
used with a low-end one.
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Pgm Counter
Program I Option .
Memory Program || File TRIS &
Counter || Registers LW R 2
Stack egs
4 Address Bus
lInstruction Reg|
LL Instruction Bits 7:0 | stWan . t
nstruction Format:
Resuilts
Explicit Data c s‘rapf Reg, d
ycles:
1
. Flags:
::r)lstrugtlc:; q None
eco e "d" - 0 %\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\3
/ =
Control 4 d = Swap( Reg)

“swapf” Instruction operation

One of the interesting instructions in the PICmicro® MCU is the swapf instruction (Fig.
4-8). This instruction exchanges (swaps) the contents of the high and low nybbles of
source register and stores the value in w or back in the source register, depending on the

value of d in its invocation:
swapf Register, d

The most obvious use for swapfis to use it to display a byte as two ASCII nybbles.

swapf  Register, w

call NybbleDisplay Qutput the Most Significant four bits of

Register as an ASCII Character

OQutput the Least Significant four bits of

mov f Register, w
Register as an ASCII Character

call NybbleDisplay ; Register as an ASCII Character

The code loads the least-significant four bits of w with the digit to display before call-
ing NybbleDisplay, which converts these four bits into an ASCII hex code representation.
This example code will first output the most-significant four bits of the contents of Regis-

ter followed by the least-significant four bits.
Swapf does not modify any of the STATUS flags, which makes it useful when loading

w without changing any of the status flags.
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Pgm Counter
Program i - o
Memory Program | File ?g}g n &
Counter || Registers [ 1 7 e
Stack egs

[Address Bus

3

[Instruction Reg|

(__Instruction Bits 7:0 bcf .
Results Instruction Fo_rmat:
Explicit Data bef Reg, Bit
N =4 Cycles:
1
Flags:

Instruction | None

gﬁﬁ?r?f 5 l ¥ Reg = Reg & !Bit

. “bef” Instruction operation

swapf Register, f
swapf Register, w

The code snippet exchanges the high and low nybbles of Register and stores the result
back into Register before exchanging them again and loading the contents into w. This
double exchange returns the contents of Register to the original value for loading into the
w register without modifying any of the STATUS register bits.

The ability of loading w with a register value without affecting the contents of the
STATUS bits (specifically the zero flag, which is modified by the movf instruction) is
something that is taken advantage of in PICmicro® MCU interrupt handlers. In the
PIC17Cxx and PIC18Cxx, data-movement instructions have been included that do not
modify any of the STATUS bits, so this use of swapfis not necessary in these PICmicro®
MCU processors.

The last two instructions used for data movement are the bcfand bsf instructions that re-
set or set a specific bit in a register, respectively. The operation of the bcf instruction is
shown in Fig. 4-9 and is put into the source code as:

bcf Register, Bit

In the b¢f instruction, the Bit of Register is reset. The operation of this instruction could
be characterized as:

Register = Register & (OxOFF ~ (1 << Bit))

In this operation, the contents of Register are ANDed with a value that has all of the bits
set, except for the one that you want to be reset. In this equation, the « operation shifts the
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value 1 over Bit times to the left. When | has been shifted over Bit times to the left, it is
XORed with 0x0OFF, resulting in the specified bit reset. When this is ANDed with the con-
tents of the register, that bit will be reset.

The bsf instruction sets the register bit specified by the instruction as:

bsf Register, Bit

Like bcf, bsf can be characterized by an equation:
Register = Register | (1 « Bit)

In bsf; the value 1 is shifted to the left Bif number of times and ORed with the contents
of Register.

Both bcf and bsf are useful instructions when you just want to change the state of a sin-
gle bit. They are paired with the b#fsc and bitfss instructions that test the state of a register
bit and skip the next instruction accordingly. When I wrote the first edition of this book, I
put these four instructions in a section called Bit Operators. | changed this for the second
edition because this confused the section on execution change and made it more difficult
to relate how the instructions operate.

The bcf and bsf really belong in this section because they move specific bit values into
registers. The bifsc and b#fss’ instructions in the “Execution Change Instructions” section
because they are the primary method that is used to conditionally change how a PICmi-
cro® MCU application is executing.

DATA-PROCESSING INSTRUCTIONS

The PICmicro® MCU does not have a very wide range of instructions that algorithmically
or logically change data values. The seven unique operations (implemented over 15 in-
structions) available in the PICmicro® MCU might not seem to be that comprehensive,
but they are an excellent base to work from and provide a set of operations from which
more complex operations can be implemented. As I work through the different operations,
I will show simple optimizations or tricks that will help you with your applications as well
as explain exactly how the instructions work.

The arithmetic operation that probably first comes to mind is addition. In the PICmi-
cro® MCU, addition is carried out in a very straightforward manner, with the contents of
the register specified by the addwf instruction added to the contents of w with the result
stored in either the specified register of w. The operation of addwfis shown in Fig. 4-10.

The format used for the addwf instruction is:

addwf Register, d

Where Register contains the value to be added to the contents of w. If d is 1 or f, then the
result will be stored back into Register. If d is 0 or w, the result is stored in the w register.

Addlw is used to add an immediate (constant) value to the contents of the w register with
the result being stored back into the w register. The operation of the instruction is shown
in Fig. 4-11 and its source code format is:

addlw Constant
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Pgm Counter

Program I . o

Memory Program]| File ?g}g n 5
Counter || Registers g
Stack

J
[Instruction Reg]|

addwf

|L__Instruction Bits 7:0 } _
Rosults Instruction Format:
Explicit Data addwt Reg’ d
Cycles:
1
Flags:
Instruction 2=d|0
Decode & C =d > OxOFF
Control DC =d > O0xOF
d = Reg + llwll
“addwf” Instruction operation
Pgm Countej—u
Program I _ Option o
Memory Program | | File g
. TRIS o
Counter || Registers HW R &
Stack €gs
[ Address Bus

addiw

Instruction Format:
addiw Const
Cycles:
1
Flags:
Z = Result
C = Result
DC = Result

|Instruction Reg|
\L_Instruction Bits 7:0

Results

Instruction
Decode &
Control

C

“addlw” Instruction operation
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As indicated in Chapter 3, all of the operation bits are affected by the addition and sub-
traction instructions. The zero flag is set if the result ANDed with OxOFF is equal to zero.
The carry flag is set if the result is greater than OxOFF (255 decimal).

The digit carry flag is set when the sum of the least-significant four bits (also called a
nvbble) is greater than 0xOF (15).

For example, if you had the code:

moviw 10 ; Add O0x00A to OxO00A
movwf Reg
addwf Reg, w ; Put the Result in w

At the end of execution, the w register would contain 20 (or 0x014), Reg would have 10
(0x00A), the zero and carry flags would be reset (equal to zero), while the digit carry flag
would be set.

Subtraction in the PIC is something that you should look over and understand thoroughly
before you use it. The subwf instruction (Fig. 4-12) probably works backwards as to how
you would expect it to work (especially if you have experience with other processors).

The instruction invocation is:

subwf Register, d

in which the contents of Register have the contents of w subtracted from it and the result
placed either in w or Register, based on the destination (d ). The subtraction is the negative
addition described in the previous chapter.

This description probably doesn’t make a lot of sense; the best way to explain subtrac-

Pgm Counter
Program I Option g
Memory Program || File TRIS al
Counter |} Registers H/W R 5
Stack 298

[Address Bus

[Instruction Reg|

|L__Instruction Bits 7:0 subvgf
Results Instruction Format:
Explicit Data subwf Reg, d

Cycles:

Il 1
Flags:

Instruction Z=d|0

Decode & C = d > OXOFF

Control DG = d > OXOF
d=Reg+(""W")
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tion in the PICmicro® MCU is to note that it is not subtraction at all. Instead, it is adding
a negative value to the source.
Thus, instead of subwf operating as:

Destination = Source — w
which is executed in other processors, subtraction in the PICmicro® MCU is actually:
Destination = Source + (-w)

The negative w term of this equation is found by substituting in the two’s complement
negation formula:

Negative = (Positive ~ OxOFF) + 1
for “—Positive”.
This means that the subwf instruction operation formula presented is really:

Destination = Source + (w ~ O0xO0FF) + 1

I find that when I am using the instruction, it helps to remember this formula because I
can easily understand what subwf is doing and predict how it will behave.

Remembering this formula also helps me to understand how the carry flags work. Look-
ing at the instruction, the carry and digit carry flags probably run nonintuitively to what
you expect (and might have experienced with other processors).

For example, to show what happens when you subtract 2 from 1 in the PIC:

Source
W
Instruction

o

1
2
subwf Source, w

The formula:
Destination = Source + (w » OxOFF) + 1
is used, which yields (for the subwf Source, w instruction):

W Source + (w ~ OxOFF) + 1
1 + (2 ~ 0xOFF) + 1

1 + Ox0FD + 1

Ox0FF

-1

| T T |

which is what is expected. Notice that, in this case, the carry flag is reset, which is not ex-
pected in a typical subtraction operation where carry is the “borrow” flag. If a negative re-
sult was produced in a traditional processor, we would expect the carry (or an explicit
borrow) flag to be set.

Working through the same instruction (subwf Source, w) and the registers loaded with:

2
1

Source
W

o
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The subwf formula can be applied as:

Source + (w "~ OxOFF) + 1
2 4+ (1 ~ OxOFF) + 1

2 + OxOFE + 1

0x0101

W

I

In this example, the value 0x001 (0x0101 and 0xOFF) is actually stored in w. But, note that,
in this case of subtracting a lower value from a higher value, the carry flag (and, possibly, the
digit carry flag) are set! If you work through an example for the contents of w equal to Source,
vou will find that the result is 0x0100 and the carry flag will also be set in this situation.

As indicated, the carry flag is often used as a borrow flag in computer processors. Thus,
the bit is set when the result is less than zero and indicates to the application code that a
borrow from the next-significant byte must be made for the result to be a valid result.

The behavior of the subwf, sublw, or adding a negative number works somewhat differ-
ently from the typical situation. For this reason, I like to refer to the carry flag as the posi-
sive flag after subtraction.

Microchip refers to the carry flag as the negative borrow flag for reasons that will be-
come apparent later in this chapter. If you were to invert the carry flag in the PICmicro®
MCU after subtraction operations, you would discover that it behaves exactly as you
would expect a borrow flag to behave.

The sublw subtracts the value in w from the literal value of the operation of the instruc-
tion (Fig. 4-13). This probably sounds confusing and it is. The invocation of the sublw in-
struction is quite straightforward:

Pgm CounterF—H
Program I . Option o
Memory Program || File TRIS &
Counter || Registers e
Stack H/W Regs
[Address Bus
|instruction Reg|
sublw

[L Instruction Bits 7:0

Instruction Format:
sublw Const

Explicit Data
Cycles:
1
Flags:
Instruction Z = Result
Decode & C = Result
Control DC = Resuit

‘sublw” Instruction operation
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subTw Constant

Sublw, like subwf, subtracts the contents of the w register from the passed parameter. In
this case, the contents of w are taken away from the constant. Writing this down as a for-
mula, the operation is:

w = Constant — w

Using the same subtraction operation as described for subwf, the sublw operation is ac-
tually:

w = Constant + ( w ~ OxOFF ) + 1

sublw changes the flags in a similar manner to that of subwf.
When I wrote the first edition of the book, I commented that I avoid this instruction ex-
cept for the case:

sublw 0 : Negate Value in w
oW =0 - w
which negates the value in w because I found it to be nonintuitive. Over the three years
since I finished the first edition, I would probably disagree with this statement and note
that I now use sublw quite a bit in my complex operations because it can simplify ap-
plications.

When you first start working with the PICmicro® MCU, if you want to subtract a con-
stant value from the value in w, I recommend adding the negative instead of attempting to
subtract the negative. For example, if you had to subtract the constant 47 from the contents
of w, then the instruction:

addiw —47

should be used. If you wanted to carry out this same operation using the subtraction in-
structions, the required code would be:

movwf Temp
moviw 47
subwf Temp, w

which takes up three times the number of instructions and requires one file register as well.
Notice that the addlw and sublw instructions are not available in the 16C5X devices.
Registers can have one added or taken away from themselves using the incfand decf'in-
structions. Figure 4-14 shows how the decf instruction works. To add one to a register, it
is “incremented” and taking one away from a register is “decrementing.”
To invoke the instructions, the format:

incf Register, d
is used for incrementing a register and:
decf Register, d

is used for decrementing the register.
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Pgm Counter
Program I . o
Memory Program || File 'I(')Pglg n 8
Counter || Registers e
Stack

3
linstruction Reg]

u Instruction Bits 7:0 decf .
Instruction Format:
Results decf R d
Explicit Data ect heg,
Cycles:
1
. Flags:
Instruction i Z=Reg-1
Decode & lld" - Z\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\) d _ Re 1
Control g

“decf” Instruction operation

Decf is somewhat less obvious with the operation of the PICmicro® MCU’s ALU, as
described in the previous chapter. To decrement the value, instead of subtracting one from
the register, 0xOFF (—1) is added to it. This causes the correct result (one less than the
original value) to be saved in the destination.

The result of the increment and decrement can be stored back in the original register (d
set to for 1) or into the w register ( set to w or 0). Upon completion of the instruction, the
zero flag of the STATUS register is either set (the result is equal to zero) or reset (the re-
sult was not equal to zero). The carry and digit carry flags are not affected by the operation
of these two instructions.

Comf inverts the contents of a register and its operation is shown in Fig. 4-15. This op-
eration is the same as XORing the contents of a register with OxOFF to invert or comple-
ment each bit.

To invoke comf, the instruction has the format:

comf Register, d

where d is the destination and is 0 or w to store the result in w and is 1 or f'to store the re-
sult back into Register.

It is important to remember that complementing a register is not the same as negating it.
To two’s complement negate a register, the register has to be complemented and then in-
cremented. To negate a Register in the PICmicro® MCU, the following two instructions
should be used:

comf Register, f
incf Register, f
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Pgm Counter
Program 1 : o
Memory Program| | File -(r)g:g L 5
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lInstruction Reg|
[L_Instruction Bits 7:0 comf.
Results Instruction Format:
Explicit Data comf Reg, d
) Cycles:
1
Flags:
Instruction 2=d|0
(D)sg?r(:)? s d = Reg "OxOFF

“comf” Instruction operation

Along with arithmetic operations, the PICmicro® MCU can also perform the bitwise
logical functions AND, OR, and XOR. These instructions are available for combining the
contents of a register, along with the contents of w or combining the contents of w with a
constant value.

When two bits are ANDed together, the result will be 1 if both inputs are 1. If either in-
put is not 1, then the result will be 0. The PICmicro® MCU has two AND instructions,
andwf and andlw, which perform these functions.

To invoke andwf, the instruction format:

andwf Register, d

where d can specify that the result of ANDing the contents of w with Register is placed
into w or back into Register.
Andlw is invoked using the instruction format:

andlw Constant

In both AND instructions, the zero flag is set when the result of the AND operation is
equal to zero.

You might find it a bit confusing to discover that Microchip refers to what I call ORing
bits together as inclusive ORing. In this operation, when either bit of an OR input is set (1),
the result will be set (1). The two instructions which execute this function, iorwf (Fig.
4-16) and ioriw.

lorwf'is invoked using the instruction format:

jorwf  Register, d
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“iorwf” Instruction operation

and ORs together the contents of Register, along with the contents of w and stores the re-
sult in either w or Register, depending on the value of 4.
ORing a constant with the contents of w is accomplished by the iorlw instruction that

has the format:

iorlw  Constant

In both PICmicro® MCU Inclusive OR instructions, the zero flag set to the result of the

operation is zero.

The last bitwise logical operation is the Exclusive OR (XOR). In this operation, if one of
two inputs is set (1) and the other reset (0), the result will be set (1). If both inputs are at
the same state (set or reset), then the result will be reset (0).

Like ANDing and ORing, XORing in the PICmicro® MCU can be done with either the
contents of a register being XORed with the contents of w or the contents of w are XORed

with a constant.
The xorwf instruction XORs the contents of a register with w and stores the result ac-
cording to the value of destination d in the format:

xorwf Register, d

To XOR the contents of w with a constant and place the result back into w, the xoriw
instruction (Fig. 4-17) is used:

xorlw Constant

Like ANDing and ORing, XORing will set the zero register if the result of the operation
is equal to 0x000.
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Instruction Z = Result
Decode & J

Control

“xorlw” Instruction operation

The rotate left (+lf, see Fig. 4-18) and rotate right (s7f) instructions are useful for a num-
ber of reasons. Their basic function of rotate is to move a register one bit to the left (up-
ward) or to the right (downward), with the least-significant value being loaded from the
carry flag, and the most-significant value put into the carry flag.

To rotate the contents of a register to the left (up), the #If instruction is used and has the
format:

rif Register, d

When this instruction executes, the contents of the STATUS carry flag are stored in the
least-significant bit of the destination (either w or Register) while the contents of Register
are shifted up by one bit. To shift a register up by one bit, the contents of bit zero are stored
in bit one, the contents of bit one are stored in bit two, etc. When the register is shifted up
by one, bit zero is left open and is given the contents of the carry flag. Bit seven of Regis-
ter is stored in the STATUS carry flag to complete the rotation.

To rotate a register to the right by one bit, the 7/ instruction is used:

rrf Register, d

Instead of moving the registers “up,” in a right rotate, the registers are moved “down,” the
contents of bit 7 are stored in bit 6, the contents of bit 6 are stored in bit 5, etc. The contents
of the carry flag before the invocation of the instruction is stored in bit 7 and upon comple-
tion of the rrf instruction, the original contents of bit 0 of Register are stored in the carry flag.
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“rif” Instruction operation

A little trick that can be used to rotate a register and not lose a bit is to execute the
snippet:

rrf Register, w
rrf Register, f

In the first of these two instructions, the carry flag is loaded with the contents of bit
zero and the shifted value is placed into w, where it can be ignored. The second instruction
then does the rotate instruction with carry loaded with its least-significant bit, which
places it in the most-significant bit of the destination. This trick also works for the #/f'in-
struction.

The rotate instructions can be used for carrying out multiplication and division on a
value with powers of two. This can also be done on 16-bit values. The following example
shows how to multiply a 16-bit number by four:

bcf STATUS, C ; Clear the Carry flag before Rotating
r1f Reg, f : Shift the Value up (Multiply by 2)
rif Reg + 1, f

bcf STATUS, C ; Now, Repeat to Multiply by 2 again
r1f Reg, f

r1f Reg, f

Another use is to shift data in/out of a register serially (this is shown later when data is
shifted in/out of various registers from external devices).
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EXECUTION CHANGE OPERATORS

Before attempting to use a goto or call instruction, it is imperative that you understand how
they work. If you haven’t done so, go back a read “The Program Counter and Stack™ sec-
tion of Chapter 3. The goto and call instructions can behave strangely in some circum-
stances and the PICmicro® MCU’s program counter will not have the correct destination
address.

The reason for the unusual actions taken during the goto or call instructions is because
in the PICmicro® MCU instruction set; all instructions are the same length. This means
that the size of the destination address could be larger than what the instruction has space
to pass along to the PICmicro® MCU’s program counter.

Both goto and call have to be explicitly specify an absolute address with a PICmicro®
MCU “page” (2048 instruction addresses in the mid-range chip). If the destination address
is outside the page, the PCLATH register (or appropriate STATUS bits, for the low-end
chip) must be set with the correct page information.

For example, jumping between pages in the mid-range PICmicro® MCU can be ac-

complished by the code:
movliw HIGH Label ; Interpage goto
movwf PCLATH
goto Label

In this snippet of code, the PCLATH register is updated with the new page before the
goto instruction (Fig. 4-19) is executed. This forces the program counter to be loaded with
the correct and full label address when the goto instruction is executed.

In all of the instructions that change the program counter presented in this section, exe-
cution will take two instruction cycles instead of the customary one of the data-movement,
data-processing, or processor-control instructions. This is caused by the PICmicro®
MCU’s instruction register being already loaded with the instruction at the next address,
having to be loaded with a new address, and then prefetching the instruction at that address
before it can be executed. The actual timing for the operation is two cycles (Fig. 4-20)
when the gofo (or any other program counter changing) instruction is executed, the
“prefetched” instruction (Goto + I in Fig. 4-20) is no longer valid and it must be changed
with the Destination instruction. Before the Destination instruction can be executed, it
must be loaded into the PICmicro® MCU’s prefetch register so that it can be executed in
the next instruction cycle. This is the second instruction cycle after the goto instruction in-
stead of the first, which would be the case for any of the other instructions that don’t
change the PICmicro® MCU’s program counter.

The call instruction (Fig. 4-21) works almost exactly the same way as gofo, except that
the pointer to the next instruction is stored on the program counter stack.

Three different types of return statements are used in the mid-range and PIC17Cxx and
18Cxx PICmicro® MCUs. Each one of these instructions “pops” the current value from
the top of the hardware stack and stores it in the program counter. These addresses are the
saved next instructions that were saved when the subroutine was called or an interrupt re-
quest was acknowledged.

The simple return instruction (Fig. 4-22) returns the stack pointer to the address pointed
after the call to subroutine. No registers or control bits are changed.
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Instruction PCLATH ,Data
Reg ~Bus
goto
Instruction Format:
” goto Address
\ 3to 1 Mux 7 C)g:les
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None
13 Bit Counter |=—peset
— Load
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Address " | /low8Bits
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\ )

“goto” Instruction operation

As noted earlier in the chapter, the retlw instruction is also available for you to return
from a subroutine with a new value stored in the w register. This instruction is the only re-
turn available in the low-end devices (and it is described later in this chapter). The instruc-
tion is useful for returning table information (which is explained in the next section) or
returning condition information in w that can be tested by the calling program. The instruc-
tion loads w with an immediate value before executing a return from interrupt.

The retfie instruction is similar to the return instruction, except that it is used to return
from an interrupt. The only difference between the two instructions is that the GIE bit in
the interrupt control register INTCON) is set during the instruction. This allows interrupt
requests to be acknowledged immediately following the execution of the instruction and
the interrupt handler. This operation in the retfie instruction simplifies the interrupt han-
dler to acknowledge different interrupts sequentially, rather than having to provide a check
before ending the handler to ensure that nothing is pending; if there is, it can handle them.
Instruction | | ' '

Cycle l l | ! l |
Clock ! |

prefech )} Goto+ 1 X invalid | Destinationf’esﬁ"fm”

Instruction ¥ Before XGoto Destination xn Destination

PICmicro®

MCU instruction timing
during a “Goto”

Register Goto

| 1 |
\ ) 1
' 1 |
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As I have said elsewhere in this book, the basic PICmicro® MCU architecture doesn’t
use jump on condition instructions. Instead, a number of instructions allow skipping the
next instruction in line based on specific conditions. The basic instructions that carry out
this function are the skip on bit condition instructions, btfsc and btfss. These two instruc-
tions use the same format as the bit set and reset instructions (bcf and bsf'), although they
test the condition of bits, rather than change them.

The btfsc instruction skips over the next instruction if the bit condition is reset (0). The
format of the instruction is:

btfsc Register, Bit

Btfss skips over the next instruction if the bit condition is set (1). The format for the in-
struction is:

btfss Register, Bit

These two instructions are used as the basic method of conditionally changing the exe-
cution of an application. For example, to jump to an address if the zero flag is set, the two
instructions:

btfsc STATUS, Z; Test Zero, Skip over Next if Zero Flag is Reset
goto Label ; Zero Flag Set — Jump to “Label”

Notice that in this snippet, I test for the negative condition and skip over the next in-
struction if it is true. This is something to beware of when you first start working with
the PICmicro® MCU. Conditional jumps based on the state of the carry flag after a
comparison (subtraction) operation can be very confusing. I’'m sure that you will have
problems implementing it the first time you attempt it. To make things easier on your-
self, think of the positive test first and then simply swap the instructions from bifsc to
btfss and vice versa.

If the bit condition is not true and the skip is not executed, then the btfsc and bifss in-
structions execute in one instruction cycle. If the condition is true, then the instruction ex-
ecutes in two cycles, essentially treating the following instruction like a nop.

In a traditional processor, these two instructions would be the single jz instruction. By
combining the b#fsc and btfss instructions with the zero and carry flags, basic instructions
can be implemented (Table 4-1). The complement jump in Table 4-1 is the jump that is
used to jump if the opposite condition is true.

Built into the MPLAB assembler are a number of pseudo-instructions that provide sim-
ilar functions. Personally, | would recommend that you avoid using these conditional jump
instructions because they mask the true usefulness of the btfsc and bifss instructions.

This usefulness comes about because the instructions can operate on any bit in any reg-
ister. Flag bits can be very easily changed in the PICmicro® MCU using the bcf and bsf in-
structions and the b#fsc and bifsc instructions to test them. In a traditional processor, to set
a bit, such an instruction would have to be used:

movf Register, w
iorlw 1 << Bit
movwf  Register
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TABLE 4-1 Different Conditional Jumps and Equivalent
PICmicro® MCU Code

CONDITIONAL JUMP PICmicro® MCU INSTRUCTIONS COMPLEMENT JUMP

jz Label btfsc STATUS, Z jnz Labei
goto Label

jnz Label btiss STATUS, Z jz Label
goto Label
je Label btfsc STATUS, C jnc Label
goto Label
jnc Label btfss STATUS, C jc Label
‘ goto Label

In the PICmicro® MCU, the single instruction:
pbsf Register, Bit

is just required.
Similarly, if a bit is to be tested in a register and execution jumps to a label if it is set, a
traditional processor would require the code:

mov Register, w
andlw 1 < Bit
jnz Label

In the PICmicr0® MCU, the code would be:

btfsc Register, Bit
goto Label

In both cases, the PICmicro® MCU is able to change a bit and test its condition in fewer
instructions and without affecting the contents of the accumulator or the STATUS regis-
ter. Keep this very powerful feature in mind when you are developing your applications.
By spending a few minutes planning how the registers are going to operate, you can im-
prove the efficiency of your application by some remarkable margins.

Bit skip instructions are useful in a variety of cases, from checking interrupt active flag
bits to seeing if a number is negative (checking the most-significant bit). Throughout the
book, a number of different ways are presented in which the bit skip commands can be
used to simplify the software development.

The bit commands are quite unigue to the PIC compared to other microcontrollers. 1
believe that they give the application developer a significant advantage in developing
applications, allowing far easier methods of bit manipulation that would be otherwise
possible.

Along with the bit test (b#fsc and btfss) instructions, two other instructions skip on a
given instruction. They increment or decrement a register and skip the next instruction if




THE MID-RANGE INSTRUCTION SET

129

the result is equal to zero. Figure 4-23 shows the operation of the incfsz instruction while
the instruction format is:

incfsz Register, d

In the incfsz instruction, the contents of Register are incremented and stored according
to the value of d. If d was w or 0, then the w register would be stored with the result of the
operation. If dis f'or 1, then the register would be updated with the result of the operation.
No STATUS flags are modified by the operation of incfsz or decfsz (which is a difference
between them and the incfand decf instructions).

Decfsz is similar in operation to incfsz, except that the register is decremented and the
skip occurs if the result is equal to zero. Its format is:

decfsz Register, d

These two instructions work exactly the same as the incfand decf instructions in terms of
data processing. One is added or subtracted from Register. The result is then stored either
in w or back in the source register. The important difference to these instructions are, if the
result is equal to zero following the increment/decrement, the next instruction is skipped.

If the result is not equal to zero (and the next instruction is not skipped), incfsz and
decfsz execute in one instruction cycle. Incfsz and decfsz execute in two instruction cycles
if the result is equal to zero. If the result is zero then the next instruction is skipped over
and treated like a nop. Often, these instructions are used in crucially timed loops, so un-
derstanding the exact timing of the two instructions is important.

Pgm Counter
Program I - o
Memory Program || File ggrso L &
Counter || Registers g
Stack

Instruction Reg|
{L__Instruction Bits 7:0

Results

incfsz
Instruction Format:
incfsz Reg, d

{ Explicit Data Cycles
1
Flags:
Instruction 7 None
D code & "d" = 0 %\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\‘
antrol Z d=Reg-1
PC++1fd=0

“incfsz” Instruction operation
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I should say that decfsz is normally used for loop control. The following code example
shows how a loop can be repeated 37 times with very little software overhead:

moviw 37 ; Load the Count Register
movwf LoopCounter
Loop ; Repeat for each iteration of the loop
decfsz LoopCounter, f H Decrement the Count Register
goto Loop ; If not == zero, loop again

Continue on with the Program

This code can be used anywhere a loop is required. As you can see, the overhead code
is only four instructions long and it only requires two or three instruction cycles each loop.

If you are using these two instructions on processor registers, take care to ensure that the
hardware registers are capable of reaching zero. In the low-end PICmicro® MCUs, the
FSR can never be equal to zero, which makes the incfsz and decfsz instructions useless with
this register.

As well, these instructions do not affect any status flags (zero would probably be ex-
pected). Thus, you might want to put a bsf STATUS, Z after the instruction following the
incfsz/decfsz instruction.

For example, in a loop:

decfsz Count ; Decrement the Count Value
goto Loop ; Jump back to Loop if Count != 0
bsf STATUS, Z ; Set Zero Flag to Indicate Loop End

Tables So far, this book has touched upon explicitly changing the contents of the
PICmicro® MCU’s program counter to provide explicit jumps within an application. As
I work through some of the more advanced programming techniques that can be used
with the PICmicro® MCU, the need for being able to explicitly jump to a location will
become more obvious. Before getting into those techniques, I want to introduce you to a
programming construct in the PICmicro® MCU that I am sure you will use a lot of in
your application programming.

When implementing a PICmicro® MCU application that can communicate with hu-
mans, the ability to send text messages will be required. Tables of text messages can be
implemented in the PICmicro® MCU quite simply with the advantage that they will ex-
ecute quickly and with a consistent number of cycles, no matter where the data in the
table to be retrieved is.

The most traditional method of implementing a table is to provide a subroutine that adds
a constant to a known point in the application and stores this value in the PICmicro®
MCU’s program counter. At the new address, a ref/w instruction is used to store the table
value in the w register and return to the caller’s code.

The most basic way of doing this is to use the addwf PCL, finstruction to update the
PICmicro® MCU’s program counter with the table immediately following it as the table’s
destination addresses. A simple version of this subroutine could be:

Table ; Return Table Value for Contents of w
addwf PCL, f ; Add the Table Index to the Program Counter
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Instruction PCLATH] Data
Reg—/ Bus
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“addwf PCL, f” Instruction operation

TableEntries

retlw “T ; ASCII “Table” to be returned
retiw “a”

rettw “b”

retlw “1”

retlw “e”

retlw O

The addwf PCL, f instruction (Fig. 4-24) adds the contents of w (which is the table
value to return that has been passed to the Table subroutine) to the program counter via
PCL. When the addwf PCL, f instruction executes, the program counter is already incre-
mented to the next instruction. To return the 7 in the table, a value of zero must be passed
in w. To return g, a value of 1 is passed in w, etc.

The zero value at the end of Table is used to indicate that the table value has ended. Nor-
mally, when I am using a text table like this one, I want to have some way to determine
when I am at the end of the table, a NULL character (ASCII 0x000) is the choice that I nor-
mally use. I like ending a table with 0x000 because when it is ORed with 0x000 or ANDed
with 0xOFF, the zero flag will be set without changing the value of the contents of the w
register.

The table subroutine can be enhanced by using the dt assembler directive (command),
which combines the table’s retlw instructions. Using dt, the subroutine becomes:

Table2 ; Return Table Value for Contents of w

addwf PCL, f ; Add the Table Index to the Program Counter
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TableEntries
dt “Table”, 0

If you were to compare the instructions produced by the Table and Table2 subroutines,
you would find that they are identical, including the number of instructions used by each
subroutine. Later, the book describes directives and list the entire set available to you for
the MPLAB PICmicro® MCU assembler, which will be used later in the book for the ex-
periments and applications.

This simple table is useful for many applications, but only under one condition; the table
itself has to be located in the first 256 instructions of the PICmicro® MCU’s program
memory and PCLATH cannot have been changed since reset. If the table is not located in
the first 256 instructions or straddles, first 256-instruction boundary, then execution will
jump to an invalid address because the PCLATH register is not correctly set up for the table.

To rectify this, I tend to use the generic table code:

Table3 ; Return Table Value for Contents of w
H Anywhere in PICmicro Memory
movwf Temp ; Save the Table Index
movliw HIGH TableEntries ; Get the Current 256 Instruction Block
movwf PCLATH ; Store it so the Next Jump is Correct
movwf Temp, w ; Compute the Offset within the 256
addlw LOW TableEntries ; Instruction Block
btfsc STATUS, C
incf PCLATH, f ; If in next, increment PCLATH
movwf PCL ; Write the correct address to the

Program Counter

TableEntries
dt “Table”, 0

In this example, the PCLATH register is updated according to the starting location of
the instructions at TableEntries. When I calculate the address of the actual table element
to access, I increment PCLATH if the destination is outside the initial 256-instruction ad-
dress block.

This chapter and the book have given you examples of typical processor code and how
the PICmicro® MCU’s instruction set and features can be used to improve the operation
of the code. This case shows you a very general set of code and I recommend that you al-
ways use it for your tables instead of the single instruction program counter update.

The code at Table3 is not highly complex, executes in just a few extra cycles than the
smallest possible method and, most importantly, will work anywhere within the PICmi-
cro® MCU’s program memory. This last point is crucial in making sure that you do not
create a subroutine that might have problems executing properly if it is moved between
applications or if code is added before it and it moves over the initial 256-instruction
boundary.

Tables do not have to only be used for ASCII information, as shown in the table exam-
ples. They can also be used for conditional execution and for the execution state machines,
as shown later in the book. Tables are not difficult to implement, but care must be taken to
ensure that incorrect updates to the program counter are not made. Generally, problems
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“clrwdt” Instruction operation

will occur in applications that are executing after a while and will be extremely difficult to
characterize, find, and correct.

PROCESSOR-CONTROL INSTRUCTIONS

Only three instructions are used to explicitly control the operation of the PICmicro®
MCU’s processor. The first, clrwdt (Fig. 4-25) is used to reset the watchdog counter. The
second, sleep, is used to hold the PIC in the current state until some condition changes and
allows the PIC to continue execution. The last processor-control instruction is the nop (no
operation), which simply delays one instruction cycle of time.

Clrwdt clears the watchdog timer (and the TMRO/WDT prescaler, if it is used with the
watchdog timer), resetting the interval in which a timeout can occur. The purpose of the
watchdog timer is to reset the PICmicro® MCU if execution is running improperly (i.e.,
caused by an external EMI “upset” or if a problem with the application code causes exe-
cution to run amok). To ensure that a watchdog timer timeout (and reset) is not executed
at an inappropriate time, a c/rwdt instruction is inserted in the code to reset the timer be-
fore the watchdog timer timeout, if the application is running properly.

Ideally, the application code should only have one clrwdt instruction written into it and
this should only be executed through one path (i.e., every time an input event has
processed and the queue for the next input event is about to be checked).

There are two purposes of the sleep instruction that executes as shown in Fig. 4-26). The
first is to shut down the PICmicro® MCU once it has finished processing the program. This
prevents the PICmicro® MCU from continuing to run and potentially affecting any other



134 THE PICmicro® MCU INSTRUCTION SET

Pgm Counter|
Program I . o
Memory Program] | File ?g:g n 5
Counter || Registers o
Stack H/W Regs
|

Instruction Reg|

(L__Instruction Bits 7:0 ‘ ‘
Instruction Format:

Results
Explicit Data Status sleep

Cycles:
Undefined
Flags:
Instruction ALU _TO=1
Decode & il PD=0

Control

“sleep” Instruction operation

hardware in the application while it is executing. By using the PICmicro® MCU in this
manner, you are presuming that the PICmicro® MCU is only required for a certain aspect
of the application (i.e., initialization of the hardware) and that it will not be required after
this function has completed.

The second purpose of the sleep instruction is to provide a method to allow the
PICmicro® MCU to wait for a certain event to happen. A “sleeping” PICmicro® MCU
can be flagged of this event in one of three ways. The first is a reset on the _MCLR pin
(which will cause the PICmicro® MCU to begin executing again at Address 0), the sec-
ond is if the watchdog timer wakes up the PICmicro® MCU, and the third method is to
cause wakeup by some external event (i.e., interrupt).

Using sleep for any of these methods will allow you to eliminate the need for wait loops,
could simplify your software or allow a “quiet” PICmicro® MCU to do an ADC conver-
sion. The Parallax Basic Stamp and the PicBasic compiler uses sleep for its nap instruction
to simplify the operation of the code and to minimize the current requirements of the
PICmicro™ MCU while it is stopped.

Figure 4-27 shows how a sleeping PICmicro® MCU can be awakened by an interrupt.
During sleep, the built-in oscillator is turned off; when the PICmicro® MCU is awakened,
it restarts in a similar manner to the initial power up of the microcontroller. This wake up
takes a relatively long time (1024 clock cycles) to wait for the built-in oscillator to stabi-
lize before it resets the PICmicro® MCU and resumes executing the application code.

Nop means no operation. When this instruction (Fig. 4-28) is executed, the processor
will just skip through it, with nothing (registers or STATUS register bits) changed. If you
study a number of different processors, you will find that they all have an nop instruction.
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INTEflag - : : /. * interrupt Latency (2)
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(INTCON<75) + . " Processor. : : .
: i SLEEP: : D
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Note 1: XT or LP oeciliator mode assumed.
2: tost = 1024tosc (drawing not to scale). This delay wik not be there for RC 0s¢ mode.
3: When GIE = 0 processor jumps to interrupt routine after wake-up. If GIE = 1, execution will continue In line.
4: CLKOUT is not avaliable In these 0sc modes, but shown here for timing reference.

PICmicro® MCU “Awakened” by an Interrupt

Nops are traditionally used for two purposes. The first is to provide time synchronizing
code for an application; if you look at the bit-banging routines in this book, you will see
that I use them to synchronize the output of data out on the serial line. When I say to syn-
chronize the output, I am ensuring that the 1s and Os occur at exactly the same time within

the data output loops.
Elsewhere, the book features constant delays. Still, you should always remember that

3

Pgm Counterf—ﬂ )
Program I Option -
Memory Program || File TRIS &
Counter || Registers e
Stack [[Address BtlJ-slNV Rege
A TN —)

|Instruction Reg]|
[L_Instruction Bits 7:0 nop
Instruction Format:

Results
Explicit Data Status nop

Cycles:
1
Flags:
Instruction ALU None
Decode & J
Control \;v

“nop” Instruction operation
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when you need to delay two cycles, use a goto the next instruction instead of two nops. The
format for this goto instruction is:

goto $+ 1

The goto instruction, as described, always executes in two cycles. If the destination
is the next instruction, it will behave identically to the nop, but will execute in two in-
struction words, rather than one. This and a few other tricks described later in the book
will allow you to implement long timing delays in the PICmicro® MCU using just a
few instructions.

The second traditional use of nops is to provide space for “patch” code.

Patching code in processors is usually done by replacing instruction locations that have
all of their bits set with instructions that were placed “in line” to see how the operation of
the application is affected. In the PICmicro® MCU, it is inconvenient to use nops in this
manner because of the programmable memory used in the PICmicro® MCU. As explained
elsewhere in the book, in EPROM, EEPROM, and Flash memory technology, when the
memory is ready to be programmed (i.e., cleared) all of the cells are set (equal to 1). Dur-
ing programming, the zeros are added to make the various instructions.

This is a problem for all the PICmicro® MCUs except for the PIC18Cxx because the
nop instruction is all zeros. Thus, an instruction cannot be burned out of a nop because
there are no ones to change to zeros. The PIC18Cxx has a nop instruction in which all bits
are set and allows patch code to be implemented in a traditional manner.

Despite this, one method provides space in the code for patches in the PICmicro®
MCU. To do this, unprogrammed code must be left in the application that can be changed
by a programmer. To do this, the reverse of making instructions from nops is used.

For example, you might put the following code in your mid-range PICmicro® MCU ap-
plication to provide patch code space:

goto $ + 6 ; Skip Over five patch addresses

dw 0x03FFF ; Instruction Word with all bits set
dw Ox03FFF

dw 0x03FFF

dw 0x03FFF

dw 0x03FFF

To enter some patch code, all of the 1s in the goto statement must be programmed to Os,
changing the instruction into a nop. The dw 0x03FFF assembler directives are used be-
cause they keep all of the bits set at the instruction word where the dw directive is located.
This code snippet will allow you up to add up to five instructions without having to re-
assemble your code.

To add patch code, convert the goto § + 6 instruction to a nop and then write over the
dw statements with the instructions needed for the patch. For example, adding code to in-
vert the contents of w by using xorlw OxOFF could be accomplished by changing the six
previous instructions to:

nop ; FORMERLY: goto $ + 6
xorlw OxOFF ; FORMERLY: dw O0x03FFF
goto $ + 4 ; FORMERLY: dw Ox03FFF
dw Ox03FFF

dw Ox03FFF

dw Ox03FFF
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Other PICmicro® MCU Instruction Sets

Although the different PICmicro® MCU processor families share many similarities to each
other, they are all unique processors with their own architectures and instruction sets.
Microchip, in an effort to make the transition between devices simpler, has enforced com-
monality of instructions and register names.

Most of this book concentrates on the mid-range PICmicro® MCU’s architecture. This
chapter has presented a detailed description of the mid-range device’s instruction set and
how the instructions operate. The mid-range PICmicro® MCUs are currently the most
popular and “feature-rich” family, which makes them the obvious choice for most appli-
cations.

However, this does not mean that the low-end, PIC17Cxx, and 18Cxx products are bet-
ter suited for many other applications than the mid-range PICmicro® MCU. The rest of
this chapter presents the other architecture’s instruction sets, as well as their differences to
the mid-range to help you understand how to port your applications between families.

LOW-END PICmicro® MCU INSTRUCTION SET

The mid-range PICmicro® MCU’s instruction set is based on the low-end PICmicro®
MCUs. All of the mid-range PICmicro® MCU’s instructions (except for addiw, sublw,
retfie, and return) are available in the low-end PICmicro® MCUs and the same techniques
are used for application development. Rather than go through each instruction, I just want
to cover the instruction differences and issues that you will have with directly addressing
registers in the low-end PICmicro® MCUs.

The direct addition and subtraction instructions are not included in the low-end PICmi-
cro® MCU’s instruction set. Instead of executing a simple addlw Constant instruction,
you will have to execute:

movwf TempReg ; Save the Contents of w
moviw Constant
addwf TempReg, w ; Load Accumulator with the Original w Value

added to the Constant

The loss of the immediate subtraction (sublw Constant) operation is a bit more complex
because there is a definite order of operations, with the contents of w subtracted from the
constant so that a constant value will have to be put into a temporary register. The code for
doing this could be:

movwf  TempReg ; Save the Contents of w
movliw Constant
xorwf  TempReg, f ; Swap w and “TempReg” Constants
: w = Constant, TempReg = wOrig * Constant
xorwf  TempReg, w ; w = Constant ~ (wOrig ~ Constant),

TempReg = wOrig ~ Constant
; w = wlrig, TempReg = wlrig » Constant
xorwf  TempReg, f ; w = wlrig,
TempReg = wOrig ~ Constant ~ (wOrig)
; w = wlrig, TempReg = Constant
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subwf  TempReg, w ; Load Accumulator with the Original w
subtracted from the Constant Value

I realize that these operations add quite a few instructions (and require a file register),
but they will simulate the addiw and sublw instructions and can be placed in a macro for
your use.

The lack of a retfie instruction should not be surprising because there are no interrupts
in the low-end PICmicro® MCUs.

You should be surprised about the lack of the return instruction. This is further confused
by different versions of the Microchip assembler accepting the return instruction for the
low-end devices and substituting a ret/w 0 instruction for it. This has caused problems for
a number of people and is the reason why I tend to not return subroutine parameters in w
because I might slip up in my low-end programming or port code from a mid-range appli-
cation into a low-end PICmicro® MCU and find that it doesn’t work properly.

The latest versions of the MPLAB MPASM assembler will return a warning if a return
instruction has been inserted into low-end PICmicro® MCU application code.

In the previous sections, I noted that #7is and option were optional instructions and not
recommended because they could not access all the TRIS registers available in some
PICmicro® MCUs. These instructions are mandatory in the low-end PICmicro® MCUs
because there is no way to directly access registers in anything other than in a 32-register
bank.

To access registers in banks other than 0, the FSR index register will have to be used.
This means that you have to be very careful when designing your PICmicro® MCU ap-
plications to ensure that the single- and double-byte variables are located in Bank 0 and
that all of the array variables are located in the other banks. Ideally, you want to avoid hav-
ing to set up FSR in order to access variables in your application code.

For the call and goto instructions, as well as those in which the contents of PCL are
modified, the PAO to PA2 bits of the STATUS register are used to create the actual jump
address within a specified bank. This operation, which is similar to the operation of the
mid-range devices and its PCLATH register, is explained in Chapter 3.

PIC17Cxx INSTRUCTION SET

When I first wrote this chapter, I simply created a single section for the PIC17Cxx and
PIC18Cxx and just highlighted the differences between the two architectures and the mid-
range. As I worked through them, 1 discovered that substantial differences exist between
the architectures. The thinking process required to develop applications for them differed,
so the instructions would be approached differently than would be used for the mid-range
architecture.

The PIC17Cxx processor architecture is well suited for what I would consider to be ex-
ternal memory applications. In these applications, external devices, such as EPROMs, are
used to store the executable code, rather than the internal program memory. These appli-
cations normally rely on the use of standard EPROM parts and development tools, rather
than specialized microcontroller-development tools.

The PIC17Cxx’s ability to access program memory both inside and outside the device
makes it ideal for applications that are first developed in a traditional microprocessor en-
vironment and then transferred to internal microcontroller program memory. Keep this in
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mind when you are developing applications using external EPROMs because you will
probably want to avoid table read/write instructions (which work differently between the
internal EPROM and external memory).

When debugging PIC17Cxx applications using external EPROM, rather than relying on
an emulator, you can use a logic (state) analyzer and monitor the application’s execution
each time the EPROM is accessed. From the state analyzer results, you can convert the bits
into instructions and see how the application executed.

Data-movement instructions The largest difference between the PIC17Cxx and the
other PICmicro® MCUs is how data-movement instructions are implemented. Instead of
having the instructions centered on the w or WREG register, the PIC17Cxx data-movement
instructions focus on movement between the primary and the full (or file) register address
spaces.

The PIC17Cxx does not have a movf instruction; instead it has movfp (Fig. 4-29) and
movpf (Fig. 4-30) instructions, which move data from the full register (addresses 0x000 to
0xOFF) set to the primary (addresses 0x000 to 0x01F) register set and visa versa, respec-
tively. To remember which instruction to use, I always think of the instruction’s data flow as:

Source — Destination

With the source on the left and the first character after mov and the destination being on
the right and the second character after mov.

The movfp and movpf instructions allow bypassing the WREG, just as the PIC18Cxx’s
movff instruction does and allows you to use the unused hardware I/O registers in the pri-
mary register space for variables. I recommend just using the TBLPTR registers as your
temporary storage in the Primary register set because they are the registers that are least
likely to be accessed during normal execution.

Even with the movfp and movpf instructions, the PIC17Cxx still has the “moviw” and
movwf instructions of the other PICmicro processors.

Program Program Counter Instruction Bit Pattern:
N 011 fEffEEEf
Memory Registers [011ppppp] |

3
w
]
i 0x020-0x0FF
Stack 5 B 0x010-0x020
E BSR Instruction Operation:
o AVI;ESEA g Destination (Primary)
* 3T = Source(file);
Instruction Register| g:l
wn
Instruction
Decode and ¥
Eéi‘:#gn 8x8 Flags Affected:
Multiplier [}  Nome
Instruction Cycles:

1

PIC17Cxx “movfp f, p” instruction
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Program Program Counter Instruction Bit Pattern:
Memory Registers [010ppppp [ fEEEEEEE]

=
w
®
iz 0x020~0x0FF
Stack E B 0x010-0%020
E BSR_ Instruction Operation:
o -% g Destination(file)
* — i = Source (Primary);
Instruction RegisterI | k4 y | gJ
n
Instruction
Decode and v
Eéi?:::gn 8x8 Flags Affected:
Multipier [  None
Instruction Cycles:

1
PIC17Cxx “movfp p, f’ instruction

When [ first started using the PIC17Cxx, I thought of the movwf instruction as the movpf
instruction and could substitute movwf using the instruction:

movpf WREG, Reg

Movwfin the PIC17Cxx is a unique instruction and has a different bit pattern than the
movpf WREG, Reg instruction.

Along with the movfp and movpf instructions, the PIC17Cxx also has the movib (Fig.
4-31) and the movlr (Fig. 4-32) instructions, which are used to move explicit values into
the lower and upper nybbles of the BSR register, respectively. As covered elsewhere in the
book, the lower nybble of the BSR selects the bank at address range 0x010 to 0x017 while
the upper nybble of the BSR selects the bank at address range 0x020 to 0xOFF.

The PIC17Cxx (and PIC18Cxx) have the ability to read and write program memory. In
the PIC17Cxx, this is done using the tablrd (Fig. 4-33) and tablwt (Fig. 4-34) instructions.
These instructions only pass program memory data eight bits at a time (although 16 bits
are transferred in each instruction). To access the “missing” eight bits, the #/rd (Fig. 4-35)
and #Iwt (Fig. 4-36) have to be used.

For example, to do a 16-bit program memory read, the following instruction sequence
is used:

mov 1w LOW PMAddr ; Setup the Read Address
movwf TBLPTRL

moviw HIGH PMAddr

movwf TBLPTRH

tablrd 0, 0, DestReg ;: Read Lower 8 Bits of Program
; Memory Address
tird 1, DestReg + 1 ; Read the Upper 8 Bits of Program

Memory
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Program
Memory

Program Counter

Stack

Registers

0x020-0x0FF

0x010-0x020

BSR

ALUSTA

WREG

Instruction Register

Instruction
Decode and
Execution
Control

Writing to external program memory would be accomplished using the instruction se-

quence:
movlw LOW PMAddr
movwf TBLPTRL
mov 1w HIGH PMAddr
movwf TBLPTRH
Program Program Counter
Memory

Stack

8x8
Multiplier

v

Registers

0x020-0x0FF

0x010-0x020

. PIC17Cxx “movib Constant” instruction

BSR

r-—. ALUSTA

WREG

tnstruction Register

Instruction
Decode and
Execution
Control

[ ]

\ 4

8x8

Multiplier

PIC17Cxx “movir Constant” instruction

Instruction Bit Pattern:
[10111000] xxxxkkkk]

Instruction Operation:
BSR:3-0 = Constant;

Flags Affected:
None

Instruction Cycles:
1

Setup the Write Address

Instruction Bit Pattern:
[1011101x]kkkkxxxx]

Instruction Operation:

O  BSR:7-4 = Constant:

Flags Affected:
None

Instruction Cycles:
1
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Iinstruction Bit Pattern:

Program Program Counter
. 101010ti[fFfEFEEFF
Memory Registers I l |
0x020-0x0FF
Stack 0x010-0x020
BSR Instruction Operation:
ALUSTA if (t == 1)
WREG
¢ Reg = TBLATH;
Instruction Register m | eli‘gLAT B
PM(TBLPTR) ;
. Reg = TBLATL;
Instruction if (1 == 1)
Decode and v TBLPTR = TBLPTR
Execution Bx8 + 1;
Control Multiolier
uttipher Flags Affected:
None

Program
Memory

<—| Program Counter I

Stack

PIC17Cxx “tablrd t, i, Reg” instruction

Registers

0x020-0x0FF

0x010-0x020

BSR

v

ALUSTA

WREG

-

|Instruction Register I—l

Instructio

Control

Decode and
Execution

n

h 4

8x8
Multiplier

ang €18

Notes: Writes to EPROM are terminated by
reset

or interrupts.

PIC17Cxx “tablwt t, i, Reg” instruction

Instruction Cycles:
2 (3 if Reg= PCL)

Instruction Bit Pattern:
[101011ti| FEFEFFEF|

Instruction Operation:
if (£ == 1)
TBLATH =
else
TBLATL = Reg;
PM(TBLPTR) =
TBLAT;
if (1 == 1)
TBLPTR =
+ 1;

Reg;

TBLPTR

Flags Affected:

None

Instruction Cycles:

2 (Many if EPROM
Write)
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Program
Memory

[ Program Counter

Registers

Stack

0x020-0x0FF
0x010-0x020

BSR

ALUSTA
WREG

I Instruction Registerl——|

Instruction
Decode and
Execution
Control

tiwt 0, SourceReg

tablwt 1,

0, SourceReg + 1

Y
8x8
Multiplier

PIC17Cxx “tird t, Reg” instruction

Bits

Instruction Bit Pattern:
[101010ti]fEfffefe]

Instruction Operation:

if (£t == 1)

Reg = TBLATH;
else

Reg = TBLATL;
Flags Affected:
None
Instruction Cycles:
1

Load TABLATH with the Lower 8

Carry out the Write with the
Upper 8 Bits Specified

If the destination of the program memory write (PMAddr) is not EPROM, then the
tablrd and tablwt instructions execute in only two cycles. If the PIC17Cxx’s internal pro-

Program
Memory

Program Counter

Registers

Stack

0x020-0x0FF

0x010-0x020

BSR

ALUSTA

WREG

I Instruction Register'—-l

Instruction
Decode and
Execution
Control

Y

8x8
Multiplier

PIC17Cxx “tlwt 1, Reg” instruction

Instruction Bit Pattern:
[101001tx]fEFFEFFE|

Instruction Operation:

O if (¢ == 1)
e TBLATH = Reg;
w else

TBLATL = Reg;

Flags Affected:
None

Instruction Cycles:
1
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Program Program Counter Instruction Bit Pattern:
- 0001000d|f£LEEFEE
Memory Registers l l ]

0x020-0x0FF

Stack 0x010-0x020
ALBUSSRTA Instruction Operation:
I_’ e O Result = WREG +
¢ ¥ o Reg + C;
Instruction Register Ig
0

Instruction
Decode and 5

Eé%f“#fl" 8x8 Flags Affected:

Multiplier [®] ¢ bc, z, ov
Instruction Cycles:

1

PIC17Cxx “addwfc f, d” instruction

gram memory is being accessed, then the write operation has to be terminated by an inter-
rupt or a reset. The tablwi instruction is used to load the PIC17Cxx’s program memory
with instructions and data. The PIC17Cxx programming operation using these instructions
is explained in detail later in this book.

Data-processing instructions Along with the “base” data-processing instructions
of the low-end and mid-range PICmicro® MCU architectures, the PIC17Cxx (and
PIC18Cxx) have some enhanced data-processing instructions that make processing appli-
cation data faster and more efficient. This improvement in efficiency will also result in
your applications being smaller and easier to go through and understand.

Addition and subtraction has been enhanced by the inclusion of the addwfc (Fig. 4-37)
and the subwfb (Fig. 4-38) instructions. These instructions use the carry flag to pass the
carry/borrow result from the previous less-significant byte result to the current byte result.
For example, the 16-bit subtraction operation:

is written in low-end and mid-range PICmicro® MCU assembler as:

mov f C+ 1, w ; Process High Byte First

subwf B+ 1, w

movwf A+ 1

movf C, w Get Low Byte Result

subwf B, w

movwf A

btfss STATUS, C ; Take Away from High Byte Result
decf A+ 1, f

can be simplified to:
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Instruction Bit Pattern:

Program Program Counter
n [6000001d T ]
Memory Registers
OX020-OX0F T
Stack TR0 T0-0x020
SoH Instruction Operation:
e — Result = Reg +

|

Ilnstruction Hegister-—-l

(WREG ~ OxOFF) +
1-1C;

Instruction
Decode and
Eé%?:::';n 8x8 Flags Affected:
Multiplier C, DG, Z, 0V
Instruction Cycles:

1

. PIC17Cxx “subwfb f, d” instruction

movfp C. WREG ; Do Low Byte First
subwf B, w

movwf A

mov fp C + 1, WREG ;. Process the High Byte
subwfb B+ 1, w

movwf A

The subwfb instruction takes advantage of the operation of the carry flag as a negative
borrow flag and subtracts it from the upper byte result, eliminating the need for the carry
test and high byte decrement of the low-end/mid-range 16-bit subtraction code.

The addwfc instruction adds the carry flag from the previous, lower-order byte result to
the current byte sum. Using addwfc, the 32-bit addition operation:

A=B+C
can be quite simply implemented as:

movfp REG
addwf
movwf
movfp
addwfc
movwf
movfp
addwfc
movwf
movfp
addwfc
movwf

= =
= = = =
= =
m m
o o

O Om@MEOm> O
=
=
m
[op}

4+t
W LWMNIMN MNP

This code is very simple compared to a 32-bit addition not having this instruction. The
most efficient way that [ can figure out how to code a 32-bit addition for the low-end and
mid-range PICmicro® MCUs is:
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clrf

clrf

clrf

mov f

addwf
movwf
btfsc
inct
mov f

addwf
btfsc
incf
addwf
btfsc
incf
mov f

addwf
btfsc
incf
addwf
btfsc
incf
movf

movwf
addwf

; Clear Upper Bytes for Carry Addition

+ + +
[CSEANE

Do First Byte Addition

= =

i
w

; If Carry, Increment

Second Byte Addition

il
|2

If Carry, Increment the Third Byte

Put it into the Second Byte Result

_

ped ped > > >

R e e i I N
.

WWwwwEmvwWwENnNPDRNER,RE R S

; Third Byte Addition

puii
w .

; If Carry, Increment the Forth Byte

—hﬁzi—hﬁ—h—hoii—ho

; Put it into the Third Byte Result

=
w .

Perform the Forth Byte Addition

OO @E@I>NDIZITODOTIE OO E> > >

hE T h o h

The second example’s code is more than twice the size of the PIC17Cxx’s and the carry
flag is not correct at the end for all conditions, whereas it is for the PIC17Cxx example
code. The PIC17Cxx example code is a lot easier to understand—especially compared to
the low-end and mid-range example code.

Program Program Counter Instruction Bit Pattern:
- 0010111s|ffEfEfEESE
Memory Registers L I |

0x020-0x0FF
Stack 0x010-0x020
BSR Instruction Operation:
B e QO if (((WREG & 15)
¢ = > 9) |
Instruction Register los} (DC == 1))
c WREG = Reg + 6;
if (((WREG & 250)
- > 144) |
Instruction (C == 1))
Decode and WREG = Reg + 96;
. v )
Execution ™ if (s ==1)
Control Y Reg = WREG;
Multiplier |~
Flags Affected:

Notes: Convert contents of WREG to BCD (I:nstruction Cycles:
After ADDITION. This instruction will not 1
convert subtraction results to BCD.

~ PIC17Cxx “daw f, 8” instruction
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Another new instruction for the PIC17Cxx is the Decimal Adjust for Addition (DAW,
Fig. 4-39). This instruction is executed after the addition of two Binary Coded Decimal
(BCD) numbers and converts the result into a valid BCD number.

BCD numbers are two-digit decimal numbers in which each digit is stored as a nybble
in a byte. For example, 21 decimal would be stored as 0x021 in a BCD byte instead of
0x015 in a hexadecimal byte.

Daw is used to ensure that the result of a BCD addition operation is valid. This instruc-
tion is needed if the lower digit is greater than nine; the value must be put into the range of
0 to 9 and the upper digit incremented.

If you wanted to add 15 and 26 in BCD, the result should be 0x041, but using the
straight addwf instruction the result will be 0x03B. After executing the addwf instruction,
if daw is executed, the result will be converted to 0x041 using the formulas shown in Fig.
4-39, which is the correct BCD result of adding 0x015 and 0x026 BCD together.

Daw is unusual in that it always places the operation’s result back into WREG. It can
also store the result in a file register, but, at the same time, the result will be stored in
WREG. Daw also produces a correct carry result if the upper nybble’s result was
greater than nine. For example, adding two four-digit BCD numbers could be accom-
plished by the code:

movfp B, w Get Low Byte Addition Result
addwf C, w
daw AT ; Convert the Result and Store in “A”
movfp B+ 1, w ; Get the High Byte Addition Result
addwfc C+ 1, w ; Add with Carry from Low Byte Addition
daw A+ 1, f ; Convert the Result back to BCD and
;. Store

Program Program Counter Instruction Bit Pattern:
Memory Registers T1cf [0001101d|fFEEFFEE

rlncf |0010001d ) ffFffFfFE

0x020-0x0FF
Stack rrcf [0001100Q|ffffffff

0x010-0x020 rrnct J00L0000d | EEFEFEEE

BSR

ALUSTA o Instruction Operation:
| I HREG ) rlcf:
o Dest = Reg << 1

o + C;

InstructionRegister
=
& C = Reg:7;
rincf:
Instruction Dest = Reg << 1;
Decode and v Dest:0 = Reg:7;
: rrcf:
Eé?)cr::t‘:g)ln 8x8 Dest = Reg >> 1
Multiplier — + (C << T);
C = Reg:0;
rrncf:
Flags Affected: Dest = Reg >> 1;
Carry Optionally Dest:7 = Reg:0;

Instruction Cycles:
1

PIC17Cxx “Rotate Reg, d” instructions
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Program Program Counter Instruction Bit Pattern:
p 10111100 kkkkkkkk
Memory Registers [ I |

0%020-0x0FF
Stack

0x010-0x020

| BSR___ Instruction Operation:
2 PRODH: PRODL =
¢ WREG * Constant;
I Instruction Register II I h 4 y E
Instruction
Decode and
Execution
8x8
ntrol o
Co Multiplier )
Flags Affected:
None
Instruction Cycles:
1

PIC17Cxx “Mullw Constant” instruction

When you look at the rotate instructions in the PIC17Cxx (and PIC18Cxx), it will seem
like they have been completely changed. This isn’t quite true, the ability to select whether
or not the instructions rotate through carry have just been added. The RxCF instructions
(where x is “I” or “r” for “left” and “right,” respectively) rotates the value in the register
through the carry flag, which makes its operations identical to the low-end and mid-range
PICmicro®MCUs. The RxNCF instructions rotate the contents of the register without in-
volving the carry flag. The instructions are described in Fig. 4-40.

Program Program Counter Instruction Bit Pattern:
N 00110100 | ffffffff
Memory Registers I I |

0x020-0x0FF
Stack E

0x010-0x020

BSR Instruction Operation:
r’—Aw—— PRODH: PRODL =
WREG *
‘ WREG * Reg;
| Instruction Register I—I E
Instruction
Decode and
Execution
8x8
ntrol .
Contro Multiplier [
Flags Affected:
None
Instruction Cycles:
1

. PIC17Cxx “Mullwf Reg” instruction
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Program Program Counter Instruction Bit Pattern:
. 0010101s[ffffffff
Memory Registers I l |

0x020-0X0FF
Stack

0x010-0x020

M?USSRTA Instruction Operation:
r —wree Reg = 0xOFF;
i if (d == 1)
|lnstructionRegister|-——| E WREG = 0x0ff;
Instruction
Decode and 2
Execution
Control 8x8 |
Multiplier
Flags Affected:
None
Instruction Cycles:
1

PIC17Cxx “setf Reg, d” instruction

The most-significant enhancement of the PIC17Cxx and PIC18Cxx over the low-end
and mid-range PICmicro® MCU processors is the inclusion of the single instruction cycle
multiply instructions. Both instructions multiply two eight-bit numbers and places the 16-
bit result in the PRODH and PRODL registers. Mullw (Fig. 4-41) multiplies the contents
of WREG with a constant and mullwf (Fig. 4-42) multiplies the contents of the specified
register with the contents of WREG. Both instructions are very well behaved and give you
the capability to implement low-frequency DSP functions.

The remaining two instructions are quite basic. The seff instruction (Fig. 4-43) sets all
the bits in a register and, optionally, WREG. The numeric result of setf can be thought of
as 0xOFF, 255 or -1, depending on the application. Setf is the complementary instruction
to clrf (which clears all the bits of a register).

Btg (Fig. 4-44) simply complements (toggles) the state of a bit. Whereas the bcf in-
struction has been shown to be an AND with the appropriate bit reset and bsfto be an OR
with the appropriate bit set, btg can be thought of an XOR with the appropriate bit set.

Btg is best used in situations where a bit value is dynamically set and has to be changed
for some reason using constantly timed application code. Instead of the low-end or mid-
range bit toggle code:

btfsc Register, Bit

goto $ + 4
nop
bsf Register, Bit
goto $ + 3
bcf Register, Bit
goto $ + 1

or

moviw 1 << Bit
xovwf Register,f
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Program Program Counter Instruction Bit Pattern:
. 00111bbb| ffffffff
Memory Registers o | |

0x020-0X0FF
Stack

0x010-0x020

7 ALBSR Instruction Operation:
USTA — ~
o g Reg = Reg
i iy (1 << Bit);
Instruction Register gj
(]
Instruction
Decode and v
Execution 8x8
Control o
Multiplier [
Flags Affected:
None
Instruction Cycles:
1

PIC17Cxx “btg Reg, Bit” instruction

In which Register’s Bit is complemented with constant (two or six instruction cycle) tim-
ing. In the PIC17Cxx and PIC18Cxx, btg can be simply used to replace these seven instruc-
tions:

btg Register, Bit

and the specific bit will be toggled in one instruction cycle and not change the contents of
WREG or the ALUSTA bits.

Execution change instructions The PIC17Cxx does not have significantly differ-
ent execute change operations compared to the low-end and mid-range PICmicro®
MCUs. For the most part, the PIC17Cxx has variations on themes, rather than totally new
functions. Despite this statement, some new “compare and skip” instructions have been
added to the PIC17Cxx (and PIC18Cxx) that are very useful.

The only additions to the low-end and mid-range PICmicro® MCU standard execution
instructions are the inclusion of the tstfsz (Fig. 4-45) and Ilcall instructions. Tstfsz will
cause a skip if the contents of a register are equal to zero. The most immediate use that I
can see for this instruction is in a 16-bit decrement. Instead of the four-instruction decre-
ment shown elsewhere in the book, the code can be simplified to:

tstfsz Reg
decf Reg + 1, f
decf Reg, f

The Icall instruction (Fig. 4-46) uses the full eight bits of the PCLATH register to spec-
ify the destination address of the call instruction. Conceivably, this instruction could be
used for table-based calls, each call table entry was placed on 256 instruction offsets. This
is probably not practical for most applications, but I’m sure that some time over the years,
I’11 come up with an application that will implement tables using this instruction.
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Program
Memory

Program Counter

Stack

Registers

0x020-0x0FF

0x010-0x020

i

BSR

ALUSTA

Instruction Bit Pattern:
[001100L1|fEfEFEEF]

Instruction Operation:

= $ if (Reg != 0)
i . & PC = PC + 1;
Instruction RegisterI | Y h 2 Ig]
(7]
Instruction
Decode and
Execution ¥
Control 8x8 Flags Affected:
Multiplier [~ None
Instruction Cycles:
1 or 2 (if Skip)

Notes: This instruction tests the contents of Reg. Ifit is
equal to zero, the following instruction is skipped over.

Figy PIC17Cxx “Tstfsz Reg” instruction

The most important enhancement of the PIC17Cxx’s processor over the low-end and
mid-range PICmicro® MCU architecture conditional execution instructions is the addition
of the compare and skip instructions (Fig. 4-47). These instructions compare the contents
of the specified register to the contents of WREG and skip the next instruction if the result

is equal to zero (cpfseq), less than zero (cpfsit), or greater than zero (cpfsgt).
These instructions follow the same subtraction process as the other instructions and,

Program
Memory

Program Counter

Stack

Registers

0x020-0x0FF

0x010-0x020

BSR

Instruction Bit Pattern:
[10110111]kkkkkkkk]

Instruction Operation:

— ALUSTA
e g Push Next Address;
i & PC = (PCLATH << 8)
IInstructionRegisterlI ] y_ v g’ + Label;
Instruction
Decode and >
Eéi%‘::g" 8x8 Flags Affected:
Multiplier [ None
Instruction Cycles:
2

_ PIC17Cxx “Lcall Label” instruction
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Program Program Counter Instruction Bit Pattern:
Memory Registers Seq J00110001] FEFEEEEF
s B W e RS,
Stack E 0x010-0x020
BSR ; i
ALUSTA o Instruction Operation:
{ r HREC Ig; Temp = f - WREG;
. - - switch (Ins) {
Instruction Register g’ case seq:
A if (Temp == 0)
PC = PC + 1;
instruction case sgt:
Decode and if (Temp.7 == 0)
. Y PC = PC + 1;
EéeCl:tIOIn 8x8 case slt:
ONtros Multlpller > if (Temp.7 != 0)
PC = PC + 1;
}

Notes: CPFSEQ skips the next instruction if

the result of the comparison is zero.

CPFSGT skips the next instruction if the

result is greater than zero.CPFSLT skips

the next instruction if the result is less than zero.

PIC17Cxx “Compare” instructions

Flags Affected:

None

Instruction Cycles:

1 if Condition NOT
True, 2 if
Condition True

Instruction Bit Pattern:

Program Program Counter
Memory Registers

0x010-0x020 F‘ >

0x020-0x0FF
Stack E

BSR

ALUSTA
‘ r WREG
| Instruction Register'—l
Instruction
Decode and
. A 4
Execution 8x8
Control "] Multiplier >

Notes: This instruction works oppositely to
incfsz, which skips if the result of the
decrement is zero.

PIC17Cxx “infsnz Reg, D” instruction

S—

sng BlEQ)

[0010010d[fEFFELEE|

Instruction Operation:

Destination =
Register + 1;

if (Destination

1= 0)
PC = PC + 1
Flags Affected:

None

Instruction Cycles:

1 (or 2 if Skip
Executed)
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as such, are somewhat difficult to follow if you look at the Microchip datasheets. For
this reason, [ tend to ignore what is going on in the instructions and just focus on the re-
sults. Are the contents of the register equal to, less than, or greater than the contents of
the WREG?

Another enhancement to the PIC17Cxx and PIC18Cxx processor architectures is the in-
crement and skip if the result is not equal to zero (infsnz, Fig. 4-48) and the decrement and
skip if the result is not equal to zero (dcfsnz, Fig. 4-49),

Along with all of these instructions, you have to remember all the different capabilities
of the enhanced instructions. This can be somewhat unnatural if you have worked with the
low-end and mid-range PICmicro® MCU devices quite a bit before working with the
PIC17Cxx. For example, a 16-bit increment can be simplified from the three-instruction
sequence:

incf Reg, f
btfsc STATUS, C
incf Reg + 1, f

to:

infsnz Reg, f
incf  Reg + 1, f

I must confess that I don’t always look for the most efficient way to execute instructions
in the PIC17Cxx and PIC18Cxx because of my experience and familiarity with the low-
end and mid-range PICmicro® MCU architectures.

Program Instruction Bit Pattern:

Memory Registers 00101104 FEEEEEE]

0x020-0x0FF

{

Stack 0x010-0x020
BSR . .
ALUSTA o  Instruction Operation:
l r ZREC ©  Destination =
v Register - 1;
instruction Register g if (Destination
@ 1= 0)
PC = PC -1
Instruction
Decode and
Execution Bx8
Control Y Flags Affected:
Muttiplier [} none

Instruction Cycles:

. ) . 1 (or 2 if Skip
Notes: This instruction works oppositely to Executed)

incfsz, which skips if the result of the
decrement is zero.

PIC17Cxx “dcfsnz Reg, D” instruction
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Processor-control instructions The PIC17Cxx does not have any processor-control
instructions that are different from the low-end or mid-range PICmicro® MCUs. The
PIC17Cxx sleep and nop instructions behave identically to their low-end and mid-range
counterparts.

The only aspect of processor control that you will have to be aware of in the PIC17Cxx
is how configuration fuses are programmed. This is covered elsewhere in the book, includ-
ing applications showing how the fuses are programmed are available on the CD-ROM.

PIC18Cxx INSTRUCTION SET

One of the first points made about the PIC18Cxx architecture in the Microchip PIC18Cxx
datasheets is that it is “source-code compatible with the PIC16Cxx (‘mid-range’) instruc-
tion set.” Although many of the instructions are common between the two architectures, [
feel that this statement is somewhat optimistic because of two points. As [ write this, [ have
successfully completed a real-time operating system for the PIC18Cxx, have done a fuzzy-
logic fan motor governor for the architecture, and rewritten many of my 16-bit code snip-
pets to reflect the new instructions in the PIC18Cxx instruction set. Although I certainly
don’t qualify as an expert programmer on the PIC18Cxx architecture, I hope you can re-
spect my opinions when I say that the PICI8Cxx architecture is better than the mid-
range’s. I also think that once you become proficient with programming the PIC18Cxx,
you will be able to create applications more easily and more efficiently for the PIC18Cxx
than for the mid-range PICmicro® MCU architecture.

The first difference 1 would like to point out about the PIC18Cxx compared to the mid-
range PICmicro® MCU architecture is the different addressing capabilities of the two fami-
lies. As you work with the mid-range PICmicro® MCUs, you will become very familiar with
the operation of the bank registers and how to negotiate them quickly in application code. This
need (and skill) is unneeded in the PIC18Cxx and you will find that you will order your
PIC18Cxx applications differently. When you re-order the PIC18Cxx applications, you will
also find that they are more efficient than the equivalent mid-range PICmicro® MCU applica-
tions by 30 to 50 percent.

I found that I very quickly organized my applications very similarly to the way I would
organize 8051 applications. Accesses to the Special-Function Registers (SFRs) can be exe-
cuted directly along with individual registers without worrying about banking addresses or
loading index registers. The multiple full-memory wide index registers allow very fast ac-
cess to all the file registers in the PIC18Cxx and really eliminate the need to access the BSR
register in your applications.

The second difference 1 found in the PIC18Cxx over the mid-range PICmicro® MCU
architecture is that it is a superset of the original PICmicro® MCU architecture. As a su-
perset, there are operations that can be carried out much more efficiently and much easier
in the PIC18Cxx than in the mid-range devices. Although I have noted that the standard
PICmicro® MCU mid-range to be at least 30 percent more efficient than other eight-bit
processor architectures, the improved instruction set of the PIC18Cxx easily doubles that
value or more.

This makes the PIC18Cxx up two twice as efficient in terms of application instruction size
and execution cycles than other microcontroller’s processors in the marketplace. Coupled
with the very fast (four times) instruction clock, the PIC18Cxx is capable of remarkably fast
and powerful applications without excessive heat dissipation or current requirements.
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Data-movement instructions In all PICmicro® MCU applications, [ have found
the first thing to be done when planning an application is deciding where variables are to
be placed. This is probably the single-most important aspect of how successful the appli-
cation is going to be. In the mid-range PICmicro® MCU devices, placing single- and
double-byte variables in Bank 0 cuts down on the number of execution bank changes that
have to be made within the application. To access array variables, I use a different bank,
which can be accessed separately from the directly addressed variables.

In the PIC18Cxx, I follow a similar philosophy for single- and double-byte variable
placement. These variables are always located in the access RAM, and array variables are
placed in the upper banks of memory, where they can be accessed by the index (FSR) reg-
isters, which do not require special bank access. An excellent example of this technique
is in the PIC18Cxx RTOS presented in Chapter 17. Task information blocks (the memory
used to store the task-operating information and variables) is located outside of the access
RAM and when it is time to load the information for an active task. This block of mem-
ory is passed down into the access RAM so that to the executing task its variables appear
to always be in the access RAM.

Placing the single- and double-byte variables in the access RAM means that the access
Bank does not have to be specified for most applications. This results in application code
appearing to be almost identical to mid-range application code. I still stand by my state-
ments that mid-range and PIC18Cxx code will look different as the enhanced PIC18Cxx
instructions allow much more efficient code and require a different thought process from
the mid-range architecture.

Data can be loaded and stored in the WREG register using the movf, moviw, and movwf
instructions. The important difference between these instructions and the mid-range’s
analogs is the addition of the access bit in the instruction bit patterns. When a 1 is speci-
fied as the last parameter in the instruction, like:

movf i, w, 1

Program Memory Register Space Instruction Bit Pattern:
R 11101110]00ffkkkk
PC P| rFile 11110000 | kkkkkkkk
Registers -
Program o)
Counter ; ; Q
Stack .@ . .
L aly f-fsTarus & Instruction Operation:
—|—> WREG Z  FSRf# = Constant;
Q
BSR -“ é
Fast Stack e 0 (é
c
7]
Instruction Register/
Decode ”
Second lr)struction ’
Register Flags Affected:
None
Notes: This instruction is designed for I2nstruct|on Cycles:

FSRO, FSR1, and FSR2

PIC18Cxx “Ifsr Value” instruction
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Program Memory Register Space Instruction Bit Pattern:
“ [00000001 ] kkkkkkkk]
PC File
Registers
Program §
Counter Q
Stack H o . .
ALU STATUS @ |Instruction Operation:
1 — e |z BSR - Constant;
Q.
BSR -,' a
[,
won NS
c
w
Instruction Register/ P
Decode
Second Iqstruction ’
Register Flags Affected:
None
Notes: Only the least-significant four bits of the Ilnstructlon Cycles:

constant are stored in the BSR.

PIC18Cxx “movib Value” instruction

the BSR register is used to select the bank, i is addressed within. If a O or nothing is spec-
ified as the instruction’s last parameter, i.c.:

movf 1, w

the value for i is taken out of the access bank or PIC18Cxx addresses 0x0000 to 0x07F for
file registers or 0xOF80 to OXOFFF for the special-function registers (SFRs).

The new instructions added to the PIC18Cxx architecture are the /fs¥ (Fig. 4-50), movib
(Fig. 4-51), and movff (Fig. 4-52) instructions. These instructions are used to specify ad-
dresses anywhere in the PIC18Cxx’s register space.

The first two instructions are used to load constant full-register addresses into the FSR
index register and the Bank Select Register (BSR), respectively. Lfsr loads a 12-bit con-

Program Memory Register Space Instruction Bit Pattern:

1100fffE| fEFFEffs
1111ffEf| fEFfEEEfs

PC File
Registers

Program .
Counter
Stack -
ATU STATUS
_L—.’ WEEG

BSR

Instruction Operation:
Destination Register
= Source Register;

Fast Stack

Instruction Register/
Recode

Second Instruction
Register

FSR

sng ssaJppy Jajsibay

Flags Affected:
None

Notes: This instruction allows data transfer ~ Instruction Cycles:
anwhere in the PIC18Cxx Register
Space.

PIC18Cxx “movff s, d” instruction
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stant into the specified FSR register as the start to a table. Movlb loads a four-bit constant
into the BSR register that specifies which bank variables are to be taken from. Although I
find /fsr very useful, I doubt I will use movib very often because I won’t directly access file
registers outside of the access bank unless I absolutely have to.

Even if T had to access file registers outside of the Access RAM bank, I would probably
still avoid using the BSR simply because of the availability of the movff instruction (Fig.
4-52). This instruction allows movement of byte data between any two addresses in the
PIC18Cxx’s register space. There are not a lot of points to be noted about this instruction,
other than that it is a two-word instruction. In the second word of the instruction, like all
the two-word instructions, the second word has the four most-significant bits set. These
four bits indicate to the PIC18Cxx processor instruction-decode circuitry that the second
word is valid. If it is not present, the processor jumps over the instruction and then exe-
cutes the next one in sequence. If these bits are set when the processor isn’t expecting
them, it just treats the instruction as an nop.

The movff instruction is particularly useful because it does not change the STATUS reg-
ister bits and does not affect the contents of WREG. In the RTOS, I found this instruction
to allow very simple string data (single-dimensional array) copies. For example, to copy
five bytes of data from one string to another, the code is simply:

1fsr FSRO, SourceString ; Point to the Start of the Strings
1fsr FSR1, DestString
movlw 5 ; Load WREG with 5
Loop
mov ff POSTINCO, POSTINCI ; Copy String and Increment the FSR
decfsz WREG, f ; Registers
bra Loop

in the mid-range architecture, the same function would be accomplished by the following

code:

clrf Count : Reset the Offset Within the String
Loop

mov 1w SourceString ;. Get the Current Source Element

addwf Count, w

movwf FSR

movf INDF, w

movwf Temp

mov 1w DestString ; Save the Source in the Destination

addwf Count, w

movwf FSR

movf Temp, w

movwf INDF

incf Count, f ; Increment the Current Element

mov 1w 5 ; Loop Until “Count” ==

xorwf Count, w

btfss STATUS, Z

goto Loop

Most PIC18Cxx code will not result in as dramatic improvements as this, but you can
see where the movff instruction, along with the ability to post increment FSR registers can
improve an application’s code efficiency (no matter how you measure it) significantly.

In the mid-range PICmicro® MCU string move example code, notice that the source
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Program Memory Register Space Instruction Bit Pattern:

P [00000000][000010xx]
File u KU
PC Registers Se:: 'f'\loteg,. for
Program P xx" coding
Counter + Q
Stack 28 . ,
aly__f—{STATUS &  Instruction Operation:
_——I———’ WREG a if "TBLRD *"
» | TBLPTR =3 TABLAT = [TBLPTR]
BSR P18 elseif "TBLRD *+"
Fast Stack TSR N g’u TABLAT = [TBLPTR]
< TBLPTR = TBLPTR + 1
®  elseif "TBLRD *-"
Instruction Register/ “ TABLAT = [TBLPTR]
bDocode___| TBLPTR = TBLPTR - 1
Second Ir_\struction ’ elseif "TBLRD +*"
Register TBLPTR = TBLPTR + 1
. . TABLAT = [TBLPTR
Notes: TBLPTR is optionally L ]
updated during instruction Instruction  "xx" Flags Affected:
for table/string operations tblrd * 00  None
table at right shows thlrd *+ 01 Instruction Cycles:
operations and "XX" coding thlrd *- 10
tbhlrd +* 11

_ PIC18Cxx “tblrd*” instruction

and destination are located in the same bank pairs. If different bank pairs used for the two
strings (such as Bank 0 and Bank 3), the code would become more cumbersome. This is
not an issue with the PIC18Cxx and its 12-bit FSR registers.

Along with accessing data in the register space, the PIC18Cxx can also access its
own program memory, like the PIC17Cxx. The third (Fig. 4-53) instruction will place
the 16-bit contents of the program memory, at the TBLPTR-specified address, into the
TABLAT registers. TBLPTR is a 21-bit-long address; an instruction must have its
least-significant bit reset (clear) so that the 16-bit address does not go over (straddle) a
word boundary.

To carry out a program memory read, the following instruction sequence could be used:

mov 1w UPPER ReadAddr ; Load the Top 5 Address Bits
movwf TBLPTRU

movIw HIGH ReadAddr ; Load the “Middle” 8 Address Bits
movwf TBLPTRH

moviw LOW ReadAddr ; Load the Bottom 8 Address Bits
movwf TBLPTRL

thlrd * ;. Read the Program Memory

movf TABLATL, w ; Process the Low Byte of the Program
: ; Memory Instruction

movf TABLATH, w ; Process the High Byte of the Program
: Memory Instruction

In tbird (and tblwt, which follows), a TBLPTR increment or decrement specification can
be optionally put in. Figure 4-53 includes the four options and how the bit pattern is changed.
Table write (tblwt, Fig. 4-54) instructions are only available to write to the EPROM pro-
gram memory at the current time. For this instruction to successfully execute, the LWRT
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Program Memory Register Space Instruction Bit Pattern:
[00000000] 00001 1xx]
Regiaters See "Notes:" for
Program P "xx" codin
Cognter } ; (‘QD g
Stack (2%
Aly _J—*[sTATUS @  Instruction Operation:
—I—} _WREG cji if "TBLWT *"
TBLPTR =3 [TBLPTR] = TABLAT
BSR PIS  elseif "TBLWT *+"
Fast Stack = N g [TBLPTR] = TABLAT
c TBLPTR = TBLPTR + 1
@ elseif "TBLWT *-"
Instruction Register/ P [TBLPTR] = TABLAT
____Decode |} TBLPTR = TBLPTR - 1
S " —» elseif "TBLWT +*"
TBLPTR = TBLPTR + 1
[TBLPTR] = TABLAT
Notes: TBLPTR is optionally Instruction  "xx" Flags Affected:
updated during instruction tblrd * 00 None
for table/string operations tblrd *+ 0L Instruction Cycles:
table at right shows tblrd *- 10 Requires Interrupt
thlrd +* 11 or Reset to

operations and "XX" coding Q ot
omplete

PIC18Cxx “thlwt*” instruction

bit of the RCON register must be set and _MCLR driven to ¥, (13 to 14 volts), rather than
just five volts. Like the PIC17Cxx’s internal write instruction, the PIC18Cxx thiwt in-
struction must be terminated by a reset or interrupt.

As currently implemented, the blrd and tblwt instructions can only access internal pro-
gram memory. I would expect that sometime in the future, the PIC18Cxx will be available
with external program memory interfaces, such as the PIC17Cxx.

Program Memory Register Space Instruction Bit Pattern:
[010101da] FEFFFFFF]
PC File
Registers
Program %
Counter Q,
Stack @a
ALD STATUS @  Instruction Operation:
A ‘ WREG Z  Destination =
Q WREG - Reg - IC
BSR ma e
Fast Stack »
FSR mna )
c
73
Instruction Register/ >
Decode
Second Instruction h
Register Flags Affected:

N, OV, C, DC, %
Instruction Cycles:
1

Notes: This instruction behaves like a traditional subtract
and is different from the standard subtraction instructions
available in the other PICmicro® MCU architectures.

PIC18Cxx “subfwb Reg, f, a” instruction
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Data-processing instructions The PICI8Cxx has essentially the same data-
processing capabilities as the PIC17Cxx for two cases that add some flexibility and con-
ventional capabilities, compared to the other PICmicro® MCU processors. As you look
through the PIC18Cxx instruction set, you will see that the additions and modifications to
the PIC18Cxx instruction set make it more similar to that of other processors while retain-
ing the PIC18Cxx’s ability to create very efficient code.

The most-significant addition to the PIC18Cxx’s data-processing instructions is the
subfwb (Fig. 4-55) instruction. This instruction carries out a subtract with borrow instruc-
tion in the order that most people are familiar with if they have worked with other proces-
sors. Instead of the typical PICmicro® MCU subtraction instruction:

Result = (Source Value) — WREG [— !C]
the subfwb instruction executes as:

Result = WREG — (Source Value) — IC

This instruction frees you from the need of thinking backwards when subtraction in-
structions are used in an application. To use the subfwb instruction, the WREG is
loaded with the value to be subtracted from (the subtend) and the value to take away
(the subtractor) is specified in the instruction. This means that if you have the state-

ment:

A=B-2C

the values of the expression can be loaded in the same left to right order as the PICmicro®

MCU instructions and use the sequence:

bcf STATUS, C
mov f B, w
subfwb C, w
movwf A

This is the same order as would be used in most other processors. Notice that I reset the
carry flag before the instruction sequence to avoid any possibilities of the carry being reset un-
expectedly and taking away an extra 1, which would be very hard to find in application code.

A PIC18Cxx 16-bit subtraction operation could be:

bcf STATUS, C
movf B, w
subfwb C, w
movwf A

movf B+ 1, w
subfwb C+ 1, w
movwf A+ 1

Or, if you want to save on the instruction used to clear the carry flag at the start of the
sequence:

movf C, w
subwf B, w
movwf A
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Program Memory Register Space Instruction Bit Pattern:
<_ [0110110a[fEFFFFEL|
PC File
Registers
Program | ('?
Counter Q
sl [ ) q
ALY STATUS @  Instruction Operation:
_.l_’ WREG o>. Reg = (Reg ~ OxO0FF)
= + 1;
BSR '-’ 8
Fast Stack «
ESR g B
c
73
Instruction Register/
Decode *
Second Ir)struction ’
Register Flags Affected:
c, bC, N, oV, Z
Notes: All flags are affected by this Instruction Cycles:
instruction. 1

PIC18Cxx “negf Reg, a” instruction

movf B+ 1, w
subfwb C+ 1, w
movwf A+

The other difference between the 18Cxx and the other PICmicro® MCU processors is
the inclusion of the negf (Fig. 4-56) instruction. This instruction differs from the
PIC17Cxx negw instruction, which can only negate the contents of WREG in that negf can
negate any register in the PIC18Cxx’s register space.

Execution change instructions The PIC18Cxx’s execution-change instructions,
upon first glance, should be very familiar to you if you are familiar with the other PICmi-
cro® MCU families. The PIC18Cxx has the btfsc, btfss, goto, and call of the low-end, mid-
range, and PIC17Cxx PICmicro® MCUs, along with the compare and skip on equals
(cpfseq), greater than (cpfsgt), and less than (cpfsit). The PIC18Cxx also has the enhanced
increment and skip on result not equal to zero (infsnz and dcfsnz). Along with these simi-
larities, the PIC18Cxx has four new features that you should be aware of (and remember
their availability) when you are developing applications for it.

The first feature that you should be aware of is the presence of the multi-word instruc-
tions. These instructions take up two 16-bit words instead of the single word of all the in-
structions in the other PICmicro® MCU architecture families. These instructions are:

B movff
B goto
B call

For your first applications, I would recommend that you use the instruction set’s single-
word instructions only. The branch and relative call set of instructions provide relative ad-
dress jumps, rather than the goto and call instructions, respectively (Fig. 4-57), which can
access any program memory location available to the PIC18Cxx processor.

I recommend using the branch and rcall instructions as much as possible. This is not
only to save the amount of program memory space used by the application, but also to
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Register Space Instruction Bit Pattern:
v call j1110110sf nnnnnnnn

Program Memory

= B 1t 1111nnnn| nnnnnnnnl
Program 4_] eareners goto |11101111! nnnnnnnn)

Counter ; + 1111lnnnn| nnnnnnnn

Stack
\__aly foefstatus Instruction Operation:

e
QS
_l._—’ WREG % Call:
o) if (s == 1)
BSR B > Push Context
Fast Stack = -H & Registers;
o Push Next
7] Address;
Instruction Register/ D Jump to Address
Decode n
Second Instruction .
Register w Goto:
Jurp to Address
Notes: call and goto are two word Flags Affected:
instructions. Each instruction can None
access any program memory location Instruction Cycies:

in the PICmicro® MCU. Call can optionally 2

do the fast-stack context register save.

PIC18Cxx “Goto/Call Label” instructions

avoid putting you in the situation where you are used to single-word instructions and are
unfamiliar with multi-word instructions. This can be a particular problem when counting
instructions for a relative jump. The only time you should be using the gofo or call in-
structions is if you have to access a memory location outside the range of the relative
branches. This range is —512 to +511 instruction addresses for the bra (branch always)
and rcall (relative call) instructions and -64 to +63 instruction addresses for the condi-
tional branch instructions. The rcall instruction information is shown in Fig. 4-58.

Program Memory Register Space Instruction Bit Pattern:
- [11011nnn| nnnnnnnn
Program ‘-I File

Counter i i Registers
Stack .
ALY SIATOS Instruction Operation:

2
-——L——) WREG % Push Next Address;
@ PC =PC + 2 +
[+
BSR — > 2's Complement "n";
Fast Stack o
FSR -ﬂ =3
@
w
7]
Instruction Register/ o
Decode 1 W @
Second instruction
Register H
Notes: Rcall two's complement offset is Flags Affected:
added to the address of the next None
instruction. Note, the two's complement Instruction Cycles:

offset must be even. 2

PIC18Cxx “Rcall Label” instructions
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Along with using the single-word execution change instructions, I also recommend that
you avoid using the $ directive and branching relative to it. The reason for this is that the
PIC18Cxx breaks with the tradition established by the other PICmicro® MCU architec-
tures and places an address location on each byte address boundary and not each instruc-
tion (“word”) boundary. As well, the PIC18Cxx cannot execute on odd-byte instructions;
this will cause your application to lock up or behave strangely, as if the instructions burned
into program memory weren’t actually there.

The $ directive (assembler command) simply returns the address of the current instruc-
tion. It is often used to simplify PICmicro® MCU assembly code and avoid the need for
multiple labels. The $ directive is particularly useful for avoiding having to come up with
multiple labels for short and numerous loops.

Please bear with me as I explain what the problems are with having instructions stored
at byte addresses, rather than word. If you’ve worked with other architectures, you proba-
bly don’t understand what the issue is because other processors have instructions start on
odd-byte boundaries and no problems arise from this procedure.

Throughout the book, when I am working with the low-end, mid-range, and PIC17Cxx
architectures, you are going to see instructions like:

decfsz Count, f
goto $ -1

which runs without any problems.

If this code was placed directly into a PIC18Cxx application, you would first find that
the simulator would stop executing when the goto § — I instruction was encountered. This
is because of the destination starting at the second byte of the decfsz instruction, rather than
the first. The second byte picked up would be the first byte of the following goto instruc-
tion. By stopping, the simulator is indicating that there is a problem.

If you were to burn the code into a PIC18Cxx and attempt to execute it, you would dis-
cover that it would work correctly up to this point and then behave strangely afterward (if
you could observe the application working correctly at all). This is because the
PIC18Cxx’s “instruction decode and control” circuitry is trying to correctly execute the in-
struction made up of the second half of the decfsz instruction concatenated (added to) the
first half of the goto instruction. I’'m sure you can see that the resulting instruction in no
way was desired for your application.

Looking at it from the perspective of the code, when the processor executes the first two
instructions, it is reading in the data:

Addr 2E Count ; decfsz Count, f
Addr + 2 EF (Addr + 1) & OxOFF ; goto § -1
Addr + 4 FF (Addr + 1) >> 8

After the goto § — 1, the processor will be executing:

Addr + 1 Count EF ; 27?727

As you can see, the instruction that would be executed after the goto $ — I instruction
would be Count EF instead of 2E Count. What the processor does when it encounters
Count EF is totally dependent on the address of Count. Trying to figure out what the in-
struction was going to execute beforchand and understand what the failure actually is
caused by will be just about impossible.
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To avoid these types of headaches, I recommend that you always use labels in your
PIC18Cxx application code. After putting a label in the snippet, the code becomes:

Loop
decfsz Count, f
goto Loop

and the opportunity for the problem is eliminated.

I have experimented with different ways to create computed addresses with the § direc-
tive and I’ve never really come up with one that I am comfortable with. In the PIC18Cxx
application code presented in this book, you’ll see me using the format:

goto $ +/— (2 *n)

where the number multiplied by two (n) is the number of instructions to jump.

Another situation where the byte addressing of the PIC18Cxx will cause problems is in
the table jumps. Elsewhere in the book, I showed that a byte could be used to jump to any
address within a 256-clement table in the mid-range PICmicro® MCUs using the code:

mov 1w HIGH Table ; Set PCLATH to Table Start

movwf PCLATH

moviw LOW Table ; Compute the Low Byte Address of the
addwf Index, w ; Table Element

btfsc STATUS, C ; If > 256, Increment PCLATH

incf PCLATH

movwf PCL ; Jump to the Address

Table

This code will have problems because of the byte-wide addressing of the PIC18Cxx. To
avoid this problem and ensure that the correct element is jumped to, I double the offset before
adding it to the three register (PCLATU, PCLATH, and PCL) program counter registers:

clrf Offset + 1 ; Use “Offset” for Index * 2

movff Index, Offset

bef STATUS, €

ricf Offset, f

ricf Offset + 1, f

mov 1w UPPER Table ; Setup the High 13 Bits of the Table
movwf PCLATU ; Address

mov lw HIGH Table

movwf PCLATH

mov 1w LOW Table ;. Get Correct Offset in the First 256
addwf Offset, f ; Addresses of the Table

movlw 0

addwfc Offset + 1, w ; Add the Carry to the High Offset Byte
addwtf PCLATH, f

mov w 0 ; Add the Resulting Carry to the Upper
addwft PCLATU, f ; Offset Byte

movf Offset, w ; Execute Jump by Writing to PCL

movwf PCL

Table

This is (obviously) one of the cases where the PIC18Cxx actually requires more com-
plex instructions to carry out an operation. This code will always execute in the same
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number of instruction cycles (20), just like in the mid-range example, although the mid-
range general case executes in only eight cycles.
Notice that the instruction:

movff Offset, PCL

cannot be used as PCL cannot be the destination of a movff instruction.

I indicated that there was a one word gofo instruction called bra for branch. This in-
struction type (Fig. 4-59) changes the program counter according to the two’s complement
offset provided in the instruction, according to the formula:

PCnew = PCcurrent + 2 + Offset

where PCcurrent is the current address of the executing branch instruction. The 2 added to
PCcurrent results in the address after the current one. Offset is the two’s complement value
which is added or subtracted (if the offset is negative) from the sum of PCcurrent and two.

The MPASM assembler computes the correct offset for you when the destination
of a branch instruction is a label. The two’s complement offset is computed using the
formula:

Offset = Destination — (Current Address)

If the destination is outside the range of the instruction, it is flagged as an error by the
MPASM assembler.

Along with the nonconditional branch, eight conditional branch instructions are avail-
able in the PIC18Cxx (Fig. 4-59). They are Branch on Zero Flag Set (bz), Branch on Zero
Flag Reset (bnz), Branch on Carry Flag Set (bc), Branch on Carry Flag Reset (bnc),
Branch on Negative Flag Set (bn), Branch on Negative Flag Reset (bnn), Branch on Over-

Program Memory Register Space Instruction Bit Pattern:
BC 11000010] nnnnnnnn|
BNC | 11100011{ nnnnnnnn|
Program File BN 11100110] nnnnnnnn
Cé)tumfr * Registers BNN 11188013 nnnnnnnon
acl BOV 100{ nnnnnnnn|
\ A"i'” g SN BNOV] 11100101 nnnnnnon
| HREG BZ | 11100000/ nnnnnnnn|
= > BNZ | 11100001] nnnonnnnn
E,ast_StgﬁIH BRA | 11010nnn| nnnnnnnn

FSR
Instruction Operation:

. : BC/BNC: Branch on
Instru%lggoE:glster/ — Carry Flag

 Socond o] BN/BNN: Branch on

Register —P "N" Flag

BOV/BNOV: Branch on

"OV" Flag
Notes: Offset nis a Flags Affected: BZ/BNZ: Branch on
two’s complement None Zero Flag
number. Instruction Cycles: BRA: Branch
2 if Branch Taken Allways

1 otherwise

PIC18Cxx “Branch Offset” instructions
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Program Memory Register Space Instruction Bit Pattern:
»a [00000000]00010015]
File
ry Registers
Pro—grram g
Counter + o
Stack ) . .
aly__f—sTatus @  Instruction Operation:
—I—} WREG g PC = Top of Stack;
Quick - | IBLETR Q  Pop(Top of Stack);
Stack BSR P8 if (s == 1)
Fast Stack o N Restore Context
W .
c Registers;
w
Instruction Register/
Decode ’
Second Instruction ’
Register

Notes: WREG, BSR, and STATUS are stored on the
quick stack.

PIC18Cxx “Return s” instruction

flow Flag Set (bov), and Branch on Overflow Flag Reset (bnov). These instructions are
equivalent to the branch-on condition instructions found in other processors.

These instructions behave similarly to the bra instruction, except that they have eight
bits for the offset address (to the bra instruction’s 11). This gives the instructions the abil-
ity to change the program counter by —64 to +63 instructions.

The last new feature of the PIC18Cxx architecture, which is different from the other ar-
chitectures, is the “fast stack” in which the WREG, STATUS, and BSR registers are saved
nonconditionally upon the interrupt acknowledge and vector jump and conditionally dur-
ing a subroutine call instruction. These registers can be optionally restored after a return
(Fig. 4-60) or retfie (Fig. 4-61) instruction.

This feature must be used sparingly as the fast stack and it is really just a single set of
memory locations. An interrupt acknowledgement followed by a subroutine call that saves
WREG, STATUS, and BSR or the fast stack will be overwritten.

Program Memory Register Space Instruction Bit Pattern:

P [00000000]0001000s]
e Registers
Proa-ram

g
Counter Q.
Stack 2 .
ALY STATUS @ Instruction Operation:
_._I_.> WREG. E PC = Top of Stack;
Quick » LIBLPTR Q@  Pop(Top of Stack);
Stack BSR $ GIE = 1;
Fast Stack 7] if (s == )
FSR o
c Restore Context
@ Registers;

YV VY

Instruction Register/
Decode
Second instruction
Register

Notes: WREG, BSR, and STATUS are stored on the
quick stack.

PIC18Cxx “Retfie s” instruction
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When I show a basic interrupt handler for the mid-range PICmicro® MCUs, along
with the w and STATUS registers, 1 also include saving the contents of the FSR and the
PCLATH registers. This is not required in the PIC18Cxx because of the multiple FSR
registers available and the ability to jump anywhere within the application. If an FSR
register is required within an interrupt handler, then chances are that one can be reserved
for this use within the application when resources are allocated. Later, this book presents
the need for listing how the built-in hardware functions (resources) are specified or al-
located by an application.

The PCLATH (and PCLATU) registers should not have to be saved in the interrupt han-
dler, unless a table is accessed in the application. The goto and branch instructions update
the program counter and not the PCLATH and PCLATU registers.

Thus, a PIC18Cxx interrupt handler can be as simple as:

org 8
Int
; JHHHE — Execute Interrupt Handler Code

retfie 1

so long as nested interrupts are not allowed and subroutine calls do not use the fast stack.

Processor-control instructions The PIC18Cxx has the same processor instructions as
the other PICmicro® MCUs, but instruction enhancement is worth bringing to your attention.
When designing the PIC18Cxx, the Microchip designers did something I’ve wanted for years.
They created a nop instruction (Fig. 4-62) that has two bit patterns: all bits set and all bits

reset.
Program Memory Register Space Instruction Bit Pattern:
LOOOOOOOO | OOOOOOOO]
File or:
Registers -
Program £ (11111111]12111111]
Counter Q.
Stack )
‘ R4 ]——» STATUS ©
-—J—> _WREG g
=
BSR L e
Fast Stack »
= o
c
[7]
Instruction Register/ 44’
| : Decode
Second Instruction '
Register Flags Affected:
None
Notes: There are two bit patterns for this Instruction Cycles:
instruction. 1

PIC18Cxx “nop” instruction bit patterns
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The profoundness of this instruction and what can be done with it will probably not be
immediately obvious to you. But, it will be a significant advantage to people who put patch
space into their applications. Earlier in this chapter, I showed how PICmicro® MCU patch
space is implemented out of a jump over a series of instructions with all the bits set. For
the mid-range PICmicro® MCU, five instructions of patch space actually looks like:

goto $ + 6

dw Ox03FFF
dw Ox03FFF
dw O0xO03FFF
dw O0x03FFF
dw 0x03FFF

To add instructions here, the gofo instruction is converted to a nop by programming
(clearing) all bits of the instruction and then putting in the required instruction, along with
a jump over any remaining dw 0X03FFF instructions. For example, putting in a general
case eight-bit addition will change the patch space to:

nop ; Formerly “goto $ + 67
movf B, w ; Formerly “dw OXO3FFF”
addwf C, w ;0 Formerly “dw OXO3FFF”
movwf A ; Formerly “dw OX03FFF”
goto $ + 2 ; Formerly “dw OX03FFF”
dw 0x03FFF

Notice that even though only three instructions were added, five instruction addresses
were affected. This makes this method of implementing patch space quite inefficient. In
the PIC18Cxx, just the patch space instructions that are to be modified are changed and no
space is required for jumping around instructions. For the same example in the PIC18Cxx,
the patch space would be:

dw OxOFFFF ;o nop
dw Ox0FFFF ; nop
dw OxOFFFF ; nop
dw Ox0FFFF ;o nop
dw OxOFFFF ; nop
dw OxOFFFF ; nop

To add the three instructions to the patch space, the changes:

movf B, w ; Formerly “dw OXOFFFF”
addwf C, w ;. Formerly “dw OxOFFFF”
movwf A ; Formerly “dw OxOFFFF”
dw OxOFFFF ;o nop
dw OxOFFFF i nop
dw OxOFFFF i nop

are made. In the PIC18Cxx, to add three instructions, only three instructions of the patch
space are modified.
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To get a good idea of what a remarkable device the PICmicro® MCU is, take a look at
how the 8 pin PICmicro® MCUs are packaged in Fig. 5-1. The PIC12C508, although be-
ing the device with the fewest built-in features, contains 11 of the PICmicro® MCU hard-
ware features that are presented in this chapter. The PIC12C673 shown in Figure 5-1 has
everything except serial [/O and bus interfaces. As time has passed, the PICmicro® MCU
families have been continually improved and updated with new features and expanded
memory.

The next chapter shows how the basic digital I/O functions of the PICmicro® MCU can
be used to simulate basic logic and chip functions, but many PICmicro® MCU part numbers
are available with advanced interface functions to make application development easier.

As time has gone on, more PICmicro® MCU part numbers with advanced features and
lower costs have been released. This process of providing enhanced features has continued
to the point where PICmicro® MCUs with advanced interfaces have become cheaper than
PICmicro® MCUs without these features with external hardware to provide required
function.

When I wrote the first edition of this book, I tended to focus on the PIC16F84, which is
a Flash/EEPROM-based program memory part with no I/0 features because it was cheap,
widely available, and tended to be the device most new users of the PICmicro® MCU
turned to. With this edition, I have expanded the part numbers that I have used consider-
ably and have tried to take advantage of as many built-in features as possible.

When presenting the different hardware features, I also include sample code for accessing
the features. The code is written to allow easy “cut and pasting.” To help facilitate this, I have
written the code without constants and specific variable names. When you copy these code
snippets, notice that labels should be replaced with application specific values.

I have also included the snippet source on the CD-ROM in the “PICmicro® MCU Inter-
faces” page. This will allow you to more easily cut and paste the snippets into your application.

Power Input and Decoupling

The three basic aspects of application hardware design for the PICmicro® MCU power,
reset and clocking, are very simple and extremely robust. The PICmicro® MCU is ex-
tremely tolerant of wide variances of power input and is quite tolerant of noise or sags in
the supplied power. This tolerance makes the PICmicro® MCU ideal for learning about
digital electronics, microcontroller application development, and applications where the
quality of power cannot be guaranteed.

Connecting a PICmicro® MCU is very simple. It only requires a 0.0.1-uF to 0.1-uF decou-
pling capacitor across the ¥, and ¥ pins. A typical power connection is shown in Fig. 5-2.

A few points about Fig. 5-2; the first is, my bias towards my TTL education will show
through as I talk about power. In TTL, +5-V power is known as ¥, and the common neg-
ative connection, known as ground or Gnd, is V. This book uses the TTL conventions of
V.. and Gnd because most people are familiar with these terms. I believe that Gnd makes
the most sense in digital circuits.

The decoupling capacitor is used to filter the voltage both within and without the PICmi-
cro® MCU. During the transition of the circuits from one state to another (and from low-to-
high current requirements), the internal (and external) voltages inside the chip will fluctuate,
which could cause the chip to lock up, reset, or behave unpredictably in other ways.
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_ 8 Pin PICmicro® MCU’s in PTH OTP, SOLC, and windowed PTH

Figure
packages

Figure 5-2 shows the decoupling capacitor to be polarized. The most typically used val-
-2s for the decoupling capacitors are 0.01 to 0.1 uF. Personally, I prefer using a 0.1-uF
-zatalum capacitor because it gives some extra capacity to guard against electrical upsets
:~d can respond to upsets very quickly due to its low equivalent series resistance (ESR).

The capacitor is shown as being polarized because tantalum capacitors have to be in-
:1alled correctly although non-polarized capacitors such as ceramic disk or polyester ca-
-acitors can be used for this purpose. Electrolytic capacitors should not be used for this
~urpose because they cannot react quickly enough to quickly fluctuating voltage levels.
~antalum capacitors are the best, but watch for a few things.

First, watch the polarity of the capacitor. Tantalum capacitors inserted backwards, like
s ectrolytic capacitors, can catch fire or explode. This is not an issue with ceramic disk or
~olvester caps.

Second, be sure to derate the specified voltage of the part to 40% or less for your appli-
cation. Derating capacitors means that instead of using them at their rated voltage, you
should choose capacitors that are rated at about three times (or more) of the specified volt-

VCC

PICmicro® MCU
*JT Via

Zecoupling
Zapacitor

||h

connections
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age for the application. For my applications, which use tantalum decoupling capacitors at
5 volts, I use parts that are rated at 16 volts (which is a derated value less than one third of
the rated value).

When tantalum capacitors are first powered up in an application, voltage spikes (which
are caused by power supply start up and current transients with in chips) can cause them to
develop “pin-hole” breakthroughs in the dielectric, which can cause the plates to touch.
When the plates touch, heat is generated by the short circuit, which boils away more dielec-
tric. This process snowballs until the part explodes or catches fire. By derating the capacitor
values, the dielectric layer is thicker, minimizing the opportunity for pinholes to develop.

Decoupling capacitors should be placed across ¥, and Gnd of all chips, which can de-
velop significant current transients. This does complicate the wiring somewhat, but does
make for much more reliable applications. Notice that many chips with ¥, and Gnd at op-
posite corners can use sockets with capacitors built in. Chapter 15 shows how decoupling
caps are required for PICmicro® MCU applications.

The actual power circuit required for the PICmicro® MCU is very simple; in the
McGraw-Hill Handbook of Microcontrollers, 1 stated that if you had anything more com-
plex, you should find another microcontroller. I still believe this to be true and unless there
are very concrete reasons why you want to use a microcontroller (or any other device) that
requires more than just five volts of input power and a decoupling capacitor; you should
find another device to use. This device should use the same single power voltage input as
the rest of the chips in the application and only require one standard decoupling capacitor.

Standard PICmicro® MCUs are designed for power anywhere from 4.0 to 6.0 volts.
Some PICmicro® MCUs have been “qualified” to run from 2.0 to 6.0 volts and are iden-
tified as having this capability as being “low-voltage” devices. These low-voltage parts are
identical to the high-voltage supply parts except that they have been tested at the factory
to run with input voltages down to 2.0 volts.

Thus, most high-voltage devices will have the capability of running a low voltage. You
should refrain from taking advantage of this capability because you will find that some parts
do not work with lower voltages applied to ¥;;. Microchip will not support problems with
components that have problems at low voltages, unless the components are qualified for
this type of application.

Notice that the brown-out reset built into many PICmicro® MCUs is designed to be-
come active at 4.5 volts. This makes the brown-out reset incompatible with most low-
voltage applications, although some PICmicro® MCUs have a programmable brown-out
reset voltage level to allow different power voltage inputs.

If you are working with a PICmicro® MCU in a low-voltage application that does not
have the programmable brown-out reset capability, you will have to develop your own
brown-out detect circuits, such as the one shown in Fig. 5-3.

In Fig. 5-3, if ¥, drops below the characteristic voltage of the Zener diode, then _MCLR
will be pulled low and the PICmicro® MCU will reset.

Low-voltage PICmicro® MCU parts are identified by the addition of the letter L before
the C or F in its part number.

It is probably funny to hear this, but the biggest problem I have had (and have heard
from other people) with PICmicro® MCU power is when the chip is plugged into the ap-
plication backwards. This might sound like a strange problem, but only if you’ve never
worked on a failing application that is driving you crazy and it is 3:00 A M.
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Analog
Comparator

_ MCLR

Brown Out
Voltage Zener
(4.0 Volts)

o . circuit

“Brown out” reset

As you get more and more frustrated and tired, the notch that indicates the end of the
part, which has pin 1, seems to jump to the other end of the chip.

As I said, I have heard of many people; including myself that have done this and found
that after the PICmicro® MCU cools off (it can get very hot when it’s plugged in back-
wards) and is placed correctly in the circuit, it will continue to run perfectly and can be re-
programmed. It seems that unless the chip is allowed to get so hot that the plastic top pops
off (which is possible), the PICmicro® MCU will work fine after this type of abuse.

This leads to a couple of points. The first point is the unconventional pinout on all PICmi-
cro® MCU packages. The 18-pin devices (such as the 16F84) are very susceptible to the
problem of applying power incorrectly and care must be taken to ensure that the part isn’t
plugged in backwards. I have not (nor do I know of anybody that has) done an experiment
on how many times a PICmicro® MCU can be plugged in backwards, but I know doing this
will decrease the reliability of the chip. If you have a part that was plugged in backwards,
do not ship it out in a product. Any part that goes through this situation should not be con-
sidered “as good as new,” despite what your experiences might lead you to believe.

The second point about this is that your power supply should be capable of crow-
barring (shutting down) if the current draw increases dramatically (such as in the case of a
reversed PICmicro® MCU). This is one of the reasons why I like the 78(L)xx voltage regula-
tors; they might be more expensive than some other parts, but they won’t burn out when they
experience overcurrent conditions or cause reversed parts that they are driving to burn out.

HIGH-VOLTAGE DEVICES

As I go through the practical issues of the PICmicro® MCU, one aspect always seems an-
noying: creating a power-supply circuit that has a voltage regulator with sufficient current
rating to drive the circuit. Although this is not terribly difficult to produce, it can take up
valuable real estate and drive up the cost of your application. The appendices describe dif-
ferent power supplies and how they are used with the PICmicro® MCU.

As I write this, the PIC16HV540 has just become available with a built-in voltage reg-
ulator that allows the PICmicro® MCU to be driven without any external regulators for
battery application or poorly regulated power input. The PICmicro® MCU itself is pin and
program compatible with the PIC16F54, which will allow the use of the PICmicro® MCU
in applications that you probably haven’t considered before. To support the voltage regu-
lator, there are a few tricks that you should be aware of, as well as some enhanced features
that affect the operation of the part. Other than these, the PIC16HV 540 works identically
to the PIC16C54.
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PIC16HV540
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High-voltage PICmicro® MCU connections

To connect a PIC16HV540 to a battery, the circuit can be as simple as Fig. 5-4.

Figure 5-4 shows the PIC16HV540 connected directly to a battery with only a 0.1-uF
decoupling capacitor. I don’t show a switch because sleep can be used to turn off the de-
vice and put it into a low current (no more than 14 uA required) mode. Wake up from
sleep can be accomplished either by watchdog timer time out, _MCLR reset, or a PORTB
pin change.

The way I’ve drawn the PIC16HV 540, you might think that the device is similar to a
PIC16C54 with a voltage regulator in front of it (Fig. 5-5).

This is not quite true because the I/0 port pins can use the device’s regulated voltage for
the input voltage. The PORTA pins can provide up to the regulated voltage, but PORTB
provides swings from ground to the input voltage. The actual device’s block diagram looks
like Fig. 5-6.

PIC16C54 Core

Voltage v
Regulator ad

= PORTA ——X]
PORTB —¢

+

3.5V <=Power In <= 15V v

EE]

High-voltage PICmicro® Mcu analogous circuit
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Actual high-voltage PICmicro® MCU circuit

In the actual circuit, PORTA can be used to power +5-/+3-volt TTL CMOS devices,
and PORTB is well suited for high-voltage 1/0. PORTB’s threshold voltage is similar to
the PIC16C54°s (i.e., anything greater than 2.5 volts is a 1) and it can be used for buttons
and LED I/O.

The voltage regulator can work as either a 5- or 3-volt regulator by setting or reset-
ting, respectively, the RL bit of the OPTION2 register, which is in the OPTION/TRIS
address space of the low-end PICmicro® MCU processor. This register is an auxiliary-
configuration fuses register, which can be modified within an application. The bits of the
OPTION?2 register are defined in Table 5-1.

TABLE 5-1 PIC16HV540 “OPTION2” Register Definition

BIT DESCRIPTION

7-6 Unused
5 WPC~—~When set, device will Wake Up On RBO-RB3 changing

4 SWE—Software Watchdog Timer. If the WDT is not Enabled in the
: Configuration Fuses; setting this bit will enable it in software

RL—Regulated voltage select bit (Set for 5 Volts, Reset for 3-Volts)

SL=S8leep Voltage Level Setting (if Set, use “RL” Voltage, when
Reset; use 3 Volts)

BL—Brown Out Voltage Select. When Set—3.1 volts for 5 Vot
Operation and when Reset—2.2 Volts for 3 Volt Operation

BE—Brown Qut Checking Enabled when Set.
B R
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OPTION?2 is written to using the TRIS instruction as:
TRIS 7
Or
TRIS OPTIONZ

When the PIC16HV540 is powered on, the RL bit is set, which selects 5-volt output
from the voltage regulator. A voltage less than S volts can be input, but it must be greater
than 3.1 volts to avoid brown-out reset (which is enabled on power up) from holding the
device reset. If you are powering the PIC16HV540 form a source that is less than +5 volts,
you should first set the PICmicro® MCU for 3-volt operation.

The OPTION2 register description (and throughout this section) has introduced a num-
ber of concepts that haven’t been covered yet. If you go through this chapter, you’ll find
introductions to the watchdog timer, sleep, and the 1/O pins that will make the information
provided in this section easier to understand.

Reset

Reset in the PICmicro® MCU is very simple and easy to implement. As well, over the
past few years, the task of implementing reset has been simplified even more with the
addition of internal reset and a built-in Brown-Out Detect (BOD) function in some of
the new parts. These functions, along with a 72-ms power-up delay function (the
PWRTE bit of the CONFIGURATION register) make it easy to come up with an ap-
plication with good reset characteristics in a variety of different situations, with little or
no external hardware.

The internal reset frees the _ MCLR pin from being used as the reset control source and
allows it to be used as an input pin. When this feature is enabled, the device reset is active
as long as more than 4.0 volts is available at V', for regular parts; 2.0 volts is available in
extended-voltage parts. The freed _MCLR pin can only be used as an input (no output
drivers are built in) and does not have the clamping diodes of the other PICmicro® MCU
I/O pins.

The brown-out reset function, if it is on the PICmicro® MCU that you are working with
and is enabled, will cause the internal reset circuitry to become active when the ¥, volt-
age becomes less than 4.0 volts in 5-volt applications. This can be useful in battery-
powered applications, where a drop in battery power can cause intermittent ap-
plication execution. This function is becoming available in most new PICmicro® MCU
devices and is enabled through the configuration register. It cannot be accessed within
the application code, except for checking the PCON_BOD bit.

The PWRTE function will delay start of PICmicro® MCU application for 72 ms. This
feature is designed to allow the PICmicro® MCU internal clock to stabilize before the ap-
plication starts executing. The PWRTE bit of the configuration register should always be
active, unless the application has a clock external to the PICmicro® MCU, that is stable
when reset becomes disabled and the PICmicro® MCU starts executing.
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Watchdog Timer

Environments with “noisy” power or large electrical fields can cause the circuits within
the PICmicro® MCU to become “upset” and stop executing properly. These events can
cause the program counter to change to an invalid address or the instruction decoder to
process an instruction improperly. Often, when this happens, the PICmicro® MCU locks
up and stops executing the application. To help counter this problem, Microchip has
designed the PICmicro® MCU with a WatchDog Timer (WDT), which will reset the
PICmicro® MCU if normal application execution is lost and the PICmicro® MCU starts
executing incorrectly or locks up.

The watchdog timer is an 18-ms delay that will reset the PICmicro® MCU if it times
out. Normally, in an application, it is reset before timing out by executing a clrwdt in-
struction. The block diagram of the WDT is shown in Fig. 5-7.

The WDT oscillator in Fig. 5-7 is an RC oscillator, which drives a counter. The O/F
(overflow) output of the counter is optionally passed to a prescaler before going to the
PICmicro® MCU’s reset circuit. The prescaler is covered in more detail later in this chap-
ter, but its basic purpose is to count overflow events, either from the PICmicro® MCU’s
TMRO or the watchdog timer. The overflow is passed to the PICmicro® MCU’s reset cir-
cuit when the specified number of watchdog timer overflows have occurred. The prescaler
allows watchdog-timer reset delays from 18 ms to 2.3 s.

When the watchdog timer causes a reset in the PICmicro® MCU, the _TO bit of the sta-
tus register is reset. In the application, if watchdog-timer resets are used, then the _TO bit
should be checked to determine if the current file register settings are properly set from
previous application execution.

I recommend that the watchdog timer should be reset by the cl/rwdt instruction after half
of the reset period has passed. The nominal error in the RC oscillator used for the watch-
dog-timer function is 20%, which means that watchdog-timer timeouts can occur any-
where from 14 to 22 ms, (when no prescaler is used). To be on the safe side, executing
clrwdt every 9 ms in this situation will avoid any potential invalid watchdog-timer resets.

The watchdog timer is enabled from within the configuration word and cannot be dis-
abled within the application. You must be very careful to avoid enabling the watchdog
timer unless you have provided support for it in the application code. Providing support

WDT
Oscillator
WDT
Source
Select
WDT
WDT _Enable > Counter Prescaler
Reset
CLRWDT——— ! Clear orF

PICmicro® Mcu watchdog timer block diagram
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for the watchdog timer means that the clrwdt instruction is executed repeatedly to avoid
the watchdog timer from resetting the PICmicro® MCU unexpectedly.

In many PICmicro® MCUs, the watchdog-timer enable bit of the configuration word is
positive active and enabled when the bit is set (i.e., unprogrammed). This can cause some
problems with new application developers that forget to disable the watchdog timer ex-
plicitly. Later, the book covers configuration register programming, but [ wanted to rec-
ommend that you always have a _ WDT_OFF parameter in your __CONFIG statement,
unless you are developing applications that use the watchdog timer. This will avoid any
potential problems with the WDT from being inadvertently set and result in the application
begin continually reset.

If you are going to create an application that uses the watchdog timer, I recommend that
it should only be enabled when you are about to release the application. It can be a prob-
lem during debug and can cause the PICmicro® MCU to reset itself when you least expect
it, making it difficult to debug the application.

System Clock/Oscillators

There are five different methods of clocking the PICmicro® MCU. The different options
are designed to fill different application requirements for cost, speed, and accuracy. A few
applications that require extreme accuracy allow the use of cheaper clock designs.

The clock options are:

B Internal clocking
B R/C networks

B Crystals

B Ceramic resonators
B External oscillators

The built-in oscillator is becoming more prevalent in low-cost PICmicro® MCUs. This
option consists of a capacitor and variable resistor for the oscillator.

The OSCAL register (Fig. 5-8) is loaded with a calibration value that is provided by
Microchip. This type of oscillator will have an accuracy of 1.5% from 4 MHz or better
while running at 4 MHz.

This single oscillator speed of 4 MHz might seem like an unreasonable restriction, but
it is actually quite a useful speed for many applications. The internal oscillator is enabled
within the configuration register and cannot be changed during application execution.

The internal oscillator does simplify application wiring. If it is selected, the pins that are
normally used by it can be used as I/O pins. For such devices as the eight-pin 12C5xx
parts, this drastically improves the efficiency of the device in the application’s circuit.

> PICmicro® MCU
Do

J Resistor
= ®
OSCCAL PICmicro

L MCU built in oscillator
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_ PICmicro® MCU RC oscillator

The second type of oscillator is the external RC oscillator in which a resistor capacitor
network provides the clocking for the PICmicro® MCU (Fig. 5-9).

The resistor-capacitor charging/discharging voltage is buffered through a Schmidt trig-
ger noninverting buffer, which is used to enable or disable an N-channel MOSFET tran-
sistor pull-down switch.

The advantages of the RC oscillator is the cheapness for which it can be added to an ap-
plication (the cost of the RC components can be just a few cents) and the instruction clock
is output for use by other devices in the circuit. The disadvantages of this method are the
relatively low speed that this oscillator runs at (generally to a maximum of 1 MHz) and the
inaccuracy of this method (an error of 30% to the target speed are not unheard of). This
method is best used for low-cost, timing-insensitive applications.

When using this method, it is important to only use the RC values specified on the data
sheet of the PICmicro® MCU that you want to use. Selecting the wrong RC values could
result in the oscillator to run erratically, at a speed that is orders of a magnitude off from
the target speed, or to not run at all.

Crystals and ceramic resonators use a similar connection scheme for operation. The
crystal or ceramic resonator is wired into the circuit as shown in Fig. 5-10.

Crystals and ceramic resonators delay the propagation of a signal a set amount of time.
This set amount is dependent on how the crystal is cut. As well, for best results, a parallel
circuit crystal should be used.

The two capacitors shown in Fig. 5-10 are connected to one side of the crystal or ce-
ramic resonator and the other to ground. The values of the two capacitors are specified in
the PICmicro® MCU device’s data sheet and usually match one another. You might find
that for some speeds and devices, different values are specified for the two capacitors.

Three speed ranges are defined for each device, with the speed specification defining
the current output in the PICmicro® MCU’s oscillator circuit. Microchip refers to these
speed ranges as oscillator types, but I prefer thinking of them as speed ranges because this
seems to be a more accurate description of how they work.
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i PICmicro® MCU
/4 Clock

PICmicro® Mcu crystal oscillator

The speed ranges are shown in Table 5-2. These speed ranges are selected in the con-
figuration register.

Using the crystal or ceramic resonator, the OSC2 pin can be used to drive one CMOS
input (Fig. 5-11).

Personally, I wouldn’t recommend implementing this in an application because the ca-
pacitance of the CMOS buffer could affect the operation of the PICmicro® MCU’s oscil-
lator (i.e., causing it to not run at all). I recommend that if you want to drive multiple
devices from a single clock that you use an external oscillator and fan out the clock to the
PICmicro® MCU and other devices.

A ceramic resonator behaves similarly to a crystal, except that they are much more ro-
bust (i.e., can withstand more severe physical shocks) than crystals and, in large quantities,
they can be much cheaper. Many ceramic resonators are available as three-pin devices,
which have the external capacitors built in to them, meaning that along with just wiring
them to the PICmicro® MCU’s OSC1 and OSC2 pins, just a ground connection is re-
quired.

The downsides of ceramic resonators is that their accuracy is not as good as crystals
(usually accurate to 0.5 percent versus a crystal accuracy of 0.02 to 0.1 percent) and some
devices with built-in capacitors might not be suitable for use with the PICmicro® MCU.

TABLE 5-2 PICmicro® MCU Oscillator Frequency Ranges

FREQUENCY

0-200 kHz
200 kHz-4 MHz
4 MHz--20 MHz (or the Device Maximum)
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The last type of oscillator is the external oscillator, which is driven directly into the
OSC1 pin (Fig. 5-12).

In Fig. 5-12, the OSC2 pin can be used to redrive the clock (although inverted) to other
devices. The LP, XT, or HS speed selections are made to correspond to the input oscilla-
tor speed.

If you subscribe to the PICList list, you’ll periodically see e-mails from people who
drive their PICmicro® MCUs much beyond the rated speed. This is possible for most de-
vices because of the Microchip’s design qualification, which ensures that all PICmicro®
MCUs of a given part number run at the rated speeds. It is not recommended that you
count on your PICmicro® MCUs to run at faster-than-rated speeds because this capability
is not guaranteed for all PICmicro® MCU’s; you will find devices that will not run at the
speeds required by your application.

Oscillator I

Output 0sCT

?;tiffired 0802 i /4 PICmicro® MCU
Ortout T Clock

External PICmicro® MCU oscillator
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When designing and laying your application circuit, always remember to keep the parts
of the oscillator as close as possible to the PICmicro and circuit grounds. When the speci-
fied parts are used for the oscillators and they are kept close to the PICmicro® MCU,
you’ll be impressed with the stability and robustness of the PICmicro® MCU’s oscillator
and instruction clocking.

BUILT-IN OSCILLATORS

One of the features I like that Microchip is adding to more new PICmicro® MCUs is a
built-in RC oscillator that can be selected when the device is programmed. This 4-MHz os-
cillator avoids the need for adding external parts and frees up pins for use in interfacing to
hardware. The inclusion of the device is one of the reasons that the eight-pin PICmicro
MCUs (the 12Cxxx family) can use up to six [/O pins in an application.

The built-in oscillator consists of an RC network that provides a delay for a ring oscil-
lator (Fig. 5-13).

In this circuit, the programmable resistor and capacitor delay the voltage output from
the inverter from reaching its input for 250 ns.

The OSCAL register holds the value setting for the programmable resistor. The calibra-
tion value to be put into this register is determined by Microchip when the part is tested at the
factory, the correct value is calculated and burned into the chip at its reset vector address. The
mechanics of working with the OSCAL value is covered in a later section of this chapter.

The 4-MHz oscillator speed was determined by Microchip to be a good clock speed for
many applications. With the calibration value and OSCAL register, the actual clock value
can be expected to be within 1.5 percent of 4 MHz.

18Cxx OSCILLATOR AND INSTRUCTION CLOCK

In the year and a half before this book’s release (mid 2000), I found that the PIC18Cxx’s
clock was described in a number of ways, some of which were contradictory and some that
made the PIC18Cxx oscillator to seem better than possible. I wanted to use this section to
explain how the oscillator of the 18Cxx works and what new modes you can take advan-
tage of in your applications.

The typical PICmicro® MCU has four oscillator modes, which are selected from the
configuration fuses when the PICmicro® MCU starts up. The PIC18Cxx has one more os-
cillator type, along with the ability to change an unused OSC2 pin into an additional 1/O
pin. A PLL clock four-times multiplier circuit is available, which allows the PICmicro®
MCU to run with a one-instruction-cycle-per-clock cycle. As well as the PIC clock multi-

Oscillator Output

Programmable
Resistor

T OSCCAL PICmicro®

= MCU built-in oscillator
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plier, the PICmicro® MCU can be driven by the TMR1 oscillator for reduced power or
faster application execution. This might seem like a dizzying array of options:

m RC oscillator
B LP oscillator
B HS oscillator
M XT oscillator
B External oscillator
B TMRI clock

LP and XT modes execute exactly the same way on the PIC18Cxx as the other PICmi-
cro® MCUs. RC can work exactly the same with a one-quarter-speed clock driven out of
the OS2 pin or can have the OSC2 pin changed to the RA6 /O pin and is known as RCIO
mode. The external oscillator option will take in an external clock signal and output a one-
quarter-speed clock on OSC2, unless the OSC2 pin is to be used as RA6 (like the RC
oscillator mode and known as ECIO). The external oscillator will work for all data speeds
from DC to 40 MHz, which the 18Cxx can run at.

One of the most interesting features of the PIC18Cxx is the HS mode, which can run
like a typical PICmicro® MCU, from 4 MHz to 40 MHz. An optional Phased-Locked Loop
(PLL) clock multiplier can be added to the external clock (with the external clock limited to
10 MHz). This feature (known as HSPLL) allows a 10-MHz PIC18Cxx to run as if it were be-
ing driven with a 40-MHz clock. The advantages of this feature include reduced EMI emis-
sions from the PICmicro® MCU, along with reduced the oscillator’s power consumption.

The phase-locked loop cannot be used to multiply a 40-MHz clock by four to get the
equivalent of a PICmicro® MCU running at 160 MHz (but, it would be nice).

The RC, RCIO, XT, LP, ES, ESIO, HS, and HSPLL oscillator modes are selected at
programming time and selected within the PIC18Cxx’s configuration fuses.

The last oscillator mode consists of software that enables the TMR1 oscillator as the
PICmicro® MCU’s processor clock source. This feature allows application execution with
I/O polling and interrupts to continue, except at a vastly reduced speed (and power con-
sumption). This mode is enabled and disabled by setting and resetting, respectively, the
SCS bit of the PIC18Cxx’s OSCON register. For this mode to work, the OSCON bit of the
configuration fuses must be reset.

When the TMRI oscillator is enabled (by setting the SCS bit), execution moves over
immediately to the TMRI1 clock and the standard oscillator is shut down. This transition is
very fast, with only eight TMR1 clock cycles lost before execution resumes with TMR1 as
the clock source.

When transitioning from TMRI1 to the standard oscillator, the oscillator is restarted with
a 1024-cycle delay for the clock to stabilize before resuming execution.

The oscillator circuit in the PIC18Cxx appears in block diagram form (Fig. 5-14).

Configuration Registers

One feature of the PICmicro® MCU that is somewhat unusual compared to other micro-
controllers is its configuration register. This instruction-sized word, which is “outside” of
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the program memory area in the low-end and mid-range PICmicro® MCUs, is responsible
for specifying:

M Oscillator mode used

B Program memory protection
M Reset parameters

W Watchdog timer

B 16F87x debug mode

The value for the configuration register is written when the device is being pro-
grammed, but it cannot be accessed by the application in the low-end and mid-range parts.
During programming, the PICmicro® MCU’s program counter is used to access the con-
figuration register’s address. The configuration register is at address 0xOFF for the low-
end devices and in the mid-range PICmicro® MCUs; the configuration register is always
at 0x02007. The register bits are used to enable hardware or set hardware states, but can-
not be read by the program and their states can only be directly determined within software
by the operation of the application.

In the PIC17Cxx, the configuration register is located at addresses 0xOFE0QO to 0xOFEQ7
for the low byte, or the register and addresses 0xOFEO8 to 0xOFEQF for the high byte.
These registers can be accessed during application execution by a fablrd instruction. At the
end of the tablrd instruction, the address specified for the configuration byte will be as-
sessed in the TABLATL register with TABATH always being 0xOFE.

In each PICmicro® MCU’s MPLAB device .INC files is a list of parameters for the dif-
ferent options. These parameters are used with the __ CONFIG statement of an assembler
file. The recommendations I present here are repeated throughout the book. Note that there
are two underscore characters before the “CONFIG” characters.

The __CONFIG statement is used to AND together all the constants in the .INC file.
This is because some bits will be left unprogrammed (set) and others will be programmed
(reset). To simplify putting them all together, when creating the configuration constants,
they are ANDed together.

For example, if you had a simple mid-range PICmicro® MCU with only two parameters
(which doesn’t exist), the watchdog timer and code protection, the .INC file values are shown
in Table 5-3.

Tosetup a PICmicro® MCU with the watchdog timer enabled (_ WDT_ON) and code
protection on (_LP_ON), the configuration statement would be:

_ CONFIG _WDT_ON & _LP_ON
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TABLE 5-3° Sample PiCmicro® Mcu “Configuration Fuse” Values

~WDT_ON OxO3FFF
~WDT_OFF Ox03FFD
_LP_ON OXO3FFE
_LP.OFF OxO3FFF

Notice that one value for each option has all the bits set. By ANDing the different pa-
rameter values with each other, the programmed (reset) bits should be specified cor-
rectly.

When creating an application, always use the _ CONFIG statement because this will
store the configuration values in the .HEX file for you at the correct address. When doing
this, only use the Microchip .INC file values and don’t try to calculate your own values.
Chances are that you will make a mistake in coming up with your own and, in any case,
using the Microchip values is easier than coming up with than on your own.

Personally, I prefer a programmer that picks up the __ CONFIG values and loads them
into the PICmicro® MCU automatically. I recommend that you should use a programmer
that has feature as well. If you have to manually set the configuration fuses, you will
forget to do it or select the wrong values. This is especially true when you are new
to the PICmicro® MCU or are frustrated by problems. The Microchip PICSTART Plus
and the programmer designs given in this book use the configuration values created from
the _ CONFIG statement.

The last recommendation is to always specify a state for all the configuration fuse
options for the PICmicro® MCU using the __ CONFIG statement. In many cases,
the unprogrammed (set) state will not be at a default value that will be useful. I can’t
tell you how often I have been caught forgetting to specify _WDT_OFF (disable the
watchdog timer), only to discover that the feature is enabled with the configuration
register bit set.

Sleep

In some applications (notably battery-powered circuits), it might be appropriate to shut
down the PICmicro® MCU until it is required again. The PICmicro® MCU’s sleep func-
tion and instruction provides this capability by turning off the oscillator and holding the
PICmicro® MCU waiting for reset ( MCLR or WDT) an external interrupt, or some
timer interrupts. Most internal timer interrupt requests are not able to become active be-
cause the PICmicro® MCU instruction clock driving the internal hardware clocks is shut
off.

Turning off the instruction clock results in a current consumption measured in mi-
croamperes (as opposed to the milliamperes required by a normally running PICmicro®
MCU).

Entering sleep is accomplished by simply executing the sleep instruction. Sleep can be
terminated by the events listed in Table 5-4.
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TABLE 5-4 Sleep Termination Events and Execution Resume Addresses

EVENT EXECUTION RESUME

- MCLR Reset Reset Vector
WDT Reset Reset Vector
External Interrupt Next/Instructions or Intefrupt Vector

TMR1 Interrupt Next Instructions or Interrupt Vector
05 A T A

The interrupt requests can only wake the device if the appropriate E bits are set. After
the sleep instruction, the next instruction is always executed—even if the GIE bit is set.
For this reason, a nop should always be placed after the sleep instruction to ensure that no
invalid instruction is executed before the interrupt handler:

sleep
nop

For one of the different reset types to restart the PI Cmicro® MCU from sleep, execution
restarts at the reset vector (address 0 in the mid-range). If an interrupt source is used, then
if the GIE bit of INTCON is set, then after restarting the clock, the nop instruction will ex-
ecute and execution will jump to the interrupt vector. If the GIE bit is reset, execution will
continue after the nop instruction.

The clock restart from sleep will be similar to that of a power-on reset, with the clock
executing for 1024 cycles before the nop instruction is executed, /nst(PC + 1) as shown
in Fig. 5-15.
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3: GIE =1 assumed. In this case after wake- up, the processor jumps to the interrupt routine. if GIE = '0’, execution will continue in-line.
4: CLKOUT is not available in these osc modes, but shown here for timing reference.
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Hardware and File Registers

If you have worked with other processors and computer systems, you are probably sur-
prised by the close coupling and shared memory space of the processor’s registers, hard-
ware 1/O registers, and variable RAM. This is a result of the small (five-bit addressing in
low-end and seven bit for the mid range, eight bit for the PIC17Cxx and twelve bits for the
PIC18Cxx) register space accessible to the processors. This aspect means that applications
have to be written to take advantage of the characteristics of the register spaces.

In the mid-range PICmicro® MCU, each instruction that accesses a register contains the
addresses within the given bank with a maximum bank size of seven bits, which allows as
many as 128 different addresses. In each bank, the registers fall within four distinct
groups:

B Processor registers

B /O hardware registers

B Variable memory

B Shared (shadowed) variable memory

The processor registers consist of STATUS, PCL, PCLATH, (from the mid range),
FSR, INDIF, and WREG (for the high end). These registers are always at the same ad-
dresses within the different PICmicro® MCU families. These addresses are shown in
Table 5-5. These registers can be accessed from within any of the register banks. In the two
previous chapters, I explained how these registers work.

The I/O hardware registers consist of the OPTION, TMRO0, PORT, I/O pins and enable
registers, INTCON, other interrupt control and flag registers, and any other hardware fea-
tures built into the particular PICmicro® MCU. The important difference between these
registers and processor registers is that, except for INTCON, these registers are bank spe-
cific. Although some conventions are used for the placement of these functions, for part
numbers and specific functions, the registers are located in different addresses. The regis-
ters with conventions are shown in Table 5-6.

TABLE 5-5 Base Register Addresses by PICmicro® MCU Architecture Family

LOW-END MID-RANGE PIC17CXY ,
- NA OXO0A OXOFE8
STATUS - 0x003 0x003 0x004/0x006 OxOFD8.

PCL 0x002 0x002 0x002  OXOFF9
PCLATH in “STATUS” OXO0A 0x003 OXOFFA

INDF 0X000 0X000 0X000, 0x008  OXOFEF

FSR ox004 0x004 0x001, 0x009 OXOFENOXOFEQ'
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TABLE 5-6 1/0 Register Addresses by PICmicro® MCU Architecture Family

LOW-END MID-RANGE HIGH-END 18CXX

OPTION “Option” ins 0x081 Ox005 0x0FDO

TMRO 0x001 0x001 Ox00B/0x00C OxOF D7f0x0FDB
PORTA-PORTC 0x005-0x007. 0x005-0x007 Varies OxXOF82/0x0F80

TRISA-TRISC “tris” ins 0x085-0x087 Varies OxOFD4/0x0FD2
PORTD/TRISD N/A 0x008/0x088 Varies OxOF83/0x0FD5
PORTE/TRISE N/A 0x009/0x089 Varies 0x0F84/0x0FD6
INTCON N/A 0x0xB 0x007 OxOFF2

OSCAL 0x005 N/A N/A N/A

As time goes on and more features become standard, you’ll probably see the mid-range
PICmicro® MCU’s standardize on a 32-byte processor and I/O hardware register block
(also known as the Special-Function Registers, SFRs) at the start of each bank.

Above the processor and 1/0 hardware registers are the file registers or variable memory.
This memory can be bank specific or shared between banks. In all PICmicro® MCUs are a
number of bytes that are always available (shared, or what I call shadowed) across all the reg-
ister banks. This memory is used to pass data between the banks, or, as I prefer to use them,
to provide a common variable for sharing context register data during interrupts without hav-
ing to change the bank specification in the status register. The shared memory is PICmicro®
MCU part number specific and can be common across all banks or pairs of banks.

In the low-end PICmicro® MCUs, many devices have multiple banks, but these multi-
ple banks are strictly used to provide additional file registers. Normally in these PICmi-
cro® MCUs, the first 16 addresses of each bank (address 0 to 0x00F) are common with the
lower 16 addresses of the other banks, which has file registers that are specific to them.

ZERO REGISTERS

I don’t really know if this qualifies as a “feature,” but unused registers in a PICmicro®
MCU’s register map will return zero (0x000) when they are read. This capability can be
useful in some applications.

Zero registers (undefined registers that return zero when read), are normally defined in the
Microchip documentation as shaded addresses in the device register map documentation.
Figure 5-16 shows the 16F84’s register map with addresses 7 (PORTC in other PICmicro®
MCU devices) in each bank shaded, indicating that they return zero when read.

Of course, when these registers are written to, their values are lost and not stored in the
register. One might say that the information has “gone to the great bit bucket in the sky.”
I am hesitant to recommend using the zero registers when programming. It is important to
note that, in different PICmicro® MCU part numbers, the zero registers are at different
locations. Because of this, if code is transferred directly from one application to another
and the zero register chosen is not available in the PICmicro® MCU device destination
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Bank 0 Bank 1 Shaded areas indicate
unused registers
- 0x000 Returned

Addr - Reg Addr - Reg

00 - INDF 80 - INDF

01 - TMRO 81 - OPTION when these
02 - PCL 82 - PCL ;

03 - STATUS |83 - STATUS registers are
04 - FSR 84 - FSR read

05 - PORTA |85 - TRISA

06 - _

PORTRB 86
o - q8r-
08 - EEDATA - EECON1
09 - EEADR 8% - EECON2

TRISB

0A - PCLATH | 8A PCLATH
0B - INTCON | 8B INTCON

0C-4F Shared| 8C-CF Shared
- File Regs}| - File Regs

PIC16F84 register map

(for example, a valid file or hardware register is at this location), then the code will not
work correctly. Instead of using a hardware zero register, I would recommend that a file
register is defined and initialized for the purpose of always returning zero.

Parallel Input/Output

The most basic way to get data in and out of the PICmicro® MCU is via the parallel I/0 bits
that are located in the ports. In many PICmicro® MCUs, these pins have peripherals “be-
hind” them to provide advanced I/O capabilities. Despite this capability, in virtually every
PICmicro® MCU application that you create, the straight I/O port functions will be required.

The PICmicro® MCU’s typical /O pin is capable of being either an input pin or an out-
put pin. When in Qutput mode, the pins are able to source or sink roughly 20 mA of current.

The block diagram of a PICmicro® MCU /O pin is shown in Fig. 5-17. Each register
port consists of a number of these circuits, one for each 1/0 pin.

Depending on your previous experiences, this /O pin can look as if it is very complex,
needlessly complex, or pretty basic. When you compare this to other microcontrollers,
you’ll find that the PICmicro® MCU’s 1/O pins are very typical of some devices and more
complex than others. Regardless of your own feelings about the /O pins, you should be
aware of a few aspects of the pins.

1/O pins are associated to the bit number of the port where they belong. The maximum
size for an I/O port is eight bits (or pins) for one byte. The convention used by Microchip
is to label the pins according to their bit number and port where they’re associated.

The convention is:

R%#

Where % is the port letter (port A, port B, etc.) and # is the bit number.
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D "TRIS" Q
Ctrl_Write L. Register
S
el
T D PORT Q =
S| pin_write Register
Pin_Read

Standard PICmicro® MCU /0 pin block diagram

Using this convention, RB3 is port B, pin 3. I will use it throughout the book to label in-
dividual pins. In some places, you will see the convention:

PORT% . #

which uses the same values for 2 and # as the R%# format.

The TRIS (TRI-State buffer enable) register is used to control the operating mode of the
/0 pin. When the register is loaded with a 1 (which is the power-up default), the pin is in-
put only (or in Input mode), with the tristate buffer disabled and not driving the pin. When
a 0 is loaded into a pin’s TRIS bit, the tristate buffer is enabled Output mode and the value
that is in the Data Out register is driven onto the pin.

The TRIS register can be confusing in regard to where it is located in the low-end and
mid-range PICmicro® MCU’s register maps. In low-end devices, the TRIS register can
only be written to using the #is instruction. In mid-range (and higher) PICmicro® MCUs,
the TRIS register is often in a different bank from the port data register or use the fris in-
struction. These two methods are somewhat awkward to use and both have their own
quirks.

The tris instruction has the format:

tris PORT #

where #is A, B, or C. When this instruction executes, the contents of w are loaded into the
TRIS register for the specified port. If the TRIS value is going to be updated in the appli-
cation, then I recommend saving the value loaded into the TRIS register into a file register
and updating that (and saving it again) before executing. The #ris instruction code to do
this could be:

movilw OxOFF ~ (1 << Bit) ; Find the Bit to Reset
andwf TRIS#fSaveReg, f ; Update the Saved TRIS Value
movf TRIS#SaveReqg, w ; Use as the TRIS Value

tris PORT#
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The mid-range parts can execute the fris instruction, but it is not recommended by Mi-
crochip because support for it is not guaranteed for all future products. Personally, I would
not recommend it for use with mid-range devices simply because not all of the possible
registers can be controlled with this instruction. Mid-range PICmicro® MCUs can have
five I/O ports (PORTA through PORTE); the TRIS instruction can only access ports A, B,
and C, so access to D and E are not possible.

The recommended way to access the mid-range PICmicro® MCU’s TRIS registers is to
change the RPO bit of the STATUS register and read or write the register directly as:

bsf STATUS, RPO
moviw NewTRISA
movwf TRISA ~ 0x080
bcf STATUS, RPO

Notice that I XORed the TRISA register address with 0x080 to avoid any messages
telling you to check the page that is being accessed. TRISA is a bank 1 register and has bit
seven of its set; its address/value is 0x085. XORing 0x085 with 0x080 will return a value
of 0x005, which is a valid address within the 7 bit mid-range PICmicro® MCU bank.
Bank addressing is explained in greater detail in Chapter 3.

A number of hints that will make working with TRIS registers easier in the mid-range
PICmicro® MCUs can be translated to the PIC17Cxx and PIC18Cxx. The first is, notice
that putting a port bit into Output mode is loading it with a 0; putting it in Input mode is
loading it with a 1. [ always remember which is which by: 0 = Queput and 1 = Input. The
digit approximates the first letter of the corresponding word.

The second hint (and this can be used for other registers as well) is to use the assem-
bler’s arithmetic operations to figure out the TRIS bit pattern for you. The left shift can be
used to shift a 1 to a specific bit position.

For example, setting bit 2 could be accomplished by shifting 1 to the left twice:

1 << 2
4 ; “4” is Equal to 2 ** 2

Bit value

(Il

The << and >> operators shift a value by a specified number of bits, as shown. If an
application had to make all of port B’s I/O pins output, except for bits 2 and 5, the TRIS
value could be calculated and loaded into the TRIS register using the code:

bsf STATUS, RPO

moviw (1 << 2) + (1 << %)
movwf TRISB ~ 0x080

bef STATUS, RPO

If a register is predominantly input, with just a few outputs, then an initial value of
0xOFF (all input) could be XORed with the bits that are to be used for output. For exam-
ple, if all of the port C bits, except for bit 3 were in Input mode, the code:

bsf STATUS, RPO
moviw OxOFF ~ (1 << 3)
movwf TRISC

bcf STATUS, RPO
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could be used. This method takes all the thinking and converting out of determining bit
values, which eliminates a potential for errors.

Going back to Fig. 5-17, notice that the pin input is read from the I/O pin and not from
the DATA OUT register. This is important to remember because sometimes this arrange-
ment will cause problems. This issue seems to be unique to the PICmicro® MCU; other
microcontrollers (including the PIC18Cxx) either have a separate input address or have a
method of selecting which (the data out register or the pin) to read, based on whether or
not the pin is input or Output mode.

The problem lies in that many instructions read and write the register contents in ways
in that you would not expect. Probably the biggest culprits of this are the bcf/bsf
instructions, which perform a register read, bit OR or AND, and then write the new value
back to the register. There is the opportunity that a port bit will be in Input mode with a
specific value set into it. If the pin is at a different value, then this value will be read and
written back by the PICmicro® MCU. This problem is covered elsewhere in the book and
I have included an experiment showing how it can be a problem for you. The best way to
avoid this issue is to always write the desired output values to the port register before
changing the TRIS register.

I wish I kept track of problems that people report on the PICList; I would bet that the
number one or two problem encountered by people is with RA4 or PORTA.4 pin
(Fig. 5-18). This pin is an open drain, which can be used on a pulled-up dotted AND bus.
When RA4 is used by most people for the first time (I’'m guilty of this as well), they for-
get or don’t realize that the pin does not have the ability to drive a high voltage and can’t
understand why this pin seems to be broken.

This pin cannot drive a positive voltage out unless it is pulled up (I normally use a 1K
to 10-K resistor, depending on the input capacitance of what is being driven).

Also notice that this pin has a Schmidt trigger input, which has a different threshold
voltage for signals going low to high than the threshold for going high to low (Fig.
5-19).

D "TRIS" Q
Ctrl_Write L. Register
n
@ —X
8 D PORT Q_;D—@
S| pin_write— > Register 1
<] <
Tl ~
Schmidt
Pin_Read Trigger
- Input

PORTA bit 4 I/O pin block diagram
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Input
Signal \Low—to- High-to-
high low

threshold threshold
(rising edge) (falling edge)

trigger data signal “edges”

The purpose of the Schmidt trigger is to provide Aysferesis for an input signal and try to
eliminate some “bouncing” errors. This input causes RA4 to behave differently than other
I/O pins in some circumstances; most notably, this pin should never be used for an RC cir-
cuit to read a potentiometer’s position. In this case, the Schmidt trigger input will allow
some cutrent flow from the pin into it, which affects the resuit of the potentiometer read
operation.

A feature you should be aware of in the mid-range parts is the availability of a control-
lable pull-up on the PORTB pins. This pull-up is controlled by the _RPBU bit of the OP-
TION register and is enabled when this bit is reset and the bit itself is set for output. The
port B pin block diagram is shown in Fig. 5-20.

The “weak” pull-up is approximately 50 K and can simplify button inputs, eliminating
the need for an external pull-up resistor.

Changing pin inputs can initiate interrupt requests to the processor. The function that is
normally used is the RBO/INT pin, which can request an interrupt (if the INTE bit is set in
the INTCON register). An interrupt request can be made on rising or falling edges, as se-
lected by the INTEDG bit of the OPTION register. If INTEDG is set, interrupts can be re-
quested on the rising edge of signal into RBO/INT. INTEDG reset will cause an interrupt
on a falling edge. I like to think of the RBO/INT interrupt request hardware as the block
diagram shown in Fig. 5-21.

RPBU
Vdd
p "TRIS" Q
Ctrl_Write L. Register [ Weak
g Pull up
[a1]
© D PORT Q ) - X
S| pin_write—f Register
ﬂ
Pin_Read

Standard PICmicro® Mcu /0 pin block diagram
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INTEDG INTE
Interrupt
N Request
M (sets INTF)
Schmidt
Trigger
Input

“RBO/INT” input interrupt circuitry

Once the interrupt is acknowledged by the processor, the INTF bit of the INTCON reg-
ister has to be reset to enable another interruption RBO/INT pin transition. The interrupt
request goes through a Schmidt trigger buffer, but the STD interface pin does not. This
will affect the loading of the pin somewhat.

The other type of interrupt that can be requested from the I/O pins is the port B change
on interrupt. If the RBIE bit of the INTCON register is set, then any changes to the RB4 to
RB7 pins while they are in Input mode will request an interrupt on port change and set the
RBIF flag in the INTCON register. To clear this interrupt request, PORTB must be first
read to set the current value that is followed by resetting the RBIF flag.

The port change on interrupt is only available on RB4 to RB7 when they are in Input
mode. Changing the state of any of these pins while they are in Output mode will not cause
a port change interrupt request.

This interrupt is a bit tricky to use, but remember that PORTB should never be polled to
eliminate any possibilities of an unexpected interrupt request reset occurring before it can
be acknowledged. To avoid this problem, when I use the port change interrupt feature, I do
not make any other PORTB pins inputs except for the Interrupt Sources.

12C5XX AND 16C505 1/0 PIN ACCESSING

I really like 12C5xx parts and the 16C505, but the first time you use them, you will prob-
ably find that you cannot access all the I/O pins by default. Some of the pins are seemingly
lost in a morass of configuration fuses and features. I found that the first time I used the
12C508, it took me two hours (with a lot of erasures) to figure out how to do it. This sec-
tion is devoted to giving you the information to avoid this and go straight ahead and use
the 12C5xx or 16C505 with the built-in oscillator and reset without experiencing any nasty
surprises or “missing pins.”

It is unfortunate that these functions are not the default values for the device. In the
12C5xx’s case, the addition of an external reset and clock drastically reduces the usability
of the parts. In fact, these built-in features are the only reason why I select these parts in
the first place.

The built-in oscillator is selected by the INTRC_OSC parameter of the _ CONFIG
statement in your source file. When the PICmicro® MCU is programmed, a value for the
calibration register (OSCCAL) has to be inserted. By convention, a:

movlw OSCCAL-value
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is put in at the reset address and then at address zero (when the program counter overflows
and resets to zero), this value is saved into the OSCCAL register using a:

movwf OSCCAL

instruction.

When choosing the programmer that you are going to use for this part, be sure that it can
read the calibration value of the PICmicro® MCUs with the built-in oscillator feature and
that it can program the calibration value into the application. This calibration value should
be specified by the user separately from the application’s .HEX file.

This type of programmer, although providing the basic functions required, is going to be
difficult to work with. You should select a programmer that will read the factory-set cali-
bration value and allow it to be programmed into the device separately from the application.
This will reduce the opportunities for errors when working with the internal oscillator.

It almost shouldn’t have to be said, but when you get a new windowed (JW) PICmicro®
MCU with the internal oscillator feature, you should read it out and write it on the part it-
self. I put a label on the underside (Fig. 5-22), but other people scratch the value in or write
it on the back in a light ink or paint.

Notice that combination values cannot be predicted. Figure 5-22 shows the calibration
values from a number of PIC12C508 JWs (Windowed) that I bought at the same time, all
marked with the same lot code. The values of the various parts’ calibration values were:

B 0x0DO0
®m 0x090
m 0x030

8 PIN PICmicro® MCU with the calibration valve marked on the

backside
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| 0x080
m 0x0A0
® 0x090

Notice that there is no consistency.

Developing your own calibration value could be done by trying values out against a cal-
ibrated PICmicro® MCU and seeing which value has the minimum difference in timing
with the calibrated device. But it is much easier to record the factory calibration value
when you first buy the part before you program it.

The internal reset is enabled by the _.MCLRE_ OFF parameter of __CONFIG. This pa-
rameter disables the external (the £in _MCLRE_OFF) _MCLR pin and ties the PICmicro®
MCU’s internal reset to ;. The _"MCLR pin now becomes an input pin for the application.

Once the _IntRC_OSC and _MCLRE_OFF parameters are put in to the _ CONFIG
statement and the OSCCAL value in w is saved, you will find that the pin that provides the
clock input (GP2 in the 12C5xx) cannot be used for I/O. This is because of the reset value
of the TOCS bit of the OPTION register being set, which causes the pin to be selected for
TMRO input. This overrides the I/O functions of the pin. Simply resetting the bit in the OP-
TION register will allow the pin to be used for normal I/O.

When I create a PIC12C5xx or PIC16C505 application, the initial code that I use is:

__CONFIG _MCLRE_OFF & _IntRC_0SC ; Add Application Specific
; “CP” and “WDT” parameters
org 0
movf OSCCAL
moviw OxQFF ~ (1 << TOCS)
option
A11 1/0 pins are NOW Available and Internal 4 MHz Clock is Running
- Start Application

There are a few points to remember. First, notice that the pin that can be used for
_MCLR is only available for input. Secondly, this pin is not clamped with diodes inside
the PICmicro™ MCU and is used for the ¥, pin, which means that high-voltage inputs
could reset the PICmicro® MCU and put it into Programming mode. Lastly, remember
that any and all writes to the OPTION register must keep the TOCS bit at reset or the bit
that can be used for TMRO input might stop being 1/0 capable.

Interrupts

I recommend that you use interrupts in your applications because they can simplify the ef-
fort required to write the application code and allows code that can respond to inputs much
faster. The book also covers how interrupt-handler software is written and what to look
for. This section covers the mid-range PICmicro® MCU’s interrupt hardware and how the
PICmicro® MCU processor responds to an interrupt request. The PIC17Cxx and
PIC18Cxx parts behave similarly and most of the information provided here is applicable
for the interrupt hardware built into them.
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TABLE 5-7 Mid-Range PiCmicro® MCU “INTCON” Register Definition

BIT DESCRIPTION

GIE—Global interrupt Enable
Device Specific

TOIE-—TMRO0 Overflow Interrupt Enable
INTE-—RBO/INT Pin Interrupt Enable
RBIE—PORTB Input Change Interrrupt Enable
TOIF—TMRO Overflow Interrupt Bequest Active
INTF—RBO/INT Pin Interrupt Request Active ]

RBIF-——PORTB Input Change Interrupt Request Active

In the mid-range PICmicro® MCU, the INTCON register is the central focus point for
interrupts. This register is used to globally enable interrupts and control the response to
different interrupt inputs. The register consists of four different bit types and is located at
address 0x0B, in all active register banks. The bit usage is similar for all mid-range de-
vices. All the bits are positive (set) active.

The GIE bit must be set for interrupt requests to be passed to the processor. This bit can
globally prevent (mask) or allow (unmask) interrupt requests to go to the processor. If a
crucial section of code is being entered, by resetting this bit, the interrupt request will be
ignored. This bit is reset upon acceptance of the interrupt request and then set upon exit
from the interrupt handler.

The INTCON bit names that ground in “E” are the interrupt enable flags. When these
bits are set, any incoming interrupt requests will set the corresponding interrupt request ac-
tive flags, which has a bit name that ends in “F.” The request active flag must be reset in
hardware and is not reset automatically by the operation of the interrupt acceptance (which
I also call acknowledgment elsewhere in the book). As well, the requesting hardware
might have to be reset before the F (request active flag) can be reset.

In Fig. 5-21, if the E bit for the INT interrupt source is set, then interrupt requests, will
request an interrupt of the PICmicro® MCU processor if the GIE bit is set.

When the processor receives the interrupt request, it completes the current instruc-
tion before jumping to the interrupt vector. Instruction execution in the PICmicro®
MCU can be one or two cycles long and, when added to the two-instruction delay for
calling the interrupt handler, the total delay (which is known as interrupt latency) is
three or four instruction cycles. In the mid-range devices, the interrupt vector’s address
is 0x00004 for all interrupt sources. What happens during execution is shown in
Fig. 5-23.

The PIC17Cxx’s interrupt execution varies from this in one respect: different interrupt
sources result in jumps to different interrupt address vectors, according to their priority.
Table 5-8 lists the interrupt sources, the vector addresses, and their priorities.

e b e S s e |

o
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Interrupt

As noted, when the processor jumps to the interrupt vector, the GIE bit is reset. The re-
turn address (the address of the instruction after the interrupted one) is saved on the pro-
gram counter stack. With GIE reset, no subsequent interrupts can stop the interrupt
handler’s execution.

Elsewhere, the book covers setting GIE to allow nested interrupts (interrupts that are ac-
knowledged from within an executing interrupt handler). Because of the lack of a data
stack in the PICmicro® MCU’s processor, I do not recommend setting the GIE bit within
the interrupt handler. Instead, it should be set by the retfie instruction after the one that the
interrupt execution jumped from.

Interrupts will execute and return properly from any instruction or instruction combina-
tion. Some reports stated that mid-range interrupts would have problems if they were ac-
knowledged after a PCL update, but this is not true; there are no PICmicro® MCU hardware
deficiencies when interrupts can execute.

In the mid-range parts, three interrupt sources are handled from within the INTCON
register. The TOIF and TOIE bits allow an interrupt request when TMRO overflows (equal
to 255 or 0x0100). The second responds to an input on the RBO pin, (usually marked
RBO/INT by Microchip), when the input on the pin goes high or low (depending on the
OPTION register state).

The last interrupt source, PORTB change interrupt requires some comments because
there is some confusion about the operation of this interrupt.

The PORTB change interrupt will request an interrupt if any of the RB7 to RB4 pins,
which are in Input mode, change state. The pins will not request an interrupt if they are in
Output mode. To reset the interrupt, PORTB must be read before resetting the RBIF flag.
If this is not done, the RBIF flag will remain set and requesting an interrupt no matter if
you try to reset it.

Along with these three interrupt sources, many PICmicro® MCUs have a number of
built-in peripherals that can request interrupts to allow these additional sources. Bit six of

TABLE 5-8 PIC17Cxx Interrupt Vector Definition

INTERRUPT SOURCE VECTOR ADDRESS PRIORITY

| RAO/NT PIN 0Xx00008 1 (highest)

TMRO Overflow 0x00010 2
External Timer1 Interrupt 0x00018 3
Peripheral Interrupts 0x00020 4-(longest)
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INTCON can be used as another E bit (with the F bit in another register) or an enable bit for
the “PIE” and “PIR” registers which contains the mask and control bits for the other sources.

There can be one or two sets of PIE and PIR registers, according to the features built
into the PICmicro® MCU. Unfortunately, there doesn’t seem to be any convention used
for how the bits are set. But by looking at the device data sheet, you will get a specifica-
tion for the interrupt bits.

TMRO

TMRO is the basic eight-bit timer available to all PICmicro® MCUs. Although the low-
end PICmicro® MCUs do not support interrupt requests from TMRO (the other PICmi-
cro® MCU architectures do), TMRO can still provide many useful functions for
applications. TMRO has a few peculiarities with regard to its operation that you should be
aware of, but for the most part, it is quite straight forward to use. Some example applica-
tions using it are presented later in the book.

TMRO is an eight-bit incrementing counter that can be preset (loaded) by application
code with a specific value. The counter can either be clocked by an external source or by
the instruction clock. Each TMRO input is matched to two instruction clocks for synchro-
nization. This feature limits the maximum speed of the timer to one half of the instruction
clock speed. The TMRO block diagram is shown in Fig. 5-24.

The TOCS and TOCE bits are used to select the clock source and the clock edge that in-
crements TMRO (rising or falling edge). These bits are located in the OPTION register that
is covered later in the chapter.

The synchronizer is a glitch-elimination feature of the PICmicro® MCU. This circuit
only updates TMRO when two instruction cycles have passed without a change to the in-
put. For most applications, this circuit means that TMRO is updated after two instruction
cycles have passed.

TMRO can be driven by external devices through the TOCKI pin. The TOCKI pin is
dedicated to this function in the low-end devices (although, in the 12CSxx and 16C505
PICmicro® MCUs, the pin can be used for digital I/O). In the other PICmicro® MCU ar-
chitectures, the pin can also be used to provide digital I/O. When a clock is driven into the
TMRO input, the input is buffered by an internal a Schmidt trigger to help minimize noise-
related problems with the input.

TOCS TOCE
External
ClOCk 1 Synchronizer 1
[ | TMRO [l
Instruction F Counter
Clock 0 0 o
> [2 A
]
©
Qa

TMRO block diagram
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The input to TMRO can be made with and without the prescaler, which provides a
divide-by feature to the TMRO input. As covered later in the chapter, the prescaler can
count anywhere from one to 128 cycles before passing along an increment signal to the
PICmicro® MCU.

For the low-end and mid-range PICmicro® MCUs, TMRO is located at register address
0x001. The contents of TMRO can be read from and written to directly. Always remember
that when TMRO is being updated, the synchronizer (and prescaler if connected) will be
reset.

As shown in the experiments chapter, if TMRO is polled for being equal to zero using
the code:

movf TMRO, f
btfss STATUS,Z
goto $ - 2

and a 4 : 1 or greater prescaler is used with TMRO, it will loop forever. Even if the prescaler
is not used, you will find that the delay will be twice as long as you would expect because
the movf TMRO, finstruction will reload TMRO and reset the synchronizer. This mistake is
very common and 1 know of many people that have not quite believed this until they sim-
ulated it and saw it actually happening.

When polling TMRO, the code:

mov f TMRO, w ; Load “w” with the contents of TMRO
btfss STATUS, Z ; Skip if the Result is Equal to Zero
goto $ -2

should be used.

It might seem unusual to poll TMRO for reaching zero because the timer is incremented
with each synchronized clock tick, instead of checking it against a specific value, but this
is the conventional way to check the result. In the mid-range, PICmicro® MCU’s TMRO
interrupt is requested when TMRO rolls over or overflows from 0xOFF to 0x000, so this
method fits in well with the interrupt request.

Remember that the bcfand bsf instructions (as well as any others that read and store data
into TMRO} will reset the synchronizer (and prescaler if selected) and can affect the oper-
ation of your application in unexpected ways.

In the mid-range (and higher) PICmicro® MCU architectures, when TMRO transitions
from 0xOFF to 0x000, an interrupt request can be generated. This is first accomplished by
loading TMRO to the specified delay value and then setting the TOIE bit and resetting to
0x000. TOIF will be set and, if GIE is set, the interrupt request will be acknowledged.

Any time that TMRO transitions to 0x000 from OxOFF, the TOIF flag will be set. This
flag must be reset explicitly before enabling TMRO interrupts to prevent the chance for in-
valid interrupt request when the TMRO interrupt is enabled and TMRO has already over-
flowed. The TOIF (TMRO Interrupt Request Flag) must be reset in the interrupt handler. It
is not reset automatically when the interrupt request is acknowledged.

Creating specific delays with TMRO is a bit unusual because of the function of counting
up to 0x000 from OxOFF. As covered in the next section, calculating the initial TMRO
value to provide a specific delay requires essentially negative logic. Although it isn’t hard
to understand and do, it is not completely intuitive.
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CALCULATING DELAYS

One of the basic operations of a timer is to provide a set time delay. In many of the exper-
iments and applications, I often use TMRO to request an interrupt after a specific time de-
lay. It isn’t difficult to use a timer to calculate a delay, although you should be aware of a
few things before you attempt it.

First, the interrupt is requested when TMRO overflows or equals 256. 255 or 0xOFF is
the largest value that can be saved in the bit timer register. 0xOFF does not cause an inter-
rupt (although an interrupt will be requested when the timer increments or overflows to
256 or 0x0100). Therefore, the delay is calculated for the time when the timer equals 256
and not 255.

The initial timer value must be the number of clock increments (or “ticks™) required
to get to 256 within a specific period of time because the timer can only count up. To cal-
culate the initial value (with no prescaler, described later), the following formula is
used:

TMRO initial = 256 — delay cycles

The delay cycles value is found by taking the delay time, dividing by the frequency, and
multiplying by 4. The result is divided by two because the input to TMRO divides the cy-
cles by two.

delay cycles = (delay time * frequency/4)/2
= delay time * frequency/8

These formulas can be used to calculate a 160-us delay in a 4-MHz PICmicro® MCU
application, Starting with the second formula, the number of delay cycles timed is calcu-
lated as:

delay cycles = delay time * frequency/8
= 160 us * 4MHz/8
160 (10-6) secs * 4(10-6)/secs/8
= 160 * 4/8
= 80

I

This value is then used to calculate the initial timer value, using the first formula:

initial = 256 — delay cycles
= 256 — 80
=176

So, to delay 160 us before a TMRO overflow interrupt in a PICmicro® MCU running at
4 MHz, an initial value of 176 must be loaded into TMRO.

For longer delays than 512 cycles, the prescaler can be used to divide the number of
cycles input into the timer. The prescaler, as covered in the next section, divides the in-
coming data by powers of two from [ to 128.

When calculating the delay, the delay cycles are continually halved until the value is
less than 256. For example, if a delay of 5 ms was required; before TMRO in the
4-MHz PICmicro® MCU could be initialized, the delay cycles would be calculated as:
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delay cycles = delay time * frequency/8
= 5ms * 4 MHz/8
= 5(1073) secs * 4(106)/secs/8
= 5(103)/2
=2.5(103)
= 2,500

Because the calculated delay cycles are greater than 256, it is continually divided by 2
to get an appropriate prescaler divisor. Dividing by 2, the delay count would be 1,250,
which is still greater than 256. Divided by 2 again, delay count would be 625, which is also
greater than 256. Dividing the original value by eight yields a delay count of 312.5. Fi-
nally, dividing the original by 16 yields a delay count of 156.25. Rounding it off, the value
can be put into the initial value formula.

initial = 256 — 156
=100

Now, the rounding that 1 did (taking off 0.25) will result in a difference of four cycles
between the actual delay of 5 ms and the delay calculated within TMRO. If this is a crucial
loss, then I suggest you do one of two things. First, you can add four delay cycles to your
code, which can be four nops, a dummy call, or even delaying loading the timer by four in-
struction cycles.

If the rounding of four cycles is that crucial to your application (a loss 0f 0.32 percent in
delay accuracy), then I recommend that you dispense with this method altogether and use
an inline delay method described elsewhere in this book. I’'m not trying to be facetious; a
few cycles over a long period of time can cause significant problems in some applications.
I am also making this suggestion because of the unpredictable interrupt response latency
that can happen if a two-instruction-cycle instruction is executing when the interrupt is re-
ceived. Another case for the unpredictable interrupt latency is if the interrupt request is re-
ceived after the bit is polled in the PICmicro® MCU execution state machine.

Prescaler

The prescaler is a power-of-two counter that can be selected for use with either the watch-
dog timer or TMRO. Its purpose is to divide the incoming clock signals by a software-
selectable power of two value to allow the eight-bit TMRO to time longer events or in-
crease the watchdog delay from 18 ms to 2.3 s.

The prescaler’s operation is controlled by four bits contained within the OPTION
register. “PSA” selects whether the watchdog timer uses the prescaler (when PSA is set)
or TMR uses the prescaler (when PSA is reset). Notice that the prescaler has to be assigned
to either the watchdog timer or TMRO. Both functions are able to execute with no prescaler
or with the prescaler’s delay count set to one, then the prescaler is effectively “turned” off.

The prescaler itself is a power-of-two counter, with the trigger point selected by the
PSO, PS1, and PS2 bits of the OPTION register. I call prescaler operation as power of two
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PS2—PS0

TABLE 5.9 Prescaler Values to Delays
PRESCALER DELAY

000
001
010
011
100
101
110

1 cycle

2 cycles

4 cycles
8 cycles
16 cycles
32 cycles
64 cycles

111 ; 128 cycles

wWOT
Config
Enable

PSA
1

X Prescaler
=[] (PS2:PS0)

2

Synch

Oscillator
Clock Y

TOCS

Mux

TOCKI y ;

Pin
TOSE—lV

cro® MCU prescaler
circuit

— TMRO

because the number of cycles delay is a function of the PSA bit value. Table 5-9 shows the
prescaler cycle delay for varying values of the PS# bits.

For PS2 to PSO equal to 011 one of every eight clock cycles input into the prescaler will
be passed to the device that the prescaler is driving.

The watchdog timer and TMR(’s block diagrams can be combined with the prescaler to
show how the functions work (Fig. 5-25).

The OPTION Register

The OPTION register is a cornerstone register for the operation of the PICmicro® MCU. The
register controls the operation and delay of the prescaler, selects the clock source and speci-
fies the operation of the interrupt source pin. It is a very useful register. You should always
keep it in the back of your mind and be sure that it is set up properly for your application.
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In the low-end devices, the OPTION register is defined in Table 5-10. Updating the
OPTION register in the low end, requires the option instruction which moves the
contents of w into the OPTION_REG (which is the MPLAB label for the OPTION
register).

The mid-range device’s option register is similar, but does not have any device-specific
bits (Table 5-11). The mid-range device’s OPTION register can be written to using the op-
tion instruction, like the low end, or by setting the RPO bit or the STATUS register and ac-
cessing it at address one. The address of the OPTION_REG is 0x081 or 0x001 in bank 1
of the address space.

Using the option instruction is not recommended in the mid-range devices and might
not be supported in them in the future. Instead, writing to it directly from bank 1 should be

TABLE 5-10 Low-End PICmicro® MCU “OPTION” Register Definition

LABEL/FUNCTION

. GPWU-—Enable wakeup on pin change ] Device Specific
_ GPPU-—Enable /O PonrtB Weak Puli-ups - ] Device Specific
TOCS—TMRO clock source select

1—Tockl pin

O—Instruction clock
TOSE—TMRO Increment Source Edge Select

1—High to Low on Tockl Pin

0—Low to High on Tockl Pin
PSA—Prescaler Assignment Bit

1—Prescaler Assigned to Walchdog Timer

0D—Prescaler Assigned to TMRO
PS2-PSO - Prescaler Rate Select

000—1:1
001-—-1:2
010—1:4
011—1:8
100—1:16
101—1:32
110—1:64
111=—1:128
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TABLE 5-11 Mid-range Picmicro® MCU “Option” Register Definition

LABEL/FUNCTION

_ RBPU-—Enable PortB Weak Pull-ups
1—Pull-ups Disabled

0—Pull-ups Enabled
INTEDG—Interrupt Request On:

1—low to high on RBO/INT

; O0—high to low on RBO/INT
. TOCS—TMRO clock source select

1—Tockl Pin

O—lInstruction Clock
TOSE—TMRO Update Edge Select

1—Increment on High to Low

0—Increment on Low to High
PSA—Prescaler Assignment Bit

1—Prescaler Assigned to Watchdog Timer

0—Prescaler Assigned to TMRO
PS2-PS0—prescaler rate select

000—1:1
001-—1:2
010—1:4
011—1:8
100—1:16
101—1:32
110—1:64
111--1:128

used always and, except for a few special cases (explained later), the option instruction
should never be used.

The PIC17Cxx PICmicro® MCU’s do not have an OPTION register because many of
the functions continued by option are either not present (such as the prescaler and PORTB
weak pull-ups) or are provided in other registers. The PIC18Cxx provides a mid-range
“compatible” OPTION register, but it is not at the same address as the mid-range devices.
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Mid-Range Built-In
EEPROM/Flash Access

An increasingly popular feature in PICmicro® MCU devices is the availability of built-in
EEPROM memory that can be used to store configuration, calibration, or software data. In
one of the example applications, I use it to store application source code. In the mid-range
devices, this feature can be accessed using the registers. In some low-end devices,
EEPROM is accessed as if it were an 12C device attached to the PICmicro® MCU. The
next section covers how these devices work.

Along with accessing data, some Flash devices (the 16F62x and 16F87x) can also read
and write Flash program memory from within the application. This is useful for storing
larger amounts of data in a nonvolatile memory and changing applications, as I do in the
EMU-II emulator presented later in this book. The differences between data EEPROM I/O
and program memory Flash [/O are covered at the end of this section.

For data EEPROM 1/O, you should be aware of four registers: EECON1, EECON2,
EEADR, and EEDATA. These registers are used to control access to the EEPROM. As
you would expect, EEADR and EEDATA are used to provide the address and data inter-
face into the up to 256-byte data EEPROM memory. EECON and EECON2 are used to
initiate the type of access, as well as indicate that the operation has completed. EECON2
is a pseudo-register that cannot be read from, but is written to with the data, 0x055/0x0AA
to indicate the write is valid.

EECONI contains the bits for controlling the access that are shown in Table 5-12.
These bits can be in different bit positions in different devices, which is why I have not
specified the bit values in Table 5-12.

Using these bits, a read can be initiated as:

movf / moviw address/ADDR, w

TABLE 5-12 Critical EECON1 Bits

FUNCTION

Set to Access Program Memoty. Reset to Access Data EEPROM only
in 16F62x and 16F87x.

Set if a write Error is Terminated early 10 indicate Data Write may not

have been Successful.
When set, a write to EEPROM begins.

WR Set 1o indicate an upcoming Write Operation. Cleared when the Write
Operation is complete.

RD Set to indicate Read Operation. Cleared by next Instruction Automati-
cally. '

W
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bcf STATUS, RPO

movwf EEADR

bsf STATUS, RPOQ

bsf FECONT, ~ 0x08, RD

bef STATUS, RPO

movf EEDATA, w ; w = FEEPROM [address/ADDR]

In this code example, it is assumed that these registers are in banks 0 and 1, which is true
for the 16F84. But for devices like the 16F87x, where the ADC registers use these ad-
dresses, the EEPROM register addresses are actually in banks 2 and 3. The read operation
must have a bsf STATUS, RP1 at the start and bcf STATUS, RP1 at the end:

movf /moviw address/ADDR, w

bsf STATUS, RP1

bcf STATUS, RPO

movwf EEADR ~ 0x0100

bsf STATUS, RPO

bsf EECON 1 ~ 0x0180, RD

bcf STATUS, RPO

movf EEDATA ~ 0x0100, w ; w = EEPROM [address/ADDR]
bef STATUS, RP1

Write operations are similar, but have two important differences. The first is that the op-
eration can take up to 10 ms to complete, which means the WR bit of EECONI1 has to be
polled for completion or in the EPROM interrupt request hardware enabled. The second
difference, as mentioned, is that a timed write must be implemented to carry out the oper-
ation.

The code to carry out an EPROM write could be:

moviw /movf constant/DATA, w

bcf STATUS, RPO

movwf EEDATA

moviw /movf address/ADDR, w

movwf EEADR

bsf STATUS,RPO

bsf EECONL ~ 0x080, WREN

bcf INTCON,GIE

mov 1w 0x055 ] CRITICAL SECTION

movwf EECONZ ~ 0x080 ]

mov 1w Ox0AA ]

movwf EECON2 ~ 0x080 ]

bsf EECONL ~ 0x080, WR ]

bsf INTCON, GIE

btfsc EECONL ~ 0x080, WR ] Poll for Operation Ended
goto $ -1 ]

bef EECONL ~ 0x080, WREN

bef STATUS, RPO

bsf INTCON, GIE

For the devices with the EE access registers in banks 2 and 3, this code is modified in
the same manner as the EEPROM read code.

Notice that EEPROM cannot be accessed in any way until WR is reset; otherwise, there
will be a WRERR.

The critically timed code is used to indicate to the EEPROM access-control hardware
that the application is under control and that a write is desired. Any deviation in these in-
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structions (including interrupts during the sequence) will cause the write request to be ig-
nored by the EEPROM access-control hardware.

Instead of polling, after the WR bit is set, the EEIE interrupt-request bit can be set. Once
the EEPROM write has completed, the EEIF file is set and the hardware interrupt is
requested.

For the 16F62x and 16F87x PICmicro® MCUs, program memory can be read or writ-
ten to in a similar way to EEPROM data memory. The difference is the inclusion of the
EEPGD bit in EECONI1 that is not present in the devices with just EEPROM data mem-
ory. In the devices that do have programmable data and program memory, this bit should
always be set (program memory) or reset {(data memory), according to the memory access.

Along with the inclusion of the EEPGD bit, two additional registers are used to address
and access the greater than eight-bit data and number of address bits. These bits are known
as (not too surprisingly) EEADRH and EEDATH. Notice that the maximum data value for
EEDATH is 3F because 14 bits per instruction is used for program memory.

To read to program memory, the following code is used for the 16F87x. Notice the two
nops to allow the operation to complete before the instruction is available for reading:

bsf STATUS, RP1

movlw /movwf LOW address/ADDR, w

movwf EEADR ~ 0x0100

moviw /movwf HIGH address/ADDR, w

movwf EEADRH ~ 0x0100

bsf STATUS, RPO

bsf EECON1 ~ 0x0180, EEPGD

bsf EECONI ~ 0x0180, RD

nop

nop

bef STATUS, RPO

movf EEDATA, w

movwf - ; Store Lo Byte of Program Memory
movwf EEDATH, w

movwf .- ; Store Hi Byte of Program Memory
bcf STATUS, RP1

Writing to program memory is similar to writing to data, but also has the two nops in
which the operation occurs. No polling or interrupts are available for this operation. In-
stead, the processor halts during this operation. Even though the processor has stopped for
a program memory write, peripheral function (ADCs, serial 1/0, etc.) are still active.

bsf STATUS, RP1

movilw /movf LOW address/ADDR, w

movwf EEADR

moviw /movwf HIGH address/ADDR, w

movwf EEADRH

moviw /movwf LOW Constant/DATA, w

movwf EEDATA

movlw /movwf HIGH Constant/DATA, w ; Maximum Ox03F
movwf EEDATH

bsf STATUS, RPO

bsf EECON1 »~ 0x0180, EEPGO

bsf EECON1 ~ 0x0180, WREN

bcf INTCON, GIE ] Critically
mov 1w 0x055 ] timed
movwf EECONZ ~ 0x0180 ] code.
mov 1w 0x0AA ]
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movwf EECON2 ~ 0x0180, OR ]

nop 1 operation
nop ] executes
bcf EECONI ~ 0x0180, WREN

bsf INTCON, GIE

LOW-END BUILT-IN DATA EEPROM

The low-end architecture, with its 32-address register page does not have many registers
or space that can be devoted to advanced peripheral I/O functions. For this reason, when
the PIC12C5xx parts were given built-in EEPROM (and called the PIC16CE5xx), a fairly
clever interface had to be developed. This interface consists of connecting the EEPROM
within the PICmicro® MCU as if it were an external 12C device. Reading and writing data
is more complex than in the mid-range devices (where there are registers for I/0 opera-
tions). But the read/write operations are relatively simple to code.

The EEPROM-included PIC12CE5xx parts use the most significant bits of the GPIO
(General-Purpose 1I/0) register and its corresponding TRIS register. The PICI12CE5xx’s
EEPROM interface is shown in Fig. 5-26.

As shown in Fig. 5-26, GPIO bits 6 and 7 do not have TRIS control bits. As well, bit 6
(the 12CEEPROM bit, SDA) has an open-drain driver. This driver circuit is designed to let
both the PICmicro® MCU and the EEPROM drive the data line at different intervals with-
out having to disable the output bit writing to the EEPROM.

Information is written to the EEPROM device using the waveform shown in Fig. 5-27.
Note that for timing I use instruction cycles for a PICmicro® MCU running at 4 MHz.

The start and stop bits are used to indicate the beginning and end of an operation and can
be used halfway through to halt an operation. The start and stop bits are actually invalid
cases (data cannot change while one clock is active or high).

Low-End [Pata? Latch ° Vg
PICMicro > EEPROM
Core
Read Data
bataé Latch_o}———
<=
Datab-0 . GPlO Read [\ x|/O
Latch Pins
— GPIO
TRIS
/
Read

PIC12CE5xx EEPROM interface
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This operation means that the GPIO port must be accessed carefully; always be sure that
the SDA and SCL GPIO bits have a “1” in them or else the built-in EEPROM might be ac-
cessed incorrectly, causing problems with subsequent reads. You should never use the in-
struction:

clrf GPIO

Data is written most-significant bit first, which is probably backwards to most applica-
tions. Before any transfer, a control byte must be written. The control byte’s data is in the
format:

Ob01010000R

where R is the Read/_Write byte (indicating what is coming next). If the read/write bit is
set, then a read of the EEPROM at the current address pointer will occur. If a write is to
take place, the read/write bit is reset.

After a byte is sent, the SDA line is pulled low to indicate an acknowledgment (ACK or
just A, in the bit-stream representations). This bit is set low (as an acknowledgment) when
the operation has completed successfully. If the acknowledgment bit is high (NACK), it
does not necessarily mean there was a failure; if it is issued by the EEPROM, then it indi-
cates that a previous write has not completed. The PICmicro® MCU will issue it to stop
the EEPROM from preparing to send additional bytes out of its memory in a multibyte
read.

Five operations can be carried out with the EEPROM that is built into the PIC12CESxx.
They are:

1 Current address set

2 Current address set/data byte write

3 Data byte read at current address

4 Scquential (multibyte) read at current address
5 Write completion poll

The EEPROM in the PIC12CE5xx is only 16 bytes in size. Each byte is accessed using
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a four-bit address. This address is set using a control byte with the R bit reset, followed by
the address. The bit stream looks like:

idle - Start - 1010000A - 000CaddrA - DataByteA - Stop - idle

In the second byte sent, the 0b00000addr pattern indicates that the four addr address bits
become the address to set the EEPROM’s internal address pointer to for subsequent oper-
ations.

After the two bytes have been sent, the SCL and SDA lines are returned to IDLE for
three cycles, using the instruction:

moviw 0x0C0
jorwf GPIO,f ; set SDA /SCL

before another operation can complete.
The address data write is similar to the address write, but does not force the two lines
into IDLE mode and it passes along a data byte before stopping the transfer:

Idle - Start - 10100000A - 0000addrA - DataByteA - Stop - idle

Data bytes can be read singly or sequentially, depending on the state of ACK from the
PICmicro® MCU to the EEPROM after reading a byte. To halt a read, when the last byte
to be read has been received, the PICmicro® MCU issues a NACK (“N” in the bitstream
listing) to indicate that the operation has completed.

A single-byte read looks like:

idle - Start - 10100001A - DataByteN - Stop - idle
A two-byte read looks like:
idle - Start - 10100001A - DataByteA - DataByteN - Stop - idle

The last operation is sending dummy write control bytes to poll the EEPROM to see
whether or not a byte write has completed (10 ms are required). If the write has completed,
then an ACK will be returned or else a NACK will be returned.

One point on the Flash15x-ASM code is referenced in the 12CESxx data sheet and
found on the Microchip Web page. This file is designed to be linked into your application
and provide the necessary 12C routines to access the EEPROM memory. Unfortunately,
this file is quite difficult to set up correctly and there are no instructions for using it.

If you want to use the Flash15x.ASM file, here are some hints that should make it easier:

1 Install the Flash15X.ASM code so that it occupies memory in the first 256 bytes of the
PICmicro® MCU. The file should not be put at the start of program memory because
this will interfere with the PICmicro® MCU’s reset.

2 Declare EEADDR and EEDATA in your file-register variable declarations.

38 Be sure that the #define emulated line is commented out or changed. If this line is left
in, code will be generated that will attempt to write to the SDA and SCL bits (which
don’t exist); in the process, it will set all of the GPIO bits to output.
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TMRI1 and TMR2

Along with TMRO, many PICmicro® MCUs have an additional 16-bit (TMR1) and 8-bit
(TMR2) timer built into them. These timers are designed to work with the compare/
capture program hardware feature. Along with enhancing this module, they can also be
used as “straight” timers within the application. This section presents their basic operation
and the next section shows how they work with the CCP module hardware.

TMRI1 (Fig. 5-28) is a 16-bit timer that has four possible inputs. What is most interest-
ing about TMR1 is that it can use its own crystal to clock it. This allows TMRI1 to run
while the PICmicro® MCU’s processor is asleep.

To access TMR1 data, the TMR1L and TMR1H registers are read and written. Just like
in TMRO, if the TMR1 value registers are written, the TMR1 prescaler is reset. A TMRI
interrupt request (TMR1IF) is made when TMR1 overflows. TMR1 interrupt requests are
passed to the PICmicro® MCU’s processor when the TMR1IE bit is set.

TMRIIF and TMRIIE are normally located in the PIR and PIE registers. To request an
interrupt, along with TMRI1IE and GIE being set, the INTCON PIE bit must also be set.

To control the operation of TMR1, the TICON register is accessed with its bits defined
in Table 5-13.

The external oscillator is designed for fairly low-speed real-time clock applications.
Normally, a 32.768-kHz watch crystal is used, along with two 33-pF capacitors. 100-kHz
or 200-kHz crystals could be used with TMR1, but the capacitance required for the circuit
changes to 15 pF. The TMRI1 oscillator circuit is shown in Fig. 5-29.

When TMRI is running at the same time as the processor, the TISYNCH bit should be
reset. This bit will cause TMR1 to be synchronized with the instruction clock. If the TMRI1
registers are to be accessed during processor execution, resetting TISYNCH will ensure
that no clock transitions occur during TMR1 access. TISYNCH must be set (no synchro-

TMR1CS
Timer1
Prescaler Synch

T1CKPS1:

T1CKPS0
_T1SYNCH
5 TMR1IF

TMR1
P> OF Interrupt
1 TMRIL | TMR1H Request
TMR1ON TMR1IE

Timer1 (“TMR1”) block diagram




TMR1 AND TMR2

213

TABLE 5-13 TICON Bit Definition

DESCRIPTION

Unused
T1CPS1:T1CPS0—Select TMR1 Prescaler Value

11-—1:8 prescaler

10—1:4 prescaler
01—1:2 prescaler
00—1:1 prescaler
T10SLEN—Set to Enable TMR1’s built in Oscillator

T1SYNCH—when TMR1CS reset the TMR1 clock
is synchronized to the Instruction Clock

TMR1CS—When Set, External Clock is Used

0 TMR1ON—When Set, TMR1 is Enabled
O S

nized input) when the PICmicro® MCU is in Sleep mode. In Sleep mode, the main oscil-
lator is stopped, stopping the synchronization clock to TMR1.

In the PIC18Cxx devices, TMRI1 can be specified as the processor clock. I know I will
take advantage of this feature as I work more with the PIC18Cxx to create an application
to run in a low-power mode (less than a 1-mA intrinsic current) without disabling the en-
tire device and its built-in functions. Notice that returning to the normal program oscilla-
tor will require the 1024-instruction cycle and optional 72-ms power-up reset delay that
occurs when the PICmicro® MCU powers up normally.

The TMRI prescaler allows 24-bit instruction cycle delay values to be used with
TMRI1. These delays can either be a constant value or an overflow, similar to TMRO. To
calculate a delay, the formula:

Delay = (65,536 — TMRInit) * prescaler/TIfrequency

T10SCO

H T10SCI
Cext

Timer1 (“TMR1”’) oscillator circuit
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TMR2
TMRZO—T\II:D__ Prescaler TMR2 Reset
FOscl4 T2CKPS1: 1
T2CKPS0 TMR2
Comparator [A=B Postscaler
TOUTPS2:
T TOUTPSO
PR2
TMR1IF

imer2 (“TMR2”) block diagram

where the Tfrequency can be the instruction clock, TMR1 oscillator, or an external clock
driving TMR1. Rearranging the formula, the TMR/init initial value can be calculated as:

TMR 11nit = 65,536 — (Delay X T1Frequency/prescaler)

When calculating delays, the prescaler will have to be increased until the calculated
TMR1Init is positive. This is similar as to how the TMRO prescaler and initial value is cal-
culated for TMRO.

TMR2 (Fig. 5-30) is used as a recurring event timer. When it is used with the CCP mod-
ule, it is used to provide a pulse-width-modulated timebase frequency. In normal opera-
tions, it can be used to create a 16-bit instruction cycle delay.

TMR2 is continually compared against the value in PR2. When the contents of TMR2
and PR2 match, TMR2 is reset, and the event is passed to the CCP as TMR2 Reset. If the
TMR2 is to be used to produce a delay within the application, a postscaler is incremented
when TMR2 overflows and eventually passes an interrupt request to the processor.

TMR2 is controlled by the T2CON register, which is defined in Table 5-14.

The TMR2 register can be read or written at any time with the usual note that writes
cause the prescaler to be zeroed. Updates to TMR2 do not reset the TMR2 prescaler.

The timer itself is not synchronized with the instruction clock because it can only be
used with the instruction clock. Thus, TMR2 can be incremented on a 1-to-1 instruction
clock ratio.

PR2 contains the reset or count up to value. The delay before reset is defined as:

Delay = prescaler X (PR2 + 1)/(F,./4)

SC
If PR2 is equal to zero, the delay is:
Delay = (prescaler X 256)/(F,;./4)

I do not usually calculate TMR2 delays with an initial TMR2INIT value. Instead, I take
advantage of the PR2 register to provide a repeating delay and just reset TMR2 before
starting the delay.

To calculate the delay between TMR2 overflows (and interrupt requests):

Delay = (prescaler X [PR2 + 11256])/((F ,z./4) * postscaler)
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TABLE 5-14  T2CON Bit Definition

BIT DESCRIPTION

7 Unused
6-5 TOUTPS3: TOUTPS0—TMR2 Postscaler Select
1111—16:1 Postscaler
1110—15:1 Postscaler

0000—1 :1 Postscaler
TMR20N-—--When Set. TMR2 Prescaler is Enabled
T2CKPS1: T2CKPSO—TMR2 Prescaler Select

1x—16:1 prescaler

01—4:1 prescaler

00— 1:1 prescaler

Interrupts use the TMR2IE and TMR2IF bits that are similar to the corresponding bits
in TMR. These bits are located in the PIR and PIE registers. Because of the exact inter-
rupt frequency, TMR2 is well suited for applications that provide bit-banging functions,
such as asynchronous serial communications or pulse-width-modulated signal outputs.

GOMPAREICAPTUREIPWM (CCP) MODULE

Included with TMR1 and TMR2 is a control register and a set of logic functions (known
as the CCP), which enhances the operation of the timers and can simplify your applica-
tions. This hardware can be provided singly or in pairs, which allows multiple functions to
execute at the same time. If two CCP modules are built into the PICmicro® MCU, then
one is known as CCP/ and the other as CCP2. In the case where two CCP modules are
built in, then all the registers are identified with the CCP1 or CCP2 prefix.

The CCP hardware is controlled by the CCP1CON (or CCP2CON) register, which 1s
defined in Table 5-15.

The most basic CCP mode is capture, which loads the CCPR registers (CCPRIH,
CCPRIL, CCPR2H, and CCPR2L), according to the mode that the CCP register is set in.
This function is shown in Fig. 5-31 and shows that the current TMR1 value is saved when
the specified compare condition is met.

Before enabling the Capture mode, TMR1 must be enabled (usually running with the
PICmicro® MCU clock). The edge-detect circuit in Fig. 5-31 is a four-to-one multiplexer,
which chooses between the prescaled rising edge input or a falling-edge input. It passes the
selected edge to latch the current TMRI1 value and optionally request an interrupt.

In Capture mode, TMR1 is running continuously and is loaded when the condition on
the CCPx pin matches the condition specified by the CCPxMS:CCPxMO bits. When a cap-
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TABLE 5-15 CCPxCON Bit Definition

FUNCTION

Unused

DC1B1:DC1B0—CEPST significant 2 bits of the PWM compare value.
. CCP1M3: CCP1MO—CCP module operating mode:

11xx—PWM Mode ‘

1011—Compare Mode—Trigger Special Event

1010?——Compare Mode—Generate Software Interrupt
1001=—Compare Mode—on Match CCP pin fow
1000—Compare Mode—on Match CCP pin high

0111—Capture on every 16th rising edge
0110—Capture on every 4th rising edge

0101-—Capture on every rising edge
0100—Capture on every falling edge
00xx—CCP off

ture occurs, then an interrupt request is made. This interrupt request should be acknowl-
edged and the contents of CCPRxH and CCPRxL saved to avoid having them written over
and the value lost.

Capture mode is used to time repeating functions or determine the length of a PWM
pulse. If a PWM pulse is to be timed, then when the start value is loaded, the polarity is re-
versed to get to the end of the pulse. When timing a PWM pulse, the TMR1 clock must be
fast enough to get a meaningful value with a high enough resolution so that there will be
an accurate representation of the timing.

cCP
Interrupt
Request
CCP1 +
Pin Prescaler > CCPR1H CCPR1L
1:1 [1:4 |[1l:16 *
Edge Detect TMR1H TMR1L

CCP1M3:CCP1MO
CCP “Capture” module
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CCPR1H | CCPR1L

CCP2IF
\ 4 I CCP2
Comparator O/P Select Pin
A
TMR1H TMR1L CCP2M3:CCP2MO0

CCP “Compare” module

Compare mode changes the state of the CCPx pin of the PICmicro® MCU when the
contents of TMR1 match the value in the CCPRxM and CCPRxL registers (Fig. 5-32).
This mode is used to trigger or control application code or external hardware after a spe-
cific delay.

The most interesting use I’ve seen for the Compare mode of the CCP is to turn the
PICmicro® MCU into a watchdog for a complex system. As shown in Fig. 5-33, the
PICmicro® MCU controls reset to the system processor. Upon power up, the PICmicro®
MCU holds the processor reset until 7, has stabilized and then TMR1 is reset each time
the system writes to the PICmicro® MCU. System reset is enabled if V. falls below a spe-
cific level.

Using event-driven code, the PICmicro® MCU application would look like:

PowerUpEvent () // PICmicro® MCU Power Up

{
TMR1 = 0; TMR1 = on; // Start TMR1
CCPRx = PowerUpDelay: // Put in Watchdog Delay
CCPxCON = 0b000001000; // Drive Pin Low and /then High

//  on Compare Match

V., 3
L PICmicro® MCU $ PC System
ADx a) Processor
PSP |« »
CCPx e Ie— Reset

CCP Compare module PC reset controller
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ADCTE = on; // Start ADC Check of Vcc
| // End PowerUpEvent
CompareMatchtvent( ) // TMR1 = Compare / WOT T/0.
{
CCPxCON = 0; /7 turn off compare.
CCPx = 1; // reset system
} // End CompareMatchEvent
PSPWriteEvent( ) // PSP Written to Reset WDT
{ // Count
TMRL = 0;
} // End PSPWriteEvent
ADCIFEvent () // ADC Finished Vcc check
{
if (ADC < OperatingMinimum) {
CCPxCON = 0; // Turn Off ADC
CCPx = high; // Reset system program
}
ADCIF = 0; // Reset Interrupt Request

} // End ADCIFEvent

Of the three CCP modes, I find the PWM signal generator to be the most useful. This
mode outputs a PWM signal using the TMR2 reset at a specific value capability. The block
diagram of PWM mode is shown in Fig. 5-34. The mode is a combination of the normal
execution of TMR2 and capture mode; the standard TMR2 provides the PWM period and
the compare control provides the on-time specification.

DCxB1:
CCPRxH DciBo

l A CCP

Comparator [55 R Q -—& Pin
48 s

TMR2 Prescaler

I—— Reset

$A
Comparator [ —

CCP “PWM” module
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When the PWM circuit executes, TMR1 counts until its most-significant eight bits are
equal to the contents of PR2. When TMR2 equals PR2, TMR2 is reset to zero, and the
CCPx pin is set high. TMR2 is run in a 10-bit mode (the 4:1 prescaler is enabled before
PWM operation). This 10-bit value is then compared to a program value in CCPRxM
(along with the two DCxBx bits in CCPxCON); when they match, the CCPx output pin is
reset low.

To set up a 65% duty cycle in a 20-kHz PWM executing in a PICmicro® MCU clocked
at 4 MHz, the following steps are taken.

First, the CCPRxM and PR2 values are calculated for TMR2, the 4 : 1 prescaler must be
enabled, resulting in a delay of:

Delay = (PR2 + 1) frequency/4)

PR2 = delay frequency -1
= 50 ms 4 MHz -1
=200 -1
=199

65% of 200 is 130, which is then loaded into CCPRxM.

The code for creating the 65%, 20-kHz PWM is:

moviw 199

movwf PR2 ; Set up TMRZ Operation

mov 1w (1 << TMR20N) + 11

movwf T2CON ; Start it Running with a 50
; Period

moviw 130 ; 65% of the Period

movwf CCPRxH

mov 1w (1<<DCxB1) + 0OxO00F

movwf CCPxCON ; Start PWM

; PWM is operating

Notice that in this code, I don’t enable interrupts or have to monitor the signal output.
As well, notice that I don’t use the fractional bits. To use the two least-significant bits, I
assume they are fractional values. For this example, if I wanted to fine tune the PWM fre-
quency to 65.875%, I would recalculate the value as a fraction of the total period.

For a period of 200 TMR2 counts with a prescaler of 4, the CCPRxH value becomes
131.75. To operate the PWM, I would load 130 into CCPRxh (subtracting 1 to match
TMR2’s zero start) and then the fractional value 0.75 into DCxB1 and DCxBO bits. I as-

TABLE 5-16 CCP DCxBX Bit Definition

FRACTION DCxB1:DCxB0O
0.00 00

0.25 01
0.50 10
0.75 1
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sume that DCxB1 has a value of 0.50 and DCxB0 has a fractional value of 0.25. So, to get
a PWM in this case, CCPRxH is loaded with 130, and DCxB1 and DCxBO are both set.
Table 5-16 gives the fractional DCxBX bit values.

The least-significant two bits of the PWM are obviously not that important unless a very
small PWM on period is used in an application. A good example of this is using the PWM
module for an RC servo. In this case, the PWM period of 20 ms with an on time of 1 to 2
ms. This gives a PWM on range of 5% to 10%, which makes the DCxB1 and DCxBO0 bits
important in accurately positioning the servo.

Serial I/0

Like many microcontrollers, the PICmicro® MCU has optional built-in serial I/O inter-
facing hardware. These interfaces, which are available on certain PICmicro® MCU part
numbers, allows a PICmicro® MCU to interface with external memory and enhanced 1/0
functions (such as ADCs) or communicate with a PC using RS-232. Like other enhanced
peripheral features, the serial I/O hardware is available on different PICmicro® MCUs and
the hardware might be available dissimilarly in different devices.

You will find that the serial I/O hardware is not as flexible as you might want. The lack
of flexibility is a concern with regards to interfacing RS-232 cheaply to PCs or using the
synchronous serial interfaces in different situations. The following sections and Chapters
15 and 16 cover how these interfaces are used practically and how they can be modified
for more flexible and efficient serial interfaces.

SYNCHRONOUS SERIAL PORT (SSP)
COMMUNICATIONS MODULE

The basic operations of the Synchronous Serial Port (SSP) are covered in this section, fol-
lowed by the [2C operations in the next section. | break the operation of the SSP into two
parts because 12C is quite a complex operation that I felt would be best served by covering
it in its own section.

The second reason for splitting out the I2C function is the inability of two SSP versions to
provide the full range of 12C operations. The SSP and BSSP modules, which are available in
many PICmicro® MCUs, do not have 12C Master mode capabilities. This limits their use-
fulness in working with 12C (where, typically, the PICmicro® MCU is a master), as com-
pared to PICmicro® MCUs equipped with the MSSP (Master SSP) module that does have
I2C multimaster capabilities.

This section covers the SSP module and how it works in SPI mode. SPI is an 8-bit syn-
chronous serial protocol that uses three data bits to interface to external devices. Data is
clocked out, with the most-significant bit first, on rising or falling edges of the clock. The
clock itself is generated within the PICmicro® MCU (Master mode), or it is provided by
an external device and used by the PICmicro® MCU (slave mode) to clock out the data.
The SPI data stream looks like Fig. 5-35.

The SSP clock can be positive with a 0 idle or negative (high line idle) with a 1 idle and
the clock pulsing to 0 and back again. The data-receive latch is generally on the return-to-
idle state transition.
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SPI synchronous serial data waveform

The BSSP module is the basic SSP module, which provides data polling on the return-
to-idle clock edge. The original SSP module provides the ability to vary when data is out-
put and read.

Controlling the operation of the different SSP modules is the SSPCON register (Table
5-17). In describing the operational bits, notice that I only describe the SPI-specific oper-
ations. The block diagram for the SSP module is shown in Fig. 5-36.

In Master mode, when a byte is written to SSPBUF (an 8-bit, most-significant bit first),
the data-transfer process is initiated. The status of the transfer can be checked by the SSP-
STAT register BF flag; the SSPSTAT register is defined in Table 5-18.

TABLE 5-17 SSP/BSSP SSPCON Bit Definition

FUNCTION

WCOL—Write collision, set when new byte written to SSPBUF while transfer
is taking place

$S8POV—Receive Overflow, indicates that the unread byte is SSPBUF Over
written while in SPI slave mode

SSPEN—Set to enable the SSP module
CKP—Clock polarity select, set to have a high idle
SSPM3:SSPMO SPI mode select

1xxx—I2C and reserved modes

011x—I12C slave modes

0101—SPI slave mode, clock = SCK pin, 88 not used
0100—SPl slave mode, clock = SCK pin, 8§ enabled
0011—5PI master mode, TMR2 clock used |
0010—SPIl master mode, INSCK/16
0001—8P! master mode, INSCK/4

- 0000—SPI master mode, INSCK
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Instruction

Clock

Prescaler

Edge
Select

TMR2

=

Clock

Reset

SCK

spilX

SSPBUF SDO

Reset

L

_ss[X]

SP SPI module

The connection of a PICmicro® MCU to an SPI bus is quite straight-forward. Figure
5-37 shows two PICmicro® MCUs with the SD0’s and SDI’s sides connected. To initiate
a byte transfer, a byte is written to the SSPBUF of the master. Writing to the SSPBUF of
the slave will not initiate a transfer. When SPI mode is enabled, the SDI, SDO, and SCK

bits” TRIS

functions are set appropriately (Fig. 5-37).

The SSP SPI transfers can be used for single-byte synchronous serial transmits of re-
ceivers with serial devices. Figure 5-38 shows the circuit to transmit a byte to a 74L.S374

wired as a
with a 74L

serial in, parallel out shift register. Figure 5-39 shows a 74L.S374 being used
S244 as a synchronous parallel-in/ serial-out register. Both of these operations

are initiated by a write to SSPBUF.

TABLE

5-18 SSP/BSSP SSPSTAT Bit Definition

FUNCTION

P S S A D SRS SR

SMP—Set to have data sampled after active to idle transition, reset to sam-
ple at active to idle transition; not available in BSSP

CKE—S8et to TX data on idle to active fransition; else TX data on active to
idle transition, not available in BSSP

D/_A—Used by 12C
P—Used by 12C

S—Used by 12C
R/ W—Used by 12C
UA-—-Used by 12C

BF—Busy flag, reset while SPI operation active
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SPI Master SSPM3:SSPMO = 00xxb : : SPI Slave SSPM3:SSPMO = 010xb :

spo | .| sl :

| o | ]

| | |

Serial Input Buffer ! ! Serial Input Butffer [

(SSPBUF) I { (SSPBUF) I

i ] |

i | |

i | i

I | i

| | |

Shift Register DI - ; Sbo Shift Register 1

(SSPSR) i i (SSPSR) I

! | |

MSb LSb ] I MSb LSb I

i | i

i  Serial Clock |
, SCK , SCK |
! PROCESSOR 1 | : PROCESSOR 2 :

SPI Master/Slave Connection

The SPI data receive operation might not be immediately obvious. To latch data into the
‘374, the I/O pin is driven high, which disables the ‘374’s drivers allowing the parallel data
to be latched in. When the I/O pin is low, the <244°s drivers are disabled and the ‘374 be-
haves like a shift register.

To show this, I have listed the code to read the input state of Fig. 5-39. Notice that I dis-
able the SSPEN bit when a transfer is not occurring, to allow the /O pin and SCK to strobe
in the data.

PICmicro® MCU ‘374

7D Bit7

Q :I—ZD Bit 1

SDO

SCK

— LT 1
\4
N
o

OE

4

SSP SPI module used to shift data out




224 PICmicro® MCU HARDWARE FEATURES

PICmicro® MCU '374 044

Bit 7

sDI 5—70 &I
scK [— 1D — Bit 1

1Q L BitO

o ;} | {>o |

SSP SPI module used to shift data in

bsf 10Pin ; Want to Latch Data into the ‘374
bef SCK
bsf STATUS, RPO
bef [Opin
bcf SCK
bcf STATUS, RPO
bsf SCK ; Latch the Data into the ‘374
bef SCK
bef I0pin ; Disable ‘244 output, Enable *374
moviw (I << SMP) + (I << CKE)
movwf SSPSTAT ; Set up the SSP Shift In
mov 1w (I << SSPEN) + (I << CKP) +0x000
movwf SSPCON
movf TXData, f ; Load the Byte to Send
movwf SSPBUF ; Start Data Transfer
btfss SSPTAT, BF
goto $ -1 ; Wait for Data Receive to Complete
Data Ready in SSPBUF when Execution
Here
bcf SSPCON, $SPEN ; Turn off SSP

When using the SSP, the data rate can either be selected as a multiple of the executing
clock or use the TMR2 overflow output. The actual timing depends on the hardware to
which the PICmicro® MCU SSP master is communicating.

When in Slave mode, along with an external clock being provided, there is a transmit re-
set pin, known as _SS. When this pin is asserted high, the SSP output is stopped (the SDO
TRIS bit is changed to Input mode) and the SSP is reset with a count of zero. When the bit
is reset, the clock will start up again, the original most-significant bit is reset, followed by
the remaining seven bits.

Master SSP and 12C operation When I wrote the first edition of this book, one of the
most-significant concerns that people have had with the PICmicro® MCU’s built-in hard-
ware was the lack of master and multimastering 12C capability. This concern has been re-
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solved with the availability of the MSSP (Master SSP) module that is included in new
PICmicro® MCU devices. The original SSP and BSSP will continue to be available in de-
vices that were originally designed with them, but the enhanced MSSP will be designed into
all new devices that have the SSP module.

The MSSP data sheets contain 33 pages documenting how the function works.
When you actually work with the MSSP, you will find that very few instructions are
actually required to implement a basic master mode [2C interface and that their use is
quite easy to understand. This section concentrates on a single master 12C interface
and points out the issues that you will have to be aware of when working in a multi-
master system.

Five registers are accessed for MSSP I12C operation: the SSP control registers (SSPCON
and SSPCON2), the SSP status register (SSPSTAT), the SSP receive/transmit register
(SSPBUF), and the SSP address register (SSPADD). These registers are available in the
SSP and BSSP, but are slightly different for the MSSP. The MSSP control registers are de-
fined in Tables 5-19 through 5-21.

The status of the transfer can be checked by the SSPSTAT register BF flag; the SSP-
STAT register is defined as:

I2C connections between the PICmicro® MCU’s I2C SDA (data) and SCL (clock) pins
is very simple, with just a pull up on each line (Fig. 5-40). I typically use a 1-K resistor for
400-kHz data transfers and a 10 K for 100-kHz data rates.

Notice that before any of the I2C modes are to be used, the TRIS bits of the respective
SDA and SCL pins must be in Input mode. Unlike many of the other built-in advanced I/O
functions, MSSP does not control the TRIS bits. Not having the TRIS bits in Input mode
will not allow the 12C functions to operate.

In Master mode, the PICmicro® MCU is responsible for driving the clock (SCL) line
for the 12C network. This is done by selecting one of the SPI Master modes and load-
ing the SSPADD register with a value to provide a data rate that is defined by the
formula:

12C Data Rate = F,,/[4 * (SSPADD + 1)]

This can be rearranged to:

SSPADD = [F, /(4 * I2C Data Rate)]— 1

So, in a 4-MHz PICmicro® MCU, to define a 100-kHz I12C data rate, the previous for-
mula would be used to calculate the value loaded into SSPADD:

SSPADD = [F,,/(4 * (I12C Data Rate)] — 1
[4 MHz/(4 * (100 kHz)] — 1
[4* 106/ (4 * (100 * 103)] — 1
10— 1

=9

In a PICmicro® MCU running at 4 MHz, a value of 9 must be loaded into the SSPADD
to have a 100-kHz I12C data transfer.
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TABLE 5-19 MSSP SSPCON Bit Definition

FUNCTION

WCOL—Write collision; set when new byte written to SSPBUF while transfer
is taking place

SSPOV-—Receive Overflow, indicates that the unread byte is SSPBUF over
written

SSPEN-—Set to enable the SSP module

CKP—In 12C Modes, if bit is reset, the 12C “SCL” Clock Line is Low. Keep
this bit set.

SS5PM3:SSPMO SPI mode select
1111—I2C 10 Bit Master Mode/Start and Stop Bit Interrupts
1110-12C 7 Bit Master Mode/Start and Stop Bit Interrupts

4101-—Reserved

1100—Reserved

1011—12C Master Mode with Slave Idle
1010—Reserved

1001—Reserved

1000—12C Master Mode with SSPADD Clock Definition
0111—12C Slave Mode, 10 Bit Address

0110—12C Slave Mode, 7 Bit Address

0101—SP! slave mods, clock = SCK pin, SSnot used
0100—-5PI slave mode, clock = SCK pin, - SS enabled
0011=~8PI master mode, TMR2 ¢clock used

0010-—8P| master mode; INSCK/16

0001—S8PI master mode, INSCK/4

0000—SPI master mode, INSCK
0 L S e S

To send data from the PICmicro® MCU to an 12C device using the MSSP, the follow-
ing steps must be taken:

1 The SDA/SCL lines must be put into Input mode (i.e., their respective TRIS bits must
be set)

2 [2C Master mode is enabled. This is accomplished by setting the SSPEN bit of SSP-
CON and writing 0b01000 to the SSPM3:SSPMG bits of the SSPCON register.




SERIAL /0 227

TABLE 5-20 MSSP SSPCON2 Bit Definition

FUNCTION

- GCEN—Enable lnterrupt when “General Call Address” (0x000) is Received

ACKSTAT—Received Acknowledge Status. Set when Acknowledge was Re-
ceived

ACKDT—Acknowledge Value Driven out on Data Write

ACKEN-—Acknowledge Sequence Enable Bit which when Set will Initiate an '

Acknowledge sequence on SDA/SCL. Cleared by Hardware
RCEN-—I12C Receive Enable Bit

PEN-—Stop Condition Initiate Bit. When Set, Stop Condition on SDA/SGL
Cleared by Hardware

RSEN-—Set to Initiate the Repeated Start Condition on SDA/SCL Cl eared by
Hardware ,

SEN—When Set, a Start Condition is Initiated on the SDA/SCL. C!eared by
; hardware

3 A start condition is initiated by setting the SEN bit of SSPCON2. This bit is then
polled until it is reset.

4 SSPBUF is loaded with the address of the device to access. Notice that for many
12C devices, the least-significant bit transmitted is the read/write bit. The R/_W bit
of SSPSTAT is polled until it is reset (which indicates the transmit has been com-
pleted).

TABLE 5-21 MSSP SSPSTAT Bit Definition

FUNGTIQN

SMP—Set to have data sampled after active to idie transition, reset to sampie
at active to idle transition, not available in BSSP ‘

transition, not avatlable in BSSP
D/ A—Used by 12C

P—Used by 12C

S—lsed by 12C

R/ W-—Used by 12C

UA—Used by 12C

BF—Busy ﬂag, reset while SPI operation active
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85 The ACK bit from the receiving device is checked by reading the “ACKDT” bit of the
SSPCON2 register

6 SSPBUF is loaded with the first eight bits of data or a secondary address that is within
the device being accessed. The R/_W bit of SSPSTAT is polled until it is reset.

7 The ACK bit from the receiving device is checked by reading the ACKDT bit of the
SSPCON?2 register.

8 A new start condition might have to be initiated between the first and subsequent data
bytes. This is initiated by setting the SEN bit of SSPCON2. This bit is then polled un-
til it is reset.

9 Operations 6 through 8 are repeated until all data is sent or a NACK (Negative AC-
Knowledge) is received from the receiving device.

10 A stop condition is initiated by setting the PEN bit of SSPCON2. This bit is then
polled until it is reset

This sequence of operations is shown in Fig. 5-41. Notice that in Fig. 5-41, the SSPIF
interrupt request flag operation is shown. In this sequence, I avoid interrupts, but the
SSPIF bit can be used to either request an interrupt or to avoid the need to poll different
bits to wait for the various operations to complete.

To receive data from a device employs a similar set of operations with the only differ-
ence being that after the address byte(s) have been sent, the MSSP is configured to receive
data when the transfer is initiated:

1 The SDA/SCL lines must be put into Input mode (i.e., their respective TRIS bits must
be set).

2 [2C Master mode is enabled. This is accomplished by setting the SSPEN bit of
SSPCON and writing 0b01000 to the SSPM3:SSPMO bits of the SSPCON register

3 A start condition is initiated by setting the SEN bit of SSPCON2. This bit is then
polled until it is reset.

4 SSPBUF is loaded with the address of the device to access. Notice that for many 12C
devices, the least-significant bit transmitted is the read/write bit. The R/_W bit of SSP-
STAT is polled until it is reset (which indicates that the transmit has been completed).

5 The ACK bit from the receiving device is checked by reading the ACKDT bit of the
SSPCON?2 register.

6 SSPBUF is optionally loaded with the secondary address within the device being read
from. The R/_W bit of SSPSTAT is polled until it is reset.
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7 If a secondary address was written to the device being read from, reading the ACKDT
bit of the SSPCON2 register checks the ACK bit from the receiving device.

8 A new start condition might have to be initiated between the first and subsequent data
bytes. This is initiated by setting the SEN bit of SSPCON2. This bit is then polled un-
til it is reset.

9 If the secondary address byte was sent, then a second device address byte (with the
Read indicated) might have to be sent to the device being read. The R/_W bit of SSP-
STAT is polled until it is reset.

10 The ACKDT will be set (NACK) or reset (ACK) to indicate whether or not the data
byte transfer is to be acknowledged in the device being read.

11 The RCEN bit in the SSPCON2 register is set to start a data byte receive. The BF bit
of the SSPSTAT register is polled until the data byte has been received.

12 Operations 10 through 11 are repeated until all data is received and a NACK (Negative
ACKnowledge) is sent to the device being read

13 A stop condition is initiated by setting the PEN bit of SSPCON2. This bit is then
polied until it is reset

Figure 5-42 shows the data-receive operation waveform.

Along with the single Master mode, the MSSP is also capable of driving data in Multi-
master mode. In this mode, if a data write collision is detected, it stops transmitting data
and requests an interrupt to indicate that there is a problem. An 12C collision is where the
current device is transmitting a high data value, but a low data value is on the SDA line.
This condition is shown in Fig. 5-43. The WCOL bit of the SSPCON register indicates that
the collision has occurred.

When the collision occurs, the 12C software must wait some period of time (I use the
time required to transmit three bytes) before polling the SDA and SCL lines to ensure that
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they are high and then initiating a repeated start condition operation. A repeated start con-
dition is the process of restarting the 12C data transfer right from the beginning (even if it
was halfway through when the collision occurred).

USART ASYNCHRONOUS SERIAL COMMUNICATIONS

The PICmicro® MCU’s USART (Universal Asynchronous Synchronous Receiver Trans-
mitter) hardware allows you to interface with serial devices like a PC using RS-232 or for
synchronous serial devices with the PICmicro® MCU providing the clock or having an ex-
ternal clock drive the data rate. The USART module is best suited for asynchronous serial
data transmission and this section concentrates on its capabilities.

Asynchronous data has been covered elsewhere in more detail in this book. The PICmi-
cro® MCU transmits and receives NRZ (No Return to Zero) asynchronous data i 1n the for-
mat shown in Fig. 5-44. Figure 5-44 shows five bits of serial data. The PICmicro® MCU
can transfer eight or nine bits, although, by setting the high-order bits of the output word,
smaller data packets can be sent.

Synchronous data is sent with a clock and is in the format shown in Fig. 5-45.

Synchronous data is latched into the destination on the failing edge of the clock. In both
these cases, a byte is sent within a packet. Although packet decoding is covered in detail

~ Expected High Data Value

SDA‘Y_—q\

Actual Low Data Value
sec [ L/
BCLIF———IL—\—Request Interrupt for

Bus Collision

g 12C MPPS
collision” response




SERIAL 1/0

231

Bit0 Bit1 Bit0 Bit3 Bit4

1
S.tart Parity | Stop 1
Bit Bit |Bit

T
Data asynchronous serial data

elsewhere in this book, this section treats the packet encoding and decoding a “black box”
part of the USART and deal with how the data bytes are transmitted and received.

The three modules to the USART are the clock generator, the serial data transmission unit,
and the serial data reception unit. The two serial I/O units require the clock generator for shift-
ing data out at the write interval. The clock generator’s block diagram is shown in Fig. 5-46.

In the clock generator circuit, the SPBRG register is used as a comparison value for the
counter. When the counter is equal to the SPBRG register’s value, a clock tick output is
made and the counter is reset. The counter operation is gated and controlled by the SPEN
(Serial Port ENable) bit, along with the synch (which selects whether the port is in syn-
chronous or asynchronous mode) and BRGH, which selects the data rate.

In the PICmicro® MCU USART, the bits used to control the operation of the clock gen-
erator, transmit unit, and receive unit are spread between the TXSTA and RCSTA regis-
ters, along with the interrupt enable and acknowledge registers. The individual bits are
defined at the end of this section, after the three functions of the USART are explained.

For asynchronous operation, the data speed is specified by the formula:

Data Rate = F,

oseC

/{16 * [4 ** (1 — BRGH)] * (SPBRG + 1)}
This formula can be rearranged so that the SPBRG value can be derived from the de-
sired data rate:

SPBRG =F,

osc

/{Data Rate * 16 * [4 ** (1 — BRGH)]} —1

So, for a PICmicro® MCU running at 4-MHz, the SPBRG value for a 1200-bps data
rate with BRGH reset is calculated as:

SPBRG = F,,./{Data Rate * 16 * [4 **(1 — BRGH)]} — 1
= 4 MHz/{1200/sec * 16 [4 ** (1 — 0)]} — 1
=4 (10** 6)/(1200* 16 ¥ 4) — 1
= 52.0833 - 1
= 51.0833

With 51 stored in SPBRG, the PICmicro® MCU will communicate at an actual data rate
of 1,201.9 bps, which has an error of 0.16% to the target data rate of 1200 bps. This error
is well within limits to prevent any bits being read in error.

ciook — J LI TLJLIT T
Data —‘(_\ /_\ /_\ /_\ /_\ /_\ /_\ [—)—‘ data waveform

ynchronous
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It’s worth noting that, for many early PICmicro® MCU part numbers, the BRGH bit
does not work properly when it is set. Most later letter revisions (i.e., PIC16C73B) and re-
cently released part numbers have the problem fixed. It can be hard to determine whether
or not you have a corrected PICmicro® MCU. To be on the safe side, I recommend that
you always develop your applications with the BRGH bit reset. If you need data rates
faster than what is possible for the PICmicro® MCU clock (2400 bps is the maximum for
a 4-MHz clock), I recommend that you increase the PICmicro® MCU’s clock speed,
rather than risk setting BRGH in a device in which it doesn’t work properly.

The transmission unit of the USART can send eight or nine bits in a clocked (synchro-
nous) or unclocked (synchronous) manner. The block diagram of the hardware is shown in
Fig. 5-47.

If the synch bit is set, then data is driven out on the PICmicro® MCU’s RX pin with the
data clock being either driven into, or out of the TX pin. When data is loaded into the
TXREG, if CSRC is reset, then an external device will clock it out. If CSRC can be shifted

TXIF
Bit TX Holding Register
Counter (TXREG) ynch
~ ! -RTX
TX Shift Register 0 [—I

:D_ LSB RX

N~

Synch

USART

Clock CE Synch
CSRC

USART transmit hardware block diagram
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eight or nine bits at a time with the operation stopping when the data has been shifted out.
An interrupt can be requested when the operation is complete.

In Asynchronous mode, once data is loaded into the TXREG, it is shifted out with a 0
leading start bit in NRZ format.

The transmit hold register can be loaded with a new value to be sent immediately fol-
lowing the passing of the byte in the transmit shift register. This single buffering of the
data allows data to be sent continuously without the software polling the TXREG to find
out when is the correct time to send out another byte. USART transmit interrupt requests
are made when the TX holding register is empty. This feature is available for both syn-
chronous and asynchronous transmission modes.

The USART receive unit is the most complex of the USART’s three parts. This com-
plexity comes from the need for it to determine whether or not the incoming asynchronous
data is valid or not using the pin buffer and control unit built into the USART receive pin.
The block diagram for the USART’s receiver is shown in Fig. 5-48.

If the port is in Synchronous mode, data is shifted in, either according to the USART’s
clock or using an external device’s clock.

For asynchronous data, the receiver sensor clock is used to provide a polling clock for
the incoming data. This sixteen-time data rate clock’s input into the pin buffer and control
unit provides a polling clock for the hardware. When the input data line is low for three re-
ceive sensor clock periods, data is then read in from the middle of the next bit (Fig. 5-49).
When data is being received, the line is polled three times and the majority states read is
determined to be the correct data value. This repeats for the eight or nine bits of data with
the stop bit being the final check.

Like the TX unit, the RX unit has a holding register. If data is not immediately
processed and an incoming byte is received, the data will not be lost. But, if the data is not
picked up by the time the next byte has been received, then an overrun error will occur.
Another type of error is the framing error, which is set if the stop bit of the incoming NRZ

Receiver
Sensor Receive Holding Register
A|7C|°§k ) (RCREG)
Pin Buffer < opyne
RX ET and Control ﬁ”:
]
XX Receive Shift Register
P>
CREN— ERRO
Indicator

USART

Clock
Synch
CSRC

USART receive hardware block diagram
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packet is not zero. These errors are recorded in the RCSTA (ReCeiver STAtus) register and
have to be reset by software.

In some PICmicro® MCUs, the USART receive unit can also be used to receive two
synchronous bytes in the format data:address, where address is a byte destined for a spe-
cific device on a bus, When the ADDEN bit of the RCSTA register is set, no interrupts will
be requested until both the address and data bytes have been received. To distinguish be-
tween the bytes, the ninth address bit is set (while the ninth bit of data bytes are reset).
When this interrupt request is received, the interrupt handler checks the device address for
its value before responding to the data byte.

To control the USART, two registers are used explicitly. The TXSTA (Transmitter
STAtus) register is located at address 0x098 and has the bit definitions shown in Table
5-22.

The SPBRG register is at address 0x(99. The RCSTA register is at address 0x018 and
is defined in Table 5-23.

TABLE 5-22  USART TXSTA Bit Definition

BIT DEFINITION

CSRC—Clock Source Select used in Synchronous Mode. When Set, the
US ART Clock Generator is Used

TX9—Set to Enable nine bit Serial /O
TXEN—Set to Enable Data Transmission
SYNC—Set to Enable Synchronous Transmission
Unused

BRGH—Used in Asynchronous Mode to Enable Fast Data Transmission. it is
Recommended to keep this bit Reset

TRMT—Set if the Transmission Shift Register is Empty
TXD—Nine bit of Transmitted Data
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TABLE 5-23  USART RCSTA Bit Definition

BIT DEFINITION

7 SPEN-—Set to Enable the USART

RX9-—Set to Enable nine bit USART Receive

SREN--Set to Enable Single Byte Synchronous Data Receive: Reset when
data has been received

CREN—Set to Enable Continuous Receive

3 ADDEN—Set to Receive Data:Address Information. May be unused in many
PICmicro® MCU Part Numbers

2 FERR—"Framing Error” bit

1 OERR=“Overrun Error” bit

0 RX9D-—Received ninth bit

The TXREG is normally at address 0x019 and RCREG is normally at address 0x01A.
The TXIF, TXIE, RCIE, and RCIF bits are in different interrupt enable request registers
and bit numbers specific to the part being used.

To set up asynchronous serial communication transmit, the following code is used:

bsf STATUS, RPO

bef TXSTA, SYNCH ; Not in Synchronous mode
bef TXSTA, BRGH ; BRGH = 0

mov 1w DataRate ; Set USART Data Rate
movwf SPBRG

bct STATUS, RPO ; Enable serial port
bsf RCSTA ~ 0x080, SPEN

bsf STATUS, RPO

bef TXSTA, TX9 ; Only 8 bits to send
bsf TXSTA, TXEN ; Enable Data Transmit
bef STATUS, RPO

To send the data byte in w, use the code:

btfss TXSTA, TRMT

goto $ - 1 ; Wait for Holding Register to
; become Free/Empty
movwf TXREG ; Load Holding Register

; If Transmit Shift Register is
; Empty, byte will be sent

In the data send code, the TRMT bit, which indicates when the TX holding register is
empty is polled. When the register is empty, the next byte to send is put into the transmit
shift register. This polling loop can be eliminated by setting the TXIE bit in the interrupt
control register and then in your interrupt handler, checking to see if the TXIF flag is set
before saving a byte in TXREG.




236 PICmicro® MCU HARDWARE FEATURES

To set up an asynchronous read, the following code is used:

bsf STATUS, RPO

becf TXSTA, SYNCH ; Want Asynch Communications
bef TXSTA, BRGH ; Low Speed Clock

mov 1w DataRate ; Set Data Rate

movwf SPBRG

bsf RCSTA ~ 0x080, SPEN : Enable Serial Port

bef TCSTA ~ 0x080, RX9 ; Eight Bits to Receive

To receive data, use the code:

btfss PIR1, RXIF ; Wait for a Character to be
goto $ -1 ; Received

mov f RCREG, w ; Get the byte Received

bef PIRI, RXIF ; Reset the RX byte Interrupt

; Request Flag

Analog 1I/O

Depending on your experience level, you might feel that the PICmicro® MCU has quite
limited analog I/O capabilities. This is especially true if you are looking for high-speed
analog operation from the PICmicro® MCU. The Microchip PICmicro® MCU mid-range
devices actually have relatively good analog I/O capabilities, although, for high-speed
analog I/O, you might want to look at external ADCs and DACs (or even other microcon-
trollers or circuits), which provide high-speed capabilities.

The ADC built in the PIC16C7x PICmicro® MCUs can sample and process signals as
fast as 25 kHz (or so) accurately. Looking at the ADC’s specifications, you might feel that
the best analog signal frequency that can be processed is 50 kHz (as the examples in the
data sheet show a 19-ms acquisition/processing time). I specify 25 kHz because of
Nyquist’s sampling theorem, which says that to properly sample an analog signal, you
must sample at twice the highest data frequency expected in the signal.

25 kHz might seem like a reasonably fast signal to sample. After all, speech only re-
quires 2.5 kHz and full-spectrum audio only reaches about 18 kHz. But for most electronic
signals, 25 kHz is actually quite a low speed and not very useful (for example, the AM ra-
dio band starts at 66 kHz or the NTSC colorbust clock runs at 3.5 MHz.

Along with the slow ADC sampling and processing speeds, Digital Signal Processing
(DSP) algorithms are difficult to implement on the PICmicro® MCU because of the
processor’s ability to interface with only eight bits of data and lack of multiply or divide
instructions. Limited DSP functions can be implemented, but they will be challenging for
data input waveforms that are faster than 1 kHz or so.

For these reasons, I don’t recommend that the PICmicro® MCU’s built-in ADC’s be
used for anything other than measuring DC voltages. With up to 12 bits available with
built-in ADCs, the PICmicro® MCU is very well suited for accurately measuring DC (Di-
rect Current) analog voltages.

Personally, I find the Microchip documentation to be quite complex and difficult to figure
out concerning how to use the built-in ADC hardware for applications. The following sec-
tions cover how the analog input and processing works on the PICmicro® MCU. Some hints
are included for using the features without having to wade through all the documentation.
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PIC16C62x: VOLTAGE COMPARISON

Along with the ADCs of the PIC16C2x, analog voltages can be processed by the use of
comparators that indicate when a voltage is greater than another voltage. The inputs com-
pared can be switched between different I/O pins as well as ground or a reference voltage
that can be generated inside of the PICmicro® MCU chip.

Enabling comparators is a very straightforward operation with the only prerequisite be-
ing that the pins used for the analog compare must be in Input mode. Comparator response
is virtually instantaneous, which allows alarm or other fast responses from changes in the
comparator inputs.

The comparator works very conventionally (Fig. 5-50). If the value of +input is greater
than the —input, the output is high. The two comparators in the PIC16C82X are controlled
by the CMCON register, which is defined in Table 5-24.

The CIS and CM2:CMO bits work together to select the operation of the comparators.
The following numbered notes are the details to the notes in Table 5-25.

1 For CM2:CM0 equal to 000, RA3 through RAO cannot be used for digital 1/O.
2 For CM2:CMO equal to 000, RA2 and RA1 cannot be used for digital 1/O.
3 RA3 can be used for digital I/0.

TABLE 5-24 CMCON Bit Definition

DESCRIPTION

C20UT-—Comparator 2 Output (High' if + > —)

C10OUT—Comparator 1 Output (High if + > =)
Unused
Clis—Comparator Input switch

CM2:CM0—Comparator Mode
O I AR A e
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TABLE 5-25 Comparator Module I/E Specification

cMm cis COMP 1 ComMP 2

+ input =input + input ~ input
RAO RA3 (1) RA2 RA1 (4)
RA2 RAQ RA2 RA1

RA2 RA3 RA2 RA1

Vref RA3 Vref RA1

Vref RAS3 Vref RAZ

RA2 RAQ - (3) RA2 RA1
RA3 RAQ - (4) RA2 RA1
DONT CARE RA2 RA1

RA2 RAO (5) RA2

RA3 RAO (7) RA2
B S L S S P R O S

4 RAO and RA3 can be used for digital I/O.

5 RA3 is a digital output, same as comparator 1 output.
6 RAA4 us the open drain output of comparator 2.

7 RAO and RA3 can be used for digital 1/0.

8 RAI and RA2 can be used for digital 1/O.

Upon power up, the comparator CM bits are all reset, which means that RAO to RA3 are
in analog Input mode. If you want to disable analog input, the CM bits must be set (write
0x007 to CMCOM).

Interrupts can be enabled, which will interrupt the processor when one of the compara-
tor output changes. This is enabled differently for each PICmicro® MCU with built-in
comparators. Like the PORTB change on interrupt, after a comparator change interrupt re-
quest has been received, the CMCOM register must be read to reset the interrupt handler.

Along with comparing to external values, the PIC16C62x can also generate a reference volt-
age (V. in Table 5-25) using its own built-in four-bit digital-to-analog converter (Fig. 5-51).

The V,,; control bits are found in the VRCON register and are defined in Table 5-26.

The V,,r output is dependent on the state of the VRR bit. The V,er voltage output can be
expressed mathematically if VRR is set as:

V,ef =V » (Vfcon & 0x00F)/24
or, if it is reset as:

Vref: Vdd * [8 + (Vrcon & 0XO0F)]/32
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Notice that when VRR is set, the maximum voltage of V. is 15/24 of ¥, or just less
than two-thirds of ¥, When VRR is reset, ¥, can be almost three-quarters of V.
V,er can be output on RA2, but you will probably want it to be used internally only with
the comparators because using it to drive RA2 requires extra current from the application.
If an analog voltage output were required, I would recommend implementing a PWM out-

put (as discussed elsewhere in the book).

PIC16C7x: ANALOG INPUT

When 1 first started using the Analog-to-Digital Converter (ADC) built into the PIC16C7x
devices, I felt like the feature was very complex and difficult to work with. When you read
through the Microchip data sheets on the ADC that is built into the PIC16C7x,
PIC16F87x, and other devices that have it built in, you will find that there are multiple, 20-
page descriptions of the ADC. Each of these descriptions is slightly different, depending
on the part number and its features (such as the number of /O pins that can provide ADC
input). Instead of repeating all of this information, I want to give you a brief overview of
the basics of the ADCs, along with the important concepts that you will have to know. At
the end of this section is some sample code to help guide you in successfully using the
ADC in your own applications.
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TABLE 5-26 Comparator VRCON Bit Definitions

BIT DESCRIPTION

7 VREN-—Vref Enable when Set

6 VROE-—Vref output enable when set
RA2—Vref

VRRB-—Vref Range Select

1 = Low Range
0 = High Range

4 Unused

30 VR3: VR0O—Voltage Selection Bits I

All PICmicro® MCU devices that have a 7 as the character after the C or F of the part
number have a built-in analog-to-digital converter, which will indicate an analog voltage
level from 0 to ¥, with 8- to 12-bit accuracy. The PORTA pins can be used as either dig-
ital /O or analog inputs. The actual bit accuracy, utilization of pins, and operating speed
is a function of the PICmicro® MCU part number and the clock speed at which the PICmi-
cro® MCU runs.

When a pin is configured for analog input, it follows the models shown in Fig. 5-52.
R, in the V.. circuit is the in-line resistance of the power supply. In order to get
reasonable times for charging the ADC’s holding capacitor, this value should be less than
10 K.

If you look through the ADC documentation, you will find that the time required for the
holding capacitor to load the analog voltage and to stabilize is:

Toer = Sms + [(Temp — 25C) X 0.05 ms/C]
+(3.19C * 107) X (8 K + Ry)

Which works out to anywhere from 7.6 to 10.7 us at room temperature. I usually avoid

this calculation altogether and assume that 15 to 20 us is required for the holding capaci-
tor voltage to stabilize to the input voltage.
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Once the voltage is stabilized at the capacitor, a test for each bit is made. 9.5 cycles are
required to do an eight-bit conversion. The bit conversion cycle time (known as TAD) can
be anywhere from 1.6 to 6.4 us and can either use the PICmicro® MCU’s instruction
clock or a built-in 250-kHz RC oscillator. To get a valid TAD time using the PICmicro®
MCU’s instruction clock, a two, eight, or 32 prescaler is built into the ADC.

For example, a 4-MHz clock using the divide-by-eight prescaler will have a 2-us TAD
time, which is acceptable for the ADC. If the divide-by-two counter would be used, the
TAD would be 500 ns, which is much too fast for the ADC to work correctly.

The built-in 250-kHz oscillator is used to carry out the ADC conversion when the
PICmicro® MCU is asleep. For maximum ADC accuracy, Microchip recommends that
the PICmicro® MCU be put to sleep during the ADC conversion for minimum internal
voltage or current upsets. If the PICmicro® MCU is put to sieep, then the minimum con-
version time is much longer than what is possible using the built-in clock because the
PICmicro® MCU has to restart when the ADC completion interrupt has been requested
and wakes the PICmicro® MCU from sleep.

The minimum conversion time is defined as the total time required for the holding ca-
pacitor to stabilize at the input voltage and for the ADC operation to complete. Assuming
that an 8-ws holding time could be implemented along with a 15-us ADC conversion time,
the maximum time is about 24 us (a rate of 41,000 ADC samples per second can be made).

This is not fast enough for most electronics operations and probably not fast enough for
audio decoding (especially with the slow digital processing capabilities of the PICmicro®
MCU?’s processor). I’'m pointing this out to indicate that the PICmicro® MCU’s ADC is
best used for very slowly changing inputs.

To measure analog voltages, the analog input pins or the PICmicro® MCU, which are
usually in port A, have to be set to analog input on power up; the analog input pins are nor-
mally set to analog input and not digital 1/O. To specify the modes, the ADCONI1 register is
written to. Table 5-27 shows the two least-significant bits (known as PCFG1:PCFGO0) of the
ADCONI register with the types of I/O pin operation selected in a PIC16C71.

When [ use an ADC-equipped PICmicro® MCU inan application where all the PORTA
pins have to be digital I/O, [ normally do the conversion right at the start of the application
before writing to the TRISA register or initializing the state of the pins. Until the pins are
changed to digital I/0, they will always return zero and cannot be set to an output value of
one.

Normally, when the ADC is used in a PICmicro® MCU, the voltage reference is from
ground to ¥, If this range is not acceptable or if the power supply is unreliable, a new ref-
erence voltage can be specified. In some devices that are equipped with ADCs, the lower

TABLE 5-27 Sample ADCON1 Bit Definitions for the PIC16CT71

ADCON1 BITS AN3 AN2 ANt

1 B)

10
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TABLE 5-28 ADCONO Bit Definitions

BIT FUNCTION

7-6 ADCS1: ADCSO bits used to select the TAD clock.
11—Internal 250 kHz Oscillator
10-—-FOSC/32
01—FOSC/8
00-—FOSC/2

CHS2:CHS0-—Bits used to Select which Analog Input is to be Measured.
These bits and their operation is Part Number Specific

GO/ DONE—Set Bit to Start ADC Conversion, Reset by Hardware when
ADC Conversion is Complete:

ADIF—Set upon Completion of ADC Conversion:and Requests an Interrupt.

0 ADON-—Set to Enable the ADC
w

voltage reference can be externally specified as well. The bit definition of ADCONT is
part-number specific and changes based on the device part number, number of PORTA
pins, and the number of bit resolution provided by the ADC.

The ADCONO register is used to control the operation of the ADC. The bits of the reg-
ister are typically defined as shown in Table 5-28.

The ADC consumes power even when it is not being used and for this reason, if the
ADC is not being used, ADON should be reset.

If the PICmicro® MCU’s ADC is capable of returning a 10-bit result, the data is stored
in the two ADRESH and ADRES registers.

When 10-bit ADC results are available, the data can be stored in ADRESH/ADRESL in
two different formats. The first is to store the data right justified with the most-significant
six bits of ADRESH loaded with zero and the least two significant bits loaded with the two
most-significant bits of the result. This format is useful if the result is going to be used as
a 16-bit number, with all the bits used to calculate an average.

The second 10-bit ADC result format is left justified, in which the eight most-significant
bits are stored in ADRESH. This format is used when only an eight-bit value is required in
the application and the two least-significant bits can be lopped off or ignored.

To do an analog-to-digital conversion, the following steps should be taken:

1 Write to ADCON1 indicating which are the digital I/O pins and which are the analog
/O pins. At this time, if a 10-bit conversion is going to be done, then set the format flag
in ADCON 1 appropriately.

2 Write to ADCONO, setting ADON, resetting ADIF and GO/_DONE, and specifying the
ADC TAD clock and the pin to be used.

3 Wait for the input signal to stabilize.

4 Set the GO/_DONE bit. If this is a high-accuracy measurement, ADIE should be en-
abled for interrupts and then the PICmicro® MCU put to sleep.

5 Poll GO/_DONE until it is reset (conversion done).
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6 Read the result from ADRES and, optionally, ADRESH.

To read an analog voltage from the RAO pin of a PIC167C]1 running a 4-MHz PICmi-
cro® MCU, the code would be:

bsf STATUS, RPO

moviw 0x002

movwf ADCONI ~ 0x080 ; AN1/ANOC are Analog Inputs
bef STATUS, RPO

mov lw 0x041 ; Start up the ADC

movwf ADCONO

mov 1w 5

addlw OxO0FF ; Delay 20 usec for Holding
btfss STATUS, Z ; Capacitor to Stabilize
goto $ -2

bsf ADCONO, GO ; start the ADC conversion
btfsc ADCONO, GO ; Wait for the ADC Conversion
goto $ -1 ; to End

mov f ADRES, w ; Read the ADC result

As you read the Microchip data sheets on the ADC, you will see that there are methods
of implementing shorter, less-accurate conversions. I do not recommend implementing
these conversions because they decrease the accuracy of the ADC conversion, but do not
affect the biggest delay to doing the ADC conversion; the delay for the holding capacitor.
Thus, while the ADC can operate with a modest increase in speed, the total number of
samples per second that can be made with the ADC cannot be substantially increased.

Parallel Slave Port (PSP)

One of the most interesting features of the 40-pin mid-range and PIC18Cxx PICmicro®
MCUs is the Parallel Slave Port (PSP), which is built into the PORTD and PORTE /O
pins. This feature allows the PICmicro® MCU to act like an intelligent peripheral to any
eight-bit data bus device.

The PSP is very easy to wire up with separate chip select and read/write pins for en-
abling the data transfer. The block diagram of the PSP is shown in Fig. 5-53.

The actual read/write I/O operations occur as you would expect for a typical 1/0 device
connected to a microprocessor’s address/data control bus. A read and write operation
waveform is shown in Fig. 5-54.

The minimum access time is one clock (not instruction clock) cycle. For a PICmicro®
MCU running at 20 MHz, the minimum access time is 50 ns.

To enable the parallel slave port, the PSP mode bit of the TRISE register must be set.
When this bit is set, port D becomes driven from the _CS, _RD, and _WR bits, which are
RE2, RE1, and REO, respectively. When the PSP mode bit is set, the values in PORTD,
PORTE, TRISD, and TRISE are ignored.

PSP mode should be enabled the whole time that the PICmicro® MCU is active. Chang-
ing the pins between modes could cause data contention problems with the device driving
the bus connected to PORTD and PORTE. As well, the contents of PORTD and PORTE
are unknown upon return from PSP mode.
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] 8x Bi-Directional
Data Bits

Data Bus

_CS - To Address Decode
_WR - Negative Active Write Strobe
_RD - Negative Active Read Strobe

lel slave port (“PSP”)
hardware

When PSP mode is enabled and _CS and _RD are active, PORTD drives out the con-
tents of OUTREG. When OUTREG (which is at PORTD’s address) is written to, the OBF
(Output Buffer Full) bit of TRISE is set. This feature and the input data flags in TRISE are
not available in all devices. The PBF bit will become reset automatically when the byte in
the OUTREG is read by the device driving the external parallel bus.

When a byte is written into the parallel slave port (_CS and _WR are active), the value
is saved in INREG until it is overwritten by a new value. [f the optional status registers are
available, the IBF bit is set when the INREG is written to and cleared when the byte in
INREG read. If the byte is not read before the next byte is written into INREG, the IBOV
bit, which indicates the overwrite condition, is set.

In older PICmicro® MCUs that have PSP port, the IBF, OBF, and IBOV bits are not
available in TRISE. Although I recommend only using parallel slave port devices that
have the IBF, OBF, and IBOV flags, there will be times when this is not possible. If you
have use a part that doesn’t have these bits, be sure to create a method of protocol of
sending data to ensure that no data byte transfers are missed. This can be done by send-
ing the complement of the previous byte to the PICmicro® MCU before the next byte is

Data Data Into Data Out _RD Ignored
PICmicro MCU ]| of PICmicro MCU by PICmicro MCU

<L T
_WR \ (
_RD ‘ ’

slave port operation
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sent and responding to reading the byte in OUTREG by writing its complement back
into INREG.

With the parallel slave port working, all the other PICmicro® MCU resources are avail-
able. This means you can use ADCs (ensuring that the PORTE bits are not set for analog
input, which will cause problems with the parallel slave port), serial I/O and other features
that allow advanced I/O to and from the PICmicro® MCU. In Chapter 16, the PSP is used
to implement a custom serial interface to a PC’s ISA bus.

17Cxx External Memory Connections

Parallel memory devices can be connected to the 17Cxx PICmicro® MCU devices to en-
hance the PICmicro® MCUs program memory space. The interface provided is up to 64K
of 16-bit data words via a multiplexed address/data bus. The multiplexed bus might seem
somewhat difficult to use, but it actually isn’t; memory devices can be added quite easily
and quickly. The four memory modes available to the 17Cxx PICmicro® MCUs are
shown in Table 5-29 and Fig. 5-55.

An unprogrammed PC17Cxx’s configuration fuses sets the PICmicro® MCU into Mi-
croprocessor mode, which cannot access any internal program memory. This allows out-
put devices to be placed into applications, with external program memory providing the
application code. This feature allows a way of debugging an application before it is burned
into the PICmicro® MCU.

External memory can be read from or written to, using the fablrd and tablwt instruc-
tions. In extended microcontrollers and microprocessor modes, the internal program mem-
ory can be read using the fablrd instruction in the microcontroller modes. These table
instructions use the table pointer register (TBLPTRH for the high eight bits and TBLPTRL
for the low eight bits) to address the operation. During table reads and writes, the table

TABLE 5-29 PIC17Cxx Memory Modes

MODE PROGRAM MEMORY CHARACTERISTICS

Microcontroller Internal to the PICmicro® MCU, able to read Configuration Fuses
and Read and Write Program Memory.

Protected Internal to the PICmicro® MCU, able to read
Microcontroller Configuration fuses, Program Memory can be read but not
Written

Extended Program'Memory Internal to PICmicro® MCU Accessible.
Microcontroller External Memory in Address Space Above Read and Writeable
as well: Unable to read Configuration Fuses.

Microprocessor No internal Program Memory or Configuration Fuses Accessible.
Whole 64 K program memory space

I Accessible outside PICmicro® MCU
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latch register (TABLATH for the high byte and TABLATL for the low byte) is used to buffer the
16 bits during the transfer because the 17Cxx PICmicro® MCU’s processor can only access data
eight bits at a time.

The block diagram for accessing program memory in the 17

shown in Fig. 5-56.

Cxx family of PICmicro® MCUs is
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Program Memory

| Table Pointer [—29dress
| Table Latch |22,

: Figure 5-56 PIC17Cxx
«— 16 Bits—— external memory access

To execute a read or write to program memory, the address in the table pointer has to be
first set up. Writing to each of the two 8-bit registers does this. Next, if the operation is a
read, the rablrd instruction is executed with a dummy destination to update the table latch
register. Once this is done, two read instructions are carried out to read the 16 bits at the
specified address. This instruction sequence is:

mov 1w HIGH PM_address ; Set up Table Pointer
movwf TBLPTRH

mov lw LOW PM_address

movwf TABLPTRL

tablrd 0, 0, WREG ; Update Latch Register
tlrd 1, WREG ; Read High Byte

movwf HIGH Destination

tablrd 0, 0, WREG ; Read Low Byte

movwf LOW Destination

Even if you are going to only read eight bits, the dummy read set to the opposite byte is
required.

Writing to program memory is similar, but with one important difference; in PIC17Cxx
devices, the PICmicro® MCU’s internal EPROM program memory can be written to from
within the application. This feature is used by the PIC17Cxx’s ICSP programming, which
is covered later in the book.

The instruction sequence for the write is:

mov Iw HIGH PM_address
movwT TBLPTRH

mov lw LOW PM_address
movwf TBLPTRL

mov 1w HIGH Data

tiwt 1, WREG

mov lw LOW data

tablwt 0,0,WREG

In this sequence, after the address is set up, the high byte of the data to be written is
stored in the table latch register, then the low byte is written into the low byte of the table
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latch. When this has been done, the whole 16-bit word is written into program memory.
This feature can be useful in an application to load constants into program memory for cal-
ibration values of device serial numbers that are unknown when the PICmicro® MCU is
initially programmed.

To write a new value into the internal EPROM word, the following sequence is re-
quired:

1 Disable all interrupts, except for the EPROM write terminate interrupt.
2 Raise _MCLRtoaV,, voltage of 13 volts.

3 Clear the watchdog timer (WDT) if it is enabled.

4 Perform write.

5 Wait for terminate interrupt.

6 Verify the memory location before continuing.

The tablwt instruction executes as is shown in Fig. 5-57.

Notice that when the actual program memory write occurs, the write goes over into the
clock cycle of the next instruction. The fablrd instruction executes similarly, but with the
program memory access reversed (Fig. 5-58).

Connecting external devices to the 17Cxx PICmicro® MCU is relatively simple, with
two 7415373 latches used for buffering the address before the 1/0 operation occurs. The
circuit for adding external memory to the PIC17Cxx is shown in Fig. 5-59.

The address bits can be decoded to provide access for multiple devices. A 7415138 can
be used to decode three lines into eight negative active outputs.

When performing a read, the AD bus, and ALE and _OE lines look like Fig. 5-60.

A write will look like Fig. 5-61.

These waveforms are actually quite traditional and match up with many microproces-
sor’s (such as the Intel 8080), but should be reconciled with the waveforms for the tablwt
and tablrd instructions presented. Notice that only one of the two data transfers will be vis-
ible on the PICmicro® MCU’s external bus.

501 Q2 Q3 Q4§Q1 Q2 Q3 Q4 .

P B '
rocessor Bus —( 16 Bits J_>_

Program Memory Bus

Store contents of
table latch into
external program
memory

Load table latch
with "missing" byte

PIC17Cxx “TABLWT” instruction execution




17Cxx EXTERNAL MEMORY CONNECTIONS 249

Q1 Q2 Q3 4

Program Memory Bus ( 16 Bits

Q1 Q2 Q@3 o4

) — 8Bits

>_

Processor Bus

Read contents of
external program
memory into the

table latch

Return byte
specified in
instruction

PIC17Cxx “TABLRD” instruction execution

PIC17Cxx
SRAM
AD7-ADO » D15-DO
AD15-AD8 A15-A0
ALE
_OE _WR
_OE
_WR

IC17Cxx external memory connections

Q1 Q@2 Q@ ™ o

AD———— Addr X  Data  »——
ALE [\

PIC17Cxx external




250

PICmicro® MCU HARDWARE FEATURES
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Figure 5-61 PIC17Cxx external
—WR U memory write waveform

Also notice that two clock cycles are used for the data transfer. Thus, the data-access
speed of the external device must be less than twice the period of the PICmicro® MCU’s
clock. For example, if the PICmicro® MCU was running at 10 MHz, the clock period
would be 100 ns and any external devices connected to the bus would have to have an ac-
cess time of 200 ns or less.

In-Circuit Serial Programming (ICSP)

Microchip was one of the first manufacturers to produce microcontrollers that could be
programmed after being wired into an application. This capability was first provided in
mid-range PICmicro® MCUs, but has since become a feature in all new PICmicro® mi-
crocontrollers. JCSP can also be used for parts that have not yet been soldered into a cir-
cuit, which minimizes the cost of creating a PICmicro® MCU device programmer.

The ICSP connector for the mid-range PICmicro® MCUs is a 5-pin, 0.100 spacing IDC
connector with the pin out shown in Table 5-30.

As is shown in Chapter 13, this capability can be exploited to create simple program-
mers. It can also be used for Surface-Mount Technology (SMT) parts, which cannot be eas-
ily fixtured, to be “burned” with application code after it has been assembled into a circuit.

This function is very useful and, for me, it is an important advantage of the PICmicro®
MCU over other microcontrollers. In this book, I only use ICSP programmable parts, as
well as provide designs for ICSP-compatible programmers and driver software for you to
easily program your own PICmicro® MCU parts and build the applications presented in
this book.

TABLE 5-30 ICSP Pin Connections

FUNCTION

ke

Vpp (Programming Voltage)
Vee (+5 Volts)

Gnd

Data

Clock

hm

O B N
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Future Devices

In writing this book, I have received a lot of support and information from Microchip on
current and future parts. I have done everything possible to try and ensure that all of the in-
formation regarding hardware devices is current and looking ahead into the future as I
write this. But, I know that over time, new interfacing features, new parts, and even new
PICmicro® MCU architectures will become available.

I have tried to count the number of new PICmicro® MCU part numbers released by Mi-
crochip since I submitted the first edition manuscript. The number I have come up with
is 132.

In the space of three years, there has been more Flash program memory parts, different-
sized program and variable memory devices with similar 1/O capabilities, new 1/O inter-
faces, and a new PICmicro® MCU device architecture (the 18Cxx). I have no doubt that
the next three years will see just as significant changes. As I do the final proofreading of
this book, the USB-equipped PICmicro® MCUs are becoming available as “engineering
samples.” Over the next three years, I hope to see CAN-enabled PICmicro® MCUs be-
come available, and the 18Cxx architecture start to have interfacing features and Flash
program memory (previously only available in the mid-range parts).




PICmicro® Mcu

APPLICATION DESIGN

AND HARDWARE INTERFACING

CONTENTS AT A GLANCE

Estimating Application Power Analog I/O
Requirements POTENTIOMETERS
PULSE-WIDTH MODULATION (PWM) I/O
Reset AUDIO OUTPUT
Interfacing to External Devices Relays and Solenoids
DIGITAL LOGIC

DIFFERENT LOGIC LEVELS WITH ECL DC and Stepper Motors
AND LEVEL SHIFTING

R/C Servo Control
LEDs
Serial Interfaces
Switch Bounce SYNCHRONOUS
ASYNCHRONQUS (NRZ) SERIAL
Matrix Keypads DALLAS SEMICONDUCTOR 1-WIRE
INTERFACE
LCDs

After reading the previous two chapters and “Introduction to Electronics” on the CD-
ROM, you must feel like there is nothing left to understand about designing PICmicro®
MCU applications. In these chapters on the CD-ROM I have provided background on how
microcontroller interfacing is carried out and some of the theories and pitfalls that you
should be aware of. This chapter covers some specifics about how the PICmicro® MCU
works when wired to different interfaces.

253
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I am not trying to say that the PICmicro® MCU is a difficult microcontroller to interface
to. Actually, it is one of the easiest eight-bit microcontrollers to develop interface applica-
tions for. In different versions, with built-in oscillators and reset circuits, interfaces can be
unbelievably easy to implement. Despite this, you should be aware of a few things that will
help you make your applications more efficient and keep you from having difficult to de-
bug problems.

Estimating Application
Power Requirements

Accurate power estimating for your applications is important because the expected power
consumption affects how much heat is produced by the circuit and what kind of power
supply is required by it. Although the PICmicro® MCU power can usually only be esti-
mated to an order of a magnitude, this is usually good enough to ensure that the circuit
won’t overheat, the power supply won’t burn out or the batteries will not be exhausted be-
fore the required execution time has passed.

For the PICmicro® MCU itself, the “intrinsic” current, what I call the current consumed
by the microcontroller with nothing connected to it, is available from Microchip in the data
sheets. For the PIC16F87x, rated at 4 MHz, Table 6-1 lists the IDD (the supply current or
intrinsic current), according to the oscillator type.

The current rating for the oscillator type selected in the configuration fuses should be
the basis for your estimate. Notice that as the clock frequency changes, the intrinsic cur-
rent consumption will go up at a rate of about one mA per MHz. For estimating purposes,
I recommend that you use the worst case for the oscillator selected.

Next, select the current requirements for the devices that connect directly to the PICmi-
cro® MCU. Depending on their operation, the current requirements can change drasti-
cally. For example, an LED that is off consumes just about no current, and one that is on
can consume from five to 20 mA. Again, for these devices, the worst cases should be used
with the estimate.

Also, note that different devices will respond differently, depending on how they are
used. A very good example of this is a LCD display. Many modern LCDs have built-in
pull-ups to make interfacing easier for electronic devices that have open collector outputs
(such as the 8051). Typically, these devices current requirements will be quoted with the

TABLE 6-1 PiCmicro® MCU Oscillator Curient Consumption Comparison

OSCILLATOR IDD FREQUENCY

LP 525uA 32 kHz

RC 5 mA 4 MHz
XT 5mA 4 MHz
HS 13.5 mA 4 MHz

O N O et
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minimum value, rather than the maximum. To ensure you have an accurate estimate, you
will have to check the current drain with the LCD connected and operating with the
PICmicro® MCU.

Lastly, the power consumption of other devices connected to the circuit (but not the
PICmicro® MCU) will have to be determined through the device’s data sheets. Again, the
worst-case situation should be taken into account.

Once these three current values have been found, they can be summed together to get
the total application power and then multiplied by the voltage applied to get the power
consumed by the application. Once I have this value, I normally multiply it by a 25- to 50-
percent “derater” to ensure that I have the absolute worst case.

In the applications in this book where I have specified the current, I have continually
sought out the worst case and then derated the power to make it seem even worse. This is
to ensure that you will not have any problems with your application power supply. Power
can really make or break an application. Incorrectly specifying a supply can lead to prob-
lems with the application not powering up properly, failing intermittently, or not running
as long on batteries as expected.

Marginal power supply problems can be extremely difficult to find as well. By going
with a derated worst case for my application power requirements, I have eliminated one
possible point in the application from going bad.

Reset

Reset in many new PICmicro® MCU part numbers can be simply implemented, elimi-
nating the need for a separate circuit or having a built-in brown-out reset sensor. Even
putting your own reset circuit into an application is simple; only a couple of rules must be
followed.

Adding external reset circuit to the PICmicro® MCU consists of a pull-up connected to
the _MCLR pin of the PICmicro® MCU. As shown in F ig. 6-1, a switch pulling _MCLR
to ground (to reset the device) can be implemented with a momentary on switch.

A resistor of 1 to 10 K is probably appropriate; the input is CMOS and does not draw
any current through the resistor. The resistor is primarily used as a current-limiting device
for the momentary-on switch.

In the configuration registers of the mid-range parts there is a bit known as PWRITE.
This bit will insert a 72-ms delay during PICmicro® MCU power up before the first in-
struction is fetched and executed. The purpose of this function is to allow the PICmicro®

VCC
To ®
Optional I'— PICmicro® MCU
Reset 4 _MCLR
Pull-Down

Switch ==
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MCU’s clock to stabilize before the application starts. In the low-end and high-end PICmi-
cro® MCU’s, this function is not always available.

PWRTE does not have to be enabled if a stable clock is being input to the PICmicro®
MCU, such as in the case where a “canned oscillator” is used as the PICmicro® MCU’s
clock source instead of a crystal, ceramic resonator, or RC network.

When the _MCLR pin is made active (pulled low), the oscillator stops until the pin is
brought back high. As well, the oscillator is also stopped during sleep mode to minimize
power consumption. The PWRTE 72 ms delay is required in these cases, as well to ensure
the clock is stable before the application’s code starts executing.

If the PICmicro® MCU is run at low voltage (less than 4.0 volts), do not enable the
built-in Brown-Out Reset (BOR), unless it is available with a low-voltage selector option.
Once power drops below 4.0 volts, then circuit will become active and will hold the
PICmicro® MCU reset—even though it is receiving a valid voltage for the application.
The low-voltage option usually means that the brown-out reset will reset the PICmicro
MCU when the input voltage is below 4.0 volts or 1.8 volts.

If you are going to use low voltage and want a brown-out detect function, this can be
added with a Zener diode and a comparator as is shown in Fig. 6-2.

In this circuit, voltage is reduced by the Zener diode voltage regulator to 3 volts. If V.
goes below three volts, this circuit will put the PICmicro® MCU into reset. The voltage-
divider values can be changed for different ratios and R can be quite high (100 K+) to
minimize current drain in a battery-driven application.

The PIC12C5xx and 16C505 PICmicro® MCU’s can provide an internal reset function,
which uses ¥, as the _MCLR pin input. This frees the _MCLR pin for use as an input. The
freed _"MCLR pins generally cannot be used as an output.

A common use for this pin is RS-232 input using a resistor as a current limiter and pro-
viding bit-banging software to read the incoming values. If you use the _MCLR/I/O pin in
this fashion, be sure that you “clamp” the pin shown in Fig. 6-3.

If the incoming negative voltage is not clamped within the PICmicro® MCU, the nega-
tive voltage could cause the PICmicro® MCU to be forced into reset mode. If the positive
voltage is not clamped, then the PICmicro® MCU could go into the programming mode.
The general-purpose pins are designed with clamping diodes built in and will not allow in-
puts to be driven outside V,; or ground. Not clamping the input pins can cause some con-
fusing problems when you first work with the PICmicro® MCU in this type of application.
The use of clamping diodes for RS-232 interfacing is shown in the “Serial LCD Interface” in
Chapter 16.
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Interfacing to External Devices

The previous chapters have provided a lot of information about the peripheral hardware
built into the PICmicro® MCU that will help making applications easier. Coupled with the
information contained in the appendices, you would have thought I had it all covered.

The following sections cover some of the hints and tips I’ve learned over the years for
interfacing PICmicro® MCUs to other devices. With this information, I have also in-
cluded source code for the different interface hardware. This code is available on the CD-
ROM as snippets that can be cut and pasted into your applications, as well as into macros
that can be added to the applications.

Much of this information and code is used later in the book when I go through the ex-
periments and projects. Some of the interfaces will seem very complex or difficult to cre-
ate, but I have tried to work through many of the difficulties and provide you with sample
circuits that are simple and cheap to implement.

DIGITAL LOGIC

It should not be surprising that the PIlecro® MCU can interface directly to TTL and
CMOS digital logic devices. The PICmicro® MCU’s parallel I/O pins provide digital out-
put levels that can be detected properly by both logic technologies and inputs that can de-
tect logic levels output from these logic families.

If you check the PICmicro® MCU data sheets, you will see that the output characteris-
tics are:

01 (output low voltage) = 0. 6 v (max )
I, (output high voltage) = — 0.7 V (min.)

This specification is given to allow for different ¥;; power inputs. For a ¥, of 5 volts,
you can expect a “high” output of 4.3 volts or greater (normally, I see 4.7 volts when a
PICmicro® MCU pin is not under load). If the power voltage input (¥;) was reduced to 2 volts,
low output would still be 0.6 volts and high output becomes 1.3 volts (¥;— 0.7) or greater.

The PICmicro® MCU pins are specified to drive (source) up to 20 mA and sink (pull
the output to ground) 25 mA. These current capabilities easily allow the PICmicro® MCU
to drive LEDs. The total current sourced or sunk by the PICmicro® MCU should not ex-
ceed 150 mA (which is six I/O pins sinking the maximum current).
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The input “threshold” voltage, the point at which the input changes from an / to an O
and visa versa, is also dependent on the input power () voltage level. The threshold is
different for different devices and the data sheet should be consulted for precise values. In
general, for a number of different PICmicro® MCU part numbers, this value is specified
as being in the range:

As a rule, you should use the higher value. For higher ¥;s, this is approximately one
half 77, At lower ¥, voltages, (2 volts), the threshold becomes approximately two-thirds
of V.

For the most part, interfacing to conventional logic devices is very straightforward in
the PICmicro® MCU. The following sections feature some special interfacing cases and
how the PICmicro® MCU can be wired to other devices to take advantage of the PICmi-
cro® MCU’s electrical properties. Using these properties, applications can use standard
I/0 pins to simulate different interface types and, in some cases, reduce the numbers of
pins required for an application.

Parallel bus devices Although the PICmicro® MCU is very well suited for stand-
alone applications, many applications have to connect to external devices. There are built-
in PICmicro® MCU interfaces for Non-Return to Zero (NRZ) asynchronous 1/0O and
two-wire serial I/O, but sometimes the best interface is a simulated paralle! I/O bus. A sim-
ulated parallel bus is useful for increasing the 1/0 capabilities of the PICmicro® MCU us-
ing standard 1/O chips. These devices can be accessed fairly easily using an eight-bit I/O
port and a few extra control pins from the PICmicro® MCU.

I realize that the PIC17Cxx has the ability to drive a parallel bus, but I tend to shy away
from using these devices for this purpose because the PIC17Cxx /O data bus is 16 bits
wide and can only access the full word of data at any one time. Most parallel buses require
an eight-bit bus and the PIC17Cxx devices tend to be more expensive than using the mid-
range parts. Looking at the extra costs of the PIC17Cxx devices, coupled with the com-
plexity of adding the address buffers, you’re probably better off using the mid-range
devices and simulating the bus as shown here.

When [ create a parallel bus, | normally use PORTB for eight data bits and use other
PORT pins for the _RD and _WR lines. To avoid the extra costs and complexity of decode
circuitry, it is probably best to devote one I/O line to each device. Before writing from the
PICmicro® MCU to the device, TRISB is set to output mode and the value to be written is
output on PORTB. Next, the _CS and _ WR lines are pulied low and remain active until the
device’s minimum access times are met. _RD is similar with TRISB being put in input
mode, the _CS and _RD pins are held active until the devices minimum read access time
is met, at which point the data is strobed into w, _CS, and _RD are driven high.

The circuit in Fig. 6-4 requires two parallel output bytes and one parallel input byte.
This could be implemented with a 40-pin PICmicro® M CU, using the 1/O pins directly,
but it is much more cost effective to use an 18-pin PICmicro® MCU (such as the
PIC16F84) and a tristate output buffer and two eight bit registers. In Fig. 6-4, it is assumed
that data is clocked in or output with negative active signal pulses.

With this circuit, RAQ to RA2 would be set for output and initialized to 1 (high voltage).
To read the eight data bits on the tristate buffer, the following code could be used:




INTERFACING TO EXTERNAL DEVICES

259

PICMicro Input Device
RAO}RD, Eight
RAL _WR1 }\'—‘_In.put
RAZFM& Bits
Output Device 1
Eight
PORTB — Output
Bits
Output Device 2
Eight
— Output
Bits ;
simulated parallel 10 port
bsf STATUS, RPO ; Put PORTB into Input Mode
mov 1w OxOFF
movwf TRISB ~ 0X080
bef STATUS, RPO
bef PORTA, 0 ; Drop the “_RD” 1ine
call Dlay ; Delay until Data Qutput Valid
movf PORT B, w ; Read Data from the Port
bsf PORT A, O ; “_RD” = 1 (disable “_RD” Line)

Writing to one of the output registers is similar:

bsf STATUS, RPO

clrf TRIS B ~ 0X080 ; PORTB Output

bef STATUS, RPO

bef PORTA, 1 ; Enable the “_WR1” Line
movwf PORTB ; output the Data

call Dlay ; Wait Data Receive Valid
bsf PORTA, 1 ;o “_WR1” = 1.

Combining input and output Often when working on applications, you will find
some situations where peripheral devices will use more than one pin for I/O. Another case
would be when you are connecting two devices, one input and one output and would like
to combine them somehow so that you can reduce the number of PICmicro® MCU pins
required. Fewer PICmicro® MCU pins means that you can use cheaper PICmicro® MCUs
and avoid complex application wiring. This section presents two techniques for doing this
and the rules governing their use. This might at first appear problematic and asking for
issues with “bus contention,” but they really do work and can greatly simplify your appli-
cation.

When interfacing the PICmicro® MCU to a driver and receiver (such as a memory with a
separate output and input), a resistor can be used to avoid bus contention at any of the pins
(Fig. 6-5).

In this situation, when the PICmicro® MCU’s /O pin is driving out, it will be driving
the Data In pin register and regardless of the output of the Data Out pin. If the PICmicro®
MCU and Data Out pins are driving different logic levels, the resister will limit the current
flowing between the PICmicro® MCU and the memory Data Out pin. The value received
on the Data In pin will always be the PICmicro® MCU’s output due to the voltage drop
within the registor.
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PICmicro® MCU 1/O Device

Data Out

Data In

PiCmicro® McU
simulated paraliel 10 port

When the PICmicro® MCU is receiving data from the memory, its I/O pin will be put
in input mode and the Data Out pin will drive its value to not only the PICmicro® MCU’s
/O pin, but the Data In pin as well. In this situation, the Data In pin should not be latching
any Data In. To avoid this, in most cases where this circuit combines input and output, the
two input and output pins are on the same device and the data mode is controlled by the
PICmicro® MCU to prevent invalid data from being input into the device. This is an im-
portant point because it defines how this trick should be used. The 1/O pins that the PICmi-
cro® MCU are connected to must be mutually exclusive and can never be transmitting
data at the same time. A common use for this method of connection data in and data out
pins is used in SPI memories, which have separate data input and output pins.

The second trick is to have button input, along with an external device receiver. As is
shown in Fig. 6-6, a button can be put on the same “net” as an input device and the PICmi-
cro® MCU pin that drives it.

When the button is open or closed, the PICmicro® MCU can drive data to the input
device, the 100-K and 10-K resistors will limit the current flow between ¥, and ground.
If the PICmicro® MCU is going to read the button high (switch open) or low (switch
closed) will be driven on the bus at low currents when the pin is in input mode. If the
button switch is open, then the 100-K resistor acts like a pull up and a / is returned.
When the button switch is closed, then there will be approximately 0.5 volt across the
10-K resistor, which will be read as a 0.

The button with the two resistors pulling up and down are like a low-current driver and
the voltage produced by them is easily “overpowered” by active drivers. Like the first
method, the external input device cannot receive data except when the PICmicro® MCU
is driving the circuit. A separate clock or enable should be used to ensure that input data is
received when the PICmicro® MCU is driving the line.

Two points about this method; this can be extrapolated to work with a switch matrix
keyboard. The circuit can become very complex, but it will work. Secondly, a

VCC
PICmicro® mcu I/O Device
100 K
Momentary
4 "Closed"
Button
r]‘* {] Data 1/O
. Combining
button in-put with digital I/O
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resistor/capacitor network for debouncing the button cannot be used with this circuit be-
cause a resistor-capacitor network will “slow down” the response of the PICmicro® MCU
driving the data input pin and will cause problems with the correct value being accepted.
When a button is shared with an input device; such as is shown in Fig. 6-6, software but-
ton debouncing will have been done inside the PICmicro® MCU.

Simulated open collector/open drain I/QO Open collector/open drain outputs are
useful in several different interfacing situations. Along with providing a node in a dotted
AND bus, they are also useful to interface with 12C and other networks. I find that the sin-
gle open drain pin available in the different PICmicro® MCU devices to be insufficient for
many applications, which is why I find it useful to simulate an open drain driver with a
standard I/O pin.

An open drain pin (shown in Fig. 6-7) consists of a N-channel MOSFET transistor with
its source connected to the 1/O pin. Because there is no P-channel high driver in the pin cir-
cuit, when a / is being output the only transistor will be turned off and the pin is allowed
to float. Floating, in most applications, means having a pull up and multiple open-
collector/open-drain drivers on the net.

When the data out bit is low (and TRIS is enabled for output), the pin is pulled low. Oth-
erwise, it is not electrically connected to anything (“tristated”).

This action can be simulated by using the following code, which enables the I/O pin output
to be low if the carry flag is reset. If the carry flag is set, then the pin is put into input mode.

bcf PORT#, pin ; Make Sure PORT# Pin Bit is “0”

bsf STATUS, RPO

btfss STATUS, C ; If Carry Set, Disable Open Collector
goto $ + 4 ; Carry Reset, Enable Open Collector
nop

bsf TRIS# ~ 0x080, pin

goto $ + 3

bef TRIS# ~ 0x080, pin

goto $ + 1

bef STATUS, RPO

This code, which is designed for mid-range PICmicro® MCUs, will either set the pin to
input (tristate) mode or pulled low on the sixth cycle after it has been invoked, I normally
put this code into a macro, with the port and pin specified as parameters.

It will seem like [ went to some lengths to ensure that the timing was the same for mak-
ing the bit tristate (input mode) or pulled low to 0, as well as the state specified by the carry
flag. Regardless of the execution path, this code will take eight instruction cycles and the

D "TRIS" Q
. Register

—®
D PORT Q 5"-

.. Register =

Ctrl_Write

Data Bus

Pin_Write

1

Pin_Read Open Drain” no pin

configuration
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I/O pin value will be changed at five cycles. I did this because this function is often used
with 12C or other network protocols and using the carry flag allows bits to be shifted
through this code easily.

In the sample open-drain simulation code, 1 reset the specified pin before potentially
changing its TRIS value. This is to prevent it from being the wrong value, based on reads
and writes of other 1/0 pins. This is the “inadvertent pin changes” that I’ve written about
elsewhere in the book.

DIFFERENT LOGIC LEVELS WITH ECL
AND LEVEL SHIFTING

Often, when working with PICmicro® MCUs and other microcontrollers, you will have to
interface devices of different logic families together. For standard positive voltage logic
families (i.e., TTL to CMOS), this is not a problem; the devices can be connected directly.
But, interfacing a negative voltage logic to a positive voltage logic family (i.e., ECL to
CMOS) can cause some problems.

Although chips usually are available to provide this interface function (for both input
and output), they typically only work in only one direction (which precludes bi-directional
busses—even if the logic family allows it) and the chips can add a significant cost to the
application.

The most typical method of providing level conversion is to match the switching thresh-
old voltage levels of the two logic families.

As shown in Fig. 6-8, the ground level for the COMS microcontroller has been shifted
below ground (the microcontroller’s “ground” is actually the CMOS 0 level). The purpose
of this is to place the point where the microcontroller’s input logic switches between a 0
and a 7 (known as the input logic threshold voltage) is the same as the ECL Logic. The re-
sistor (which is between 1 K and 10 K) is used to limit the current flow because of the dif-
ferent logic swings of the two different families.

Looking at the circuit block diagram, you’re probably thinking that the cost of shifting
the microcontroller power supply is much greater than just a few interface chips.

Actually, this isn’t a big concern because of the low power requirements of modern
CMOS microcontrollers. In Fig. 6-8, the microcontroller’s ground reference can be pro-
duced by placing a silicon diode (which has a 0.7 voltage drop across it) between it and the
ECL’s 2-volt power supply negative output. The 5-volt and 2-volt supplies’ positive out-
put have a common “threshold” voltage for this circuit and the registor limits the CMOS

ECL P/S Offset P/S
MCU P/S
R
ECL Logic CMOS MCU
CMOS 1
Ground

Bl logicThreshod .
ECLO Figure 6-8 ECL to CMOS logic

CMOS 0 level conversion
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logic swing to the 1 volt ECL swing. This example might seem simplistic, but it would
provide the ability to connect a CMOS 0- to +5-volt microcontroller to ECL logic (and al-
low signals to be sent in either direction, between the PICmicro® MCU and the ECL
Logic) at a very low cost.

LEDs

The most common form of output from a microcontroller is the Light-Emitting Diode
(LED). As an output device, it is cheap and easy to wire to a microcontroller. Generally,
LEDs require anywhere from 5 mA of current to light (which is within the output
sink/source specification for most microcontrollers). But, what has to be remembered is,
LEDs are diodes, which means that current flows in one direction only. The typical circuit
that I use to control an LED from a PICmicro® MCU /O pin is shown in Fig. 6-9.

With this circuit, the LED will light when the microcontroller’s output pin is set to 0
(ground potential). When the pin is set to input or outputs a /, the LED will be turned off.

The 220 Ohm resistor is used for current limiting and will prevent excessive current that
can damage the microcontroller, LED and the power supply. Elsewhere in the book, I have
shown how this resistor value is calculated. Some microcontrollers (such as the PICmi-
cro® MCU) already have current-limiting output pins, which lessens the need for the cur-
rent-limiting resistor. But, I prefer to always put in the resistor to guarantee that a short
(either to ground or V) cannot ever damage the microcontroller of the circuit it’s con-
nected to (including the power supply).

Probably the easiest way to output numeric (both decimal and hex) data is via seven-
segment LED displays. These displays were very popular in the 1970s (if you're old
enough, your first digital watch probably had seven-segment LED displays), but have been
largely replaced by LCDs.

Seven-segment LED displays (Fig. 6-10) are still useful devices that can be added to a
circuit without a lot of software effort. By turning on specific LEDs (each of which light
up a segment in the display), the display can be used to output decimal numbers.

Each one of the LEDs in the display is given an identifier and a single pin of the LED is
brought out of the package. The other LED pins are connected together and wired to a
common pin. This common LED pin is used to identify the type of seven-segment display
(as either common cathode or common anode).

Wiring one display to a microcontroller is quite easy—it is typically wired as seven (or
eight, if the decimal point, DP, is used) LEDs wired to individual pins.

The most important piece of work you’ll do when setting up seven-segment LED dis-
plays is matching and documenting the microcontroller bits to the LEDs. Spending a few
moments at the start of a project will simplify wiring and debugging the display later.

VCC

Microcontroller
2200

LED connection to a
microcontroller
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The typical method of wiring multiple seven-segment LED displays together is to wire
them all in parallel and then control the current flow through the common pin. Because the
current is generally too high for a single microcontroller pin, a transistor is used to pass the
current to the common power signal. This transistor selects which display is active.

Figure 6-11 shows common-cathode seven-segment displays connected to a microcon-
troller.

In this circuit, the microcontroller will shift between the displays showing each digit in
a very short time slice. This is usually done in a timer interrupt handler. The basis for the
interrupt handler’s code is:

Int
- Save Context Registers
- Reset Timer and Interrupt

- LED_Display = 0 : Turn Off all the LEDs

- LED_Qutput = Displayl Cur 1]

- Cur = (Cur + 1) mod #Displays : Point to Next Sequence Display
- LED_Display = 1 << Cur ; Display LED for Current Display

- Restore Context Registers
- Return from Interrupt

This code will cycle through each of the digits (and displays), having current go through
the transistors for each one. To avoid flicker, I generally run the code so that each digit is
turned on/off at least 50 times per second. The more digits you have, the faster you have
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to cycle the interrupt handler (i.e., eight seven-segment displays must cycle at least 400
digits per second, which is eight times as fast as a single display).

You might feel that assigning a microcontroller bit to select each display LED to be
somewhat wasteful (at least I do). I have used high-current TTL demultiplexer (i.e.,
74S138) outputs as the cathode path to ground (instead of discrete transistors). When the
output is selected from the demultiplexer, it goes low, allowing current to flow through
the LEDs of that display (and turning it on). This actually simplifies the wiring of the fi-
nal application as well. The only issue is to ensure that the demultiplexer output can sink
the maximum of 140 mA of current that will come through the common cathode con-
nection.

Along with seven-segment displays, 14- and 16-segment LED displays are available,
which can be used to display alphanumeric characters (A to Z and 0 to 9). By following the
same rules as used when wiring up a seven-segment display, you shouldn’t have any prob-
lems wiring the display to a PICmicro® MCU. Chapter 16 shows how seven- and 16-seg-
ment LEDs can be used to display letters and numbers.

Switch Bounce

When a button is opened or closed, we perceive that it is a clean operation that really looks
like a step function. In reality, the contacts of a switch bounce when they make contact, re-
sulting in a jagged signal (Fig. 6-12).

When this signal is passed to a PICmicro® MCU, the microcontroller can recognize this
as multiple button presses, which will cause the application software to act as if multiple,
very fast button presses have occurred. To avoid this problem the “noisy” switch press is
“debounced” into an idealized “press,” or the step function (Fig. 6-13). Two common
methods are used to debounce button inputs.

The first is to poll the switch line at short intervals until the switch line stays at the same
level for an extended period of time. A button is normally considered to be debounced if it
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Oscilloscope picture of a switch “bounce”
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does not change state for 20 ms or longer. By polling the line every 5 ms, this debouncing
method can be conceptualized quite easily (Fig. 6-14).

The advantage of this method is that it can be done in an interrupt handler and the line
can be scanned periodically with a flag set if the line is high and another flag in the line is
low. For the “indeterminate” stage, neither bit would be set. This method of debouncing is
good for debouncing keyboard inputs.

The second method is to continually poll the line and wait for 20 ms to go by without
the line changing state. The algorithm that I use for this function is:

ButlLoop:
while (Button == High); // Poll Until Button is Pressed
for (Dlay = 0; (Dlay < 20msec) and (Button == Low); Dlay++):
if (Dlay != 20 msec) // Repeat Process if 20 msecs have
goto Butloop; // Not gone by with Button Pressed

This code will wait for the button to be pressed and then poll it continuously until either
20 ms has passed or the switch has gone high again. If the switch goes high, the process is
repeated until it is held low for 20 ms.

This method is well suited to applications that don’t have interrupts, only have one but-
ton input, and have no need for processing while polling the button. As restrictive as it
sounds, many applications fit these criteria.

This method can also be used with interrupt inputs along with TMRO in the PICmicro®
MCU, which eliminates these restrictions. The interrupt handler behaves like the follow-
ing pseudo-code when one of the port changes on interrupt bits is used for the button
input:

interrupt ButtonDebounce() // Set Flags According to the

{ //  Debounced State of the Button
if (TOIF == 1) { // TMRO Overflow, Button Debounced
TOIF = 0; TOIE = 0; // Reset and Turn off TMRQ Interrupts
if (Button == High) {
Pressed = 0; NotPressed = 0; // Set the State of the Button

b oelse

Pressed = 1; NotPressed =

))/ 5 W
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}

b else | // Port Change Interrupt
NotPressed = 1; // Nothing True
RBIF = 0; // Reset the Interrupt
TMRO = 20msecDlay; // Reset Timer 0 for 20 ms
TOIF = 0; TOIE = 1; // Enable the Timer Interrupt

}
} // End ButtonDebounce

This code waits for the input pin to change state and then resets the two flags that indi-
cate the button state and starts TRMO to request an interrupt after 20 ms. After a port
change interrupt, notice that I reset the button state flags to indicate to the mainline that the
button is in a transition state and is not yet debounced. If TMRO overflows, then the but-
ton is polled for its state and the appropriate button state flags are set and reset.

The mainline code should poll the Pressed and NotPressed flags when it is waiting for a
specific state. Chapter 15 shows this method of using TMRO and how interrupts can be im-
plemented with or without interrupts.

If you don’t want to use the software approaches, you can use a capacitor to filter the
bouncing signal and pass it into a Schmidt trigger input. Schmidt trigger inputs have dif-
ferent thresholds, depending on whether the signal is rising or falling. For rising edges, the
trigger point is higher than falling. Schmidt trigger inputs have the “hysteresis” symbol
put in the buffer (Fig. 6-15).

This method is fairly reliable, but requires an available Schmidt trigger gate in your circuit.
A Schmidt trigger input might be available in your PICmicro® MCU, but check the data
sheet to find out which states and peripheral hardware functions can take advantage of it.

Lastly, choose buttons with a positive “click” when they are pressed and released. These
have reduced bouncing, often have a “self cleaning” feature to reduce poor contacts, and
are a lot easier to work with than other switches that don’t have this feature. I have used a
number of switches over the years that don’t have this click and they can be a real problem
in circuits with intermittent connections and unexpected “bouncing” that occurs while the
button is pressed and held down.

Matrix Keypads

Switch matrix keyboards and keypads are really just an extension of the button concepts,
with many of the same concerns and issues to watch out for. The big advantage that the
matrix keyboards gives you is that they provide a large number of button inputs for a rel-
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atively small number of PICmicro® MCU pins. The PICmicro® MCU is well designed
for simply implementing switch matrix keypads, which, like LCD displays that are ex-
plained in the next section, can add a lot to your application with a very small investment
in hardware and software.

A switch matrix is simply a two-dimensional matrix of wires, with switches at each ver-
tex. The switch is used to interconnect rows and columns in the matrix (Fig. 6-16).

This diagram might not look like the simple button, but it will become more familiar when
1 add switchable ground connections on the columns (Fig. 6-17).

In this case, by connecting one of the columns to ground, if a switch is closed, the pull
down on the row will connect the line to ground. When the row is polled by an 1/O pin, a
0 or low voltage will be returned instead of a 7 (which is what will be returned if the switch
in the row that is connected to the ground is open).

As stated, the PICmicro® MCU is well suited to implement switch matrix keyboards
with PORTB’s internal pull-ups and the ability of the I/O ports to simulate the open-drain
pull-downs of the columns (Fig. 6-18). Normally, the pins connected to the columns are
left in tristate (input) mode. When a column is being scanned, the column pin is output en-
abled driving a 0 and the four input bits are scanned to see if any are pulled low.

In this case, the keyboard can be scanned for any closed switches (buttons pressed) us-
ing the code:

int KeyScan() // Scan the Keyboard and Return when a
{ //  key is pressed

int i = 0;
int key = -1;
while (key == —-1) {
for (i = 0; (1 < 4) & ((PORTB & 0x00F) == OxO0FQ); i++);
—» RowO (pulled up internally)
Val Row1 (puiled up internally)

y

I Column0 Control
————————— Columnt Control . . .
‘E mn Lontro - Switch matrix with pull

== = down transistors
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switch (PORTB & 0x00F) {// Find Key that is Pressed
case 0Ox00E: // Row QO
key = 1i;
break;
case 0x00D: // Rowl
case 0x00C:
key = 0x04 + 1;
break;
case 0Ox00B: // Row?
case Ox00A:
case 0x009:
case 0x008:
key = 0x08 + i;
break;
else // Row3
key = 0x0C + 1;
break;
}//end switch
y// end while

return key;:
} // End KeyScan

The KeyScan function will only return when a key has been pressed. This routine will
not allow keys to be debounced or for other code to execute while it is running.

These issues can be resolved by putting the key scan into an interrupt handler, which ex-
ecutes every 5 ms:

Interrupt KeyScan{) // 5 msec Interval Keyboard Scan
{
int 1 =0
int key = -1

for (i = 0; (i <4) & ((PORTB & Ox00F) == 0x00F)); i++);

if (PORTB & Ox00F) ! = 0x00F) ¢{ // Key Pressed

switch (PORTB & Ox00F) { // Find Key that is Pressed
case 0x00E: // Row 0O

key = 1i;
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break;
case 0x00D: // Rowl
case 0x00C:
key = 0x04 + i;
break;
case 0x00B: // Row?
case Ox00A:
case 0x009:
case 0x008:
key = 0x08 + 1;
break;
else // Row3
key = 0x0C + 1;
break;
Y/ /end switch
if (key == KeySave)
keycount = keycount + 1;// Increment Count
// <-- Put in Auto Repeat Code Here

if (keycount == 4)
keyvalid = key; // Debounced Key
b else
keycount = 0; // No match — Start Again
KeySave = key; // Save Current key for next 5 msec

} // Interval
V// End KeySave

This interrupt handler will set the keyvalid variable to the row/column combination of
the key button (which is known as a scan code) when the same value comes up four times
in a row. This for time scan is the debounce routine for the keypad. If the value doesn’t
change for four intervals (20 ms in total), the key is determined to be debounced.

There are two things to notice about this code. First, in both routines, I handle the row
with the highest priority. If multiple buttons are pressed, then the one with the highest bit
number will be the one that is returned to the user.

The second point is, this code can have an auto repeat function added to it very easily.
To do this, a secondary counter has to be first cleared and then incremented each time the
keycount variable is four or greater. To add an auto repeat key every second (200 inter-
vals), the following code is added in the interrupt handler at the comment.

if (keycount == 4) {
keyrepeat = keyrepeat — 1; // Decrement the Key Auto Repeat Value
if (keyrepeat == 0) {

keyrepeat = 200; // Restart the 1 second Auto Repeat Count

keycount = 3; // Reset the counter
keyvalid = key; // Return the key
}
} else // Reset the Auto Repeat Counter
keyrepeat = 1; // End Outputting the Value with Auto

//  Repeat

The code and methodology for handling switch matrix keypad scans I’ve outlined here
probably seems pretty simple. I’'m sure you’ll be surprised that, with a scanned keyboard,
it is most difficult to figure out the scan codes for specific keys and how to wire the key-
board. Chapter 15 demonstrates how this can be done.
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LCDs

LCDs can add a lot to your application in terms of providing a useful interface for the user,
debugging an application, or just giving it a professional look. The most common type of
LCD controller is the Hitachi 44780, which provides a relatively simple interface between
a processor and an LCD. Using this interface is often not attempted by new designers and
programmers because it is difficult to find good documentation on the interface, initializ-
ing the interface can be a problem, and the displays themselves are expensive.

I have worked with Hitachi 44780-based LCDs for a while now and [ don’t believe any
of these perceptions. LCDs can be added quite easily to an application and use as few as
two digital output pins for control. As for cost, LCDs can be often pulled out of old devices
or found in surplus stores for less than a dollar.

The purpose of this section is to give a brief tutorial on how to interface with Hitachi
44780-based LCDs. I have tried to provide all of the data necessary for successfully
adding LCDs to your application. In the book, I use Hitachi 44780-based LCDs for a num-
ber of different projects.

The most common connector used for the 44780-based LCDs is 14 pins in a row, with
pin centers 0.100” apart. The pins are wired as in Table 6-2.

As you would probably guess from this description, the interface is a parallel bus, al-
lowing simple and fast reading/writing of data to and from the LCD.

The waveform shown in Fig. 6-19 will write an ASCII byte out to the LCD’s screen.
The ASCII code to be displayed is eight bits long and is sent to the LCD either four or eight
bits at a time. If four-bit mode is used, two nybbles of data (sent high four bits and then low
four bits with an E clock pulse with each nybble) are sent to make up a full eight-bit trans-
fer. The E clock is used to initiate the data transfer within the LCD.

Sending parallel data as either four or eight bits are the two primary modes of operation.
Although there are secondary considerations and modes, deciding how to send the data to
the LCD is the most crucial decision to be made for an LCD interface application.

TABLE 6-2 Hitachi 44780 Based LCD Pinout

DESCRIPTION

Ground
Vce
Contrast Voltage

“R/S” = Instruction/Register Select
“‘RAW" - Read/Write LCD Registers
“E" - Clock

DO-D7 Data Pins
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Eight-bit mode is best used when speed is required in an application and 10 I/O pins are
available. Four-bit mode requires six bits. To wire a microcontroller to an LCD in four-bit
mode, just the top four bits (DB4-7) are written to.

The R/S bit is used to select whether data or an instruction is being transferred between the
microcontroller and the LCD. If the bit is set, then the byte at the current LCD cursor position
can be read or written. When the bit is reset, either an instruction is being sent to the LCD or
the execution status of the last instruction is read back (whether or not it has completed).

The different instructions available for use with the 44780 are shown in Table 6-3.

The bit descriptions for the different commands are:

*Not used/ignored. This bit can be either I or 0

Set cursor move direction:
ID Increment the cursor after each byte written to display if set
S Shift display when byte written to display

Enable display/cursor
D Turn display on(1)/off(0)
C Turn cursor on(1)/0ff(0)
B Cursor blink on(1)/off(0)

Move cursor/shift display
SC Display shift on(1)/off(0)
RL Direction of shift right(1)/1eft(Q)

Set interface length
DL Set data interface Tength 8(1)/4(0)
N Number of display lines 1(0)/2(1)
F Character font 5x10(1)/5x7(0)

Poll the busy flag
BF This bit is set while the LCD is processing

Move cursor to CGRAM/display

A Address
Read/write ASCII to the display
H Data

Reading data back is best used in applications that require data to be moved back and forth
on the LCD (such as in applications that scroll data between lines). The busy flag can be
polled to determine when the last instruction that has been sent has completed processing.

For most applications, there really is no reason to read from the LCD. I usually tie R/'W
to ground and just wait the maximum amount of time for each instruction (4.1 ms for clear-
ing the display or moving the cursor/display to the home position, 160 us for all other
commands). As well as making my application software simpler, it also frees up a micro-
controller pin for other uses. Different LCDs execute instructions at different rates and to

Data 1

RIS ]

LCD data write

© 450-ns
T Minimun—> waveform
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TABLE 6-3 Hitachi 44780 Based LCD Commands

INSTRUCTION/DESCRIPTION

Pins
Clear Display

Return Cursor and
LCD to Home Position

Set Cursor Move Direction
Enable Display/Cursor

Move Cursor/Shift Display
Reset/Set Interface Length
Move Cursor to CGRAM
Move Cursor to Display
Poll the “Busy Flag”

Write Hex Character to the
Display at the Current
Cursor Position

W
n

“= 0 O O O O O O
Q= 00 O O 0O O

i

Read Hex Character at the
Current Cursor Positon on |
the Display

avoid problems later on (such as if the LCD is changed to a slower unit), I recommend just
using the maximum delays listed here.

In terms of options, I have never seen a 5x10 pixel character LCD display. This means
that the F bit in the sef interface instruction should always be reset (equal to 0).

Before you can send commands or data to the LCD module, the module must be initial-
ized. For eight-bit mode, this is done using the following series of operations:

Wait more than 15 ms after power is applied.
Write 0x030 to LCD and wait 5 ms for the instruction to complete.
Write 0x030 to LCD and wait 160 usecs for instruction to complete.
Write 0x030 AGAIN to LCD and wait 160 usecs or Poll the Busy Flag.
Set the Operatwng Characteristics of the LCD.

Write “Set Interface Length”
- Write 0x010 to prevent shifting after character write.
- Write 0x001 to Clear the Display
- Write “Set Cursor Move Direction” Setting Cursor Behavior Bits
- Write “Enable Display/Cursor” & enable Display and Optional Cursor

GV W=

In describing how the LCD should be initialized in four-bit mode, I specify writing to
the LCD in terms of nybbles. This is because initially, just single nybbles are sent (and not
two nybbles, which make up a byte and a full instruction). As mentioned, when a byte is
sent, the high nybble is sent before the low nybble and the E pin is toggled each time that
four bits are sent to the LCD.

To initialize in four-bit mode the following nybbles are first sent to the LCD:
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Wait more than 15 ms after power is applied.

Write 0x03 to LCD and wait 5 ms for the instruction to complete.
Write 0x03 to LCD and wait 160 usecs for instruction to complete.
Write 0x03 AGAIN to LCD and wait 160 usecs (or poll the Busy Flag).
Set the Operating Characteristics of the LCD.

- Write 0x02 to the LCD to Enable Four Bit Mode

OV B W=

All following instruction/data writes require two nybble writes:

- Write “Set Interface Length”

- Write 0x01/0x00 to prevent shifting of the display

- Write 0x00/0x01 to Clear the Display

- Write “Set Cursor Move Direction” Setting Cursor Behavior Bits

- Write “Enable Display/Cursor” & enable Display and Optional Cursor

Once the initialization is complete, the LCD can be written to with data or instructions
as required. Each character to display is written like the control bytes, except that the R/S
line is set. During initialization, by setting the S/C bit during the Move Cursor/Shift Dis-
play command, after each character is sent to the LCD, the cursor built into the LCD will
increment to the next position (either right or left). Normally, the S/C bit is set (equal to 1),
along with the R/L bit in the Move Cursor/Shift Display command for characters to be
written from left to right (as with a “TeleType” video display).

One area of confusion is how to move to different locations on the display and, as a fol-
low on, how to move to different lines on an LCD display. Table 6-4 shows how different
LCD displays that use a single 44780 can be set up with the addresses for specific charac-
ter locations. The LCDs listed are the most popular arrangements available and the layout
is given as number of columns by number of lines.

The ninth character is the position of the ninth character on the first line. Most LCD dis-
plays have a 44780 and support chip to control the operation of the LCD. The 44780 is re-
sponsible for the external interface and provides sufficient control lines for 16 characters
on the LCD. The support chip enhances the [/O of the 44780 to support up to 128 charac-
ters on an LCD in two lines of eight. From Table 6-4, it should be noted that the first two
entries (8x1, 16x1) only have the 44780 and not the support chip. This is why the ninth
character in the 16x1 does not appear at address 8 and shows up at the address that is com-
mon for a two-line LCD.

I’ve included the 40 character by 4 line (40x4) LCD because it is quite common. Noz-
mally, the LCD is wired as two 40x2 displays. The actual connector is normally 16 bits
wide with all the 14 connections of the 44780 in common, except for the E (strobe) pins.
The E strobes are used to address between the areas of the display used by the two devices.
The actual pinouts and character addresses for this type of display can vary between man-
ufacturers and display part numbers.

When using any kind of multiple 44780 LCD display, you should probably only display
one 44780’s cursor at a time to avoid confusing the user.

Cursors for the 44780 can be turned on as a simple underscore at any time using the En-
able Display/Cursor LCD instruction and setting the C bit. I don’t recommend using the
B (Block mode) bit because this causes a flashing full-character square to be displayed and
it is very annoying.

The LCD can be thought of as a TeleType display because in normal operation, after a
character has been sent to the LCD, the internal cursor is moved one character to the right.
The clear display and return cursor and LCD to home position instructions are used to re-
set the cursor’s position to the top right character on the display.
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TABLE 6-4 Hitachi 44780 Based LCD Types and Character Locations

LCD TOP LEFT NINTH SECOND LINE - THIRD LINE FOURTH LINE -~ COMMENTS

0 N/A N/A N/A N/A Note 1.,
0x040 N/A N/A N/A Note 1.
8 NA N/A N/A Note 3,
N/A 0x040 N/A N/A Note 1.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 N/A N/A Note 2.
0x008 0x040 0x010 0x050 Note 2.
0x008 0x040 0x014 0x054 Note 2.
N/A N/A N/A N/A Note 4.

(il el iioililec ol oo flol e fleiie | e fio

Note 1: Single 44780/No Support Chip.

Note 2: 44780 with Support Chip.

Note 3: 44780 with Support Chip. This is quite rare.

Note 4: Two 44780s with Support Chips. Addressing is device specific.

An example of moving the cursor is shown in Fig. 6-20.

To move the cursor, the move cursor to display instruction is used. For this instruction, bit
7 of the instruction byte is set with the remaining seven bits used as the address of the char-
acter on the LCD the cursor is to move to. These seven bits provide 128 addresses, which
matches the maximum number of LCD character addresses available. Table 6-4 should be
used to determine the address of a character offset on a particular line of an LCD display.

The character set available in the 44780 is basically ASCIL. I say “basically” because
some characters do not follow the ASCII convention fully (probably the most significant

Initial LCD After string is written,
(?(I;:?dmon LCD curser after “u”
Moving LCD LCD curser is moved
Cursor to start of second line

using 0x0C0 instructior

New string is written
Final LCD .

o and overwrites Moving an LCD
Condition “You” g
cursor
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Char. code
5889999441111
841894187894
xxxx0000| | [BRIP]*|r| [-[7|z|ul
xxxx0001| |T[TIRA|@[ala(a [PIF|a/E]d]
xxxx0010[ |"[2BIRb[r| | [<[EB
xxxx0011| [HICIS|cisla |DITIEL |
xxxx0100| [F4{DOITAL]- (x|} [F|M}e
xxxx0101| [%[SE{Uleu| = [FF|1|=(G
xxxx0110| [&|&[FUF 20230z
xxxx0111| |7 [F[GWD|w|7F|=[=alr
xxxx 1000 |C|BH[HE[h|=|+ |23 rx
xxxx 1001 [ T[] 1 |7 L™ (d
xxxx 1010 [*f2 [J[Z1d[=[=[TjL-| 1|F
sxxxx 1011 |+{3 [KIC k| {|4]¥k=O* R
xxxx 1100 CIL[BE 1] [l 22| m
xxxx 1101 [=[=F[ T [m!| ¥ a2t =
Xxxx1110 _}H""nl-}at.'l'."'ﬁ
xxxx 1111 f?|D|_o|(—--_p'-J'-?“ =) |

difference is 0x05B or is not available). The ASCII control characters (0x008 to 0x01F)
do not respond as control characters and might display “funny” (Japanese) characters. The
LCD character set is shown in Fig. 6-21.

Eight programmable characters are available and use codes 0x000 to 0x007. They are
programmed by pointing the LCD’s “cursor” to the character generator RAM (CGRAM)
area at eight times the character address. The next eight bytes written to the RAM are the
line information of the programmable character, starting from the top (Fig. 6-22).

I like to represent this as eight squares by five. Most displays were seven pixels by five for
each character, so the extra row may be confusing. Each LCD character is actually eight
pixels high, with the bottom row normally used for the underscore cursor. The bottom row
can be used for graphic characters, although if you are going to use a visible underscore cur-
sor and have it at the character, I recommend that you don’t use this line at all (i.e., set the
line to 0x000).

Using this box, you can draw in the pixels that define your special character and then
use the bits to determine what the actual data codes are. When I do this, [ normally use a

LCD character “box”

¢l 3t 21119 Bit Numbers
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0x00E
0x000
0x00A
0x004
0x011
0x00E
0x000
0x000
¢l 3213110 Bit Numbers

 Example LCD custom character

piece of graph paper and then write hex codes for each line, as shown in the lower right di-
agram of a “Smiley Face” (Fig. 6-23).

For some the “animate” applications, I use character rotation for the animations. This
means that, instead of changing the character each time the character moves, I simply dis-
play a different character. Doing this means that only two bytes (moving the cursor to the
character and the new character to display) have to be sent to the LCD. If animation were
accomplished by redefining the characters, then 10 characters would have to be sent to the
LCD (one to move into the CGRAM space, the eight defining characters and an instruc-
tion returning to display RAM). If multiple characters are going to be used or more than
eight pictures for the animation, then you will have to rewrite the character each time.

The user-defined character line information is saved in the LCD’s CGRAM area. This
64 bytes of memory is accessed using the move cursor into CGRAM instruction in a simi-
lar manner to that of moving the cursor to a specific address in the memory with one im-
portant difference.

This difference is that each character starts at eight times its character value. This means
that user-definable character 0 has its data starting at address 0 of the CGRAM, character
1 starts at address 8, character 2 starts at address 0x010 (16), etc. To get a specific line
within the user-definable character, its offset from the top (the top line has an offset of 0)
is added to the starting address. In most applications, characters are written to all at one
time with character O first. In this case, the instruction 0x040 is written to the LCD, fol-
lowed by all of the user-defined characters.

The last aspect of the LCD to discuss is how to specify a contrast voltage to the display.
I typically use a potentiometer wired as a voltage divider. This will provide an easily vari-
able voltage between ground and ¥, which will be used to specify the contrast (or dark-
ness) of the characters on the LCD screen. You might find that different LCDs work
differently with lower voltages providing darker characters in some and higher voltages do
the same thing in others.

There are a variety of different ways of wiring up an LCD. I noted that the 44780 could
interface with four or eight bits. To simplify the demands in microcontrollers, a shift reg-
ister is often used to reduce the number of I/O pins to three.

This can be further reduced by using the circuit shown in which the serial data is com-
bined with the contents of the shift register to produce the E strobe at the appropriate in-

VEC

To pin 3 (contrast
100 <+<—— voltage) of LCD

_ LCD contrast voltage circuit
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interface

terval. This circuit ANDs (using the 1-K resistor and IN914 diode) the output of the sixth
D-flip-flop of the 74L.S174 and the data bit from the device writing to the LCD to form the
E strobe. This method requires one less pin than the three-wire interface and a few more
instructions of code. The two-wire LCD interface circuit is shown in Fig. 6-25.

I normally use a 74L.S174 wired as a shift register (as shown in the schematic diagram)
instead of a serial-in/parallel-out shift register. This circuit should work without any prob-
lems with a dedicated serial-in/parallel-out shift register chip, but the timing/clock polari-
ties might be different. When the 74LS174 is used, notice that the data is latched on the
rising (from logic low to high) edge of the clock signal. Figure 6-26 is a timing diagram
for the two-wire interface and it shows the 74L.S174 being cleared, loaded, and then the E
strobe when the data is valid and 6Q and incoming data is high.

Data [ ks 40t 30 201 100 |
Clock

1Q 100

2Q —20

a0

4Q 40

5Q —50

6Q

2 wire LCD write waveform
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The right side of this diagram shows how the shift register is written to for this circuit to
work. Before data can be written to it, loading every latch with zeros clears the shift regis-
ter. Next, a / (to provide the E gate) is written followed by the R/S bit and the four data
bits. Once the latch is loaded in correctly, the data line is pulsed to strobe the E bit. The
biggest difference between the three-wire and two-wire interface is that the shift register
has to be cleared before it can be loaded and the two-wire operation requires more than six
times the number of clock cycles to load four bits into the LCD.

I’ve used this circuit with the PICmicro® MCU, Basic Stamp, 8051, and AVR, and it
really makes the wiring of an LCD to a microcontroller very simple. The biggest issue to
watch for is to ensure the E strobe’s timing is within specification (i.e., greater than
450 ns); the shift register loads can be interrupted without affecting the actual write. This cir-
cuit will not work with open-drain only outputs (something that catches up many people).

One note about the LCD’s E strobe is that in some documentation it is specified as high-
level active; in others, it is specified as falling-edge active. It seems to be falling-edge ac-
tive, which is why the two-wire LCD interface works even if the line ends up being high
at the end of data being shifted in. If the falling edge is used (like in the two-wire interface)
then ensure that before the E line is output on 0, there is at least a 450-ns delay with no
lines changing state.

Analog I/0O

Before reading through the following sections, I suggest that you familiarize yourself with
Analog-to-Digital Converters (ADCs) and Digital-to-Analog Converters (DACs) in “In-
troduction to Electronics” on the CD-ROM. These sections will introduce you to the the-
ory of converting analog voltages and digital values between each other and the problems
that can arise with them.

The following sections introduce you to some of the practical aspects of working with
analog data with the PICmicro® MCU. This includes position sensing using potentiome-
ters. At first glance, you might think that an ADC-equipped microcontroller is required for
this operation, but there are a number of ways of doing this with strictly digital inputs. The
IBM PC carries out the same function (it doesn’t use an ADC either) for reading joystick
positions.

For analog output, I focus on the theory and operation behind Pulse-Width Modulated
(PWM) analog control signals. This method of control is very popular and is a relatively
simple way of providing analog control of a device. It can also be used to communicate
analog values between devices without needing any type of communication protocol. The
PICmicro® MCU has some built-in hardware that makes the implementation of pulse-
width-modulated input and output quite easy to work with.

I want to make it clear that audio input and output capabilities cannot be provided in the
PICmicro® MCU without significant front-end signal processing and filtering. Output
from the PICmicro® MCU can be simple “beeps” and “boops” without special hardware,
but anything more complex will require specialized hardware and software.

POTENTIOMETERS

One of the more useful human input devices is the dial. Rather than relying on some kind
of digital data, like a button or character string, the dial allows users a freer range of inputs,
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PICmicro® MCU

ADC Input Pin

Potentiometer input
to PICmicro® MCU ADC

as well as positional feedback information in a mechanical device. For most people, reading
a potentiometer value requires setting the potentiometer as a voltage divider and reading the
voltage between the two extremes at the “wiper” (Fig. 6-27). A very elegant way of reading a
potentiometer’s position using the digital input of a PICmicro® MCU is shown in this section.

Notice that I consider the measurement to be of the potentiometer’s position and not its re-
sistance. This is an important semantic point; as far as using a potentiometer as an input de-
vice, I do not care about the actual resistance of its position, just what its position is. The
method of reading a potentiometer’s position using a digital I/O pin that 1 am going to show
you is very dependent on the parts used and will vary significantly between implementations.

The method of reading a potentiometer uses the characteristics of charged capacitor dis-
charging through a resistor. If the charge is constant in the capacitor, then the time to dis-
charge varies according to the exponential curve shown in Fig. 6-28.

The charge in a capacitor is proportional with its voltage. If a constant voltage (i.e., from a
PICmicro® MCU 1/O pin) can be applied to a capacitor, then its charge will be constant. This
means that in the voltage discharge curve shown in Fig. 6-28, if the initial voltage is known
along with the capacitance and resistance, then the voltage at any point in time can be predicted.

The equation in Fig. 6-28:

V(t) = VStart(l — e ** —t/RC)
can be reworked to find R, if V, V,,,,, ¢, and C are known:

R = —t/C*In[(Vsyapr — V'V s0ar)

Rather than calculate the value through, you can make the approximation of 2 ms for a re-
sistance of 10 k and a capacitance of 0.1 uF with a PICmicro™ MCU, which has a high-to-
low threshold of 1.5 volts. To measure the resistance in a PICmicro® MCU, I use the circuit
shown in Fig. 6-29.

For this circuit, the PICmicro® MCU’s /O pin outputs a high, which charges the ca-
pacitor (which is limited by the potentiometer).

After the capacitor is charged, the pin is changed to input, the charge in the capacitor
draws through the resistor with a voltage determined by the V) formula. When the pin
first changes state, the voltage across the resistor will be greater than the threshold for
some period of time. When the voltage across the potentiometer falls below the voltage
threshold, the input pin value returned to the software will be zero. If the time required for

|||—‘N\'—' g

RC
Waveform —t/RC
e

)
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PICmicro® MCU

ANN )
100 0 1/0O Pin
R=10Q

sure of time delay

voltage across the pin to change from reading of 1 to a 0 is recorded, it will be proportional
to the resistance between the potentiometer’s wiper and the capacitor.
The pseudo code for carrying out the potentiometer read is:

int ReadPot() // Return the Potentiometer’s Position
{
int i;
pin = output; pin = 1; // Charge the Capacitor
for (i = 0; i < charge; i++);
pin = input; // Let the Capacitor Discharge
for ( 1 = 0; pin == 1; i++);
return 1 ;

t // End ReadPot

The PICmicro® MCU assembly code for implementing this potentiometer read is not
much more complex than this pseudo code. Later, the book provides some examples of
how potentiometer reads are actually accomplished.

The 100-Ohm resistor between the PICmicro® MCU pin and the RC network is used to
prevent any short circuits to ground if the potentiometer is set so that no resistance is in the
circuit when the capacitor is changed.

This method of reading a potentiometer’s position is very reliable, but not very accurate,
nor is it particularly fast. When setting this up for the first time, in a specific circuit, you will
have to experiment to find the actual range that it will display. This is because of part vari-
ances (including the PICmicro® MCU) and the power supply characteristics. For this rea-
son, I do not recommend using the potentiometet/capacitor circuit in any products. Tuning
the values returned will be much more expensive than the costs of a PICmicro® MCU with
a built-in ADC.

PULSE-WIDTH MODULATION (PWM) 1/O

The PICmicro® MCU, like most other digital devices, does not handle analog voltages
very well. This is especially true for situations where high-current voltages are involved.
The best way to handle analog voltages is by using a string of varying wide pulses to indi-
cate the actual voltage level. This string of pulses is known as a Pulse-Width-Modulated
(PWM) analog signal and it can be used to pass analog data from a digital device, control
DC devices, or even output an analog voltage.

This section covers PWM signals and how they can be used with the PICmicro® MCU.
In the discussion of TMR1 and TMR2, earlier in the book, I presented how PWM signals
are implemented and read using the CCP built-in hardware of the PICmicro® MCU. This
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section shows how PWM signals can be used for /O in PICmicro® MCUs that do not have
the CCP module built in.

A PWM signal (Fig. 6-30) is a repeating signal that is on for a set period of time that is
proportional to the voltage that is being output. I call the on time the pulse width in Fig.
6-30. The duty cycle is the percentage of time that the on time is relative to the PWM sig-
nal’s period.

To output a PWM signal, the following code is used:

Period = PWMPeriod; // Initialize the Qutput
On = PWMperiod - PWMoff; // Parameters
while (1 == 1) {
PWM = ON; // Start the Pulse
for (i = 0; 1 < 0On; i++ ) // Output ON for “On” Period of
// Time
PWM = off; // Turn off the Pulse
For ( ; 1 < PWMPeriod; i++ ); // Output off for the rest of the

//  PWM Period
} // end while
This code can be implemented remarkably simply in the PICmicro® MCU, but rather
than showing it, there is one aspect I want to change. This method is not recommended be-
cause it uses all the processor resources of the PICmicro® MCU and does not allow for
any other processing.
To avoid this problem, I would recommend using the TMRO interrupt as:

Interrupt PWMOutput() // When Timer Overflows, Toggle “On” and “0ff”
{ // and Reset Timer to the correct delay for
// the Value

if (PWM == ON) { // If PWM is ON, Turn it off and Set Timer
PWM = off; // Value
TMRO = PWMPeriod - PWMOn;

boelse | // 1f PWM is off, Turn it ON and Set Timer
PWM = ON; // Value
TMRO = PWMOn;

b // end if

INTCON.TOIF = 0; // Reset Interrupts

b // End PWMOutput TMRO Interrupt Handler

This code is quite easy to port to PICmicro® MCU assembly language. For example, if
the PWM period was 1 ms (executing in a 4-MHz PICmicro® MCU), a divide-by-four
prescaler value could be used with the timer and the interrupt-handler assembly-language
code would be:
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org 4
Int ; Interrupt Handler
movwf _w ; Save Context Registers
movf STATUS, w ;- Assume TMRO is the only enabled Interrupt
movwf _status
btfsc PWM ; Is PWM 0/P Currently High or Low?
goto PWM_ON
nop ; Low - Nop to Match Cycles with High
bsf PWM ; Output the Start of the Pulse
movliw 6 + 6 ; Get the PWM On Period

subwf PWMOn, w ; Add to PWM to Get Correct Period for
; Interrupt Handler Delay and Missed cycles
; in maximum 1024 usec Cycles

goto PWM_Done

PWM_ON ; PWM is On - Turn it Off
bcf PWM ; Output the “Low” of the PWM Cycle
movf PWMOn, w ; Calculate the “Off” Period
subTw 6 + 6 ; Subtract from the Period for the Interrupt

; Handler Delay and Missed cycles in maximum
; 1024 usec Cycles
goto PWM_Done

PWM_Done ; Have Finished Changing the PWM Value
sublw 0 ; Get the Value to Load into the Timer
movwf TMRO
bcf INTCON, TOIF ; Reset the Interrupt Handler
movf _status, w ; Restore the Context Registers

movwf STATUS
swapf _w, f
swapf _w, w

retfie

In this code, TMRO is loaded in such a way that the PWM’s period is always 1 ms (a
count of 250 “ticks” with the prescaler value of four). To get the value added and sub-
tracted from the total, I first took the difference between the number of ticks to get 1 ms
(250) and the full timer range (256). Next, I counted the total number of instruction cycles
of the interrupt handler (which is 23), divided it by four, and added the result to the 1-ms
difference. The operation probably seems confusing because I was able to optimize the
time for the PWM signal off:

Time 0ff = Period - ON
1o:

movf ON, w

sublw 6 + 6

sublw 0
movwf TMRO

I realize that this doesn’t make any sense the first time you look at it, so I will go through
it to show how it works.
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Using the original equation, you should note that this calculates the number of cycles to

be delayed by TMRO, but the actual value to be loaded into TMRO is calculated as:
TMRO Delay Value 0x0100 - (Time 0Off)

0x0100 - (Period — ON)

0x0100 - (256 — 250 + Interrupt Execution- ON)

0x0100 - (6 + 6 — ON)

0x0100 - (12 — ON)

0x0100 - 12 + ON

0x00F4 + ON

L L [ | | R T

Going back to the three instructions that load TMRO, you can show that they execute as:

0 - (13 + OxOFF ~ ON)

0 + OxOFF ~ (L3 + OxOFF ~ ON) + 1
Ox0FF A~ 13 + OxOFF A OxO0FF ~ ON + 1
Ox0FF ~ 13 + ON + 1

Ox0F4 + ON

movf ON, w " ON
sublw 6 + 6 Y 6+ 6 - w
; 12 - ON
; 12 + OxOFF ~ ON + 1
; 13 + OxOFF ~ ON
subiw 0 H 0 - w

I T T T [ TR T

which is (surprisingly enough) the same result as what was found with the “TMRO delay
value” equation. The formula in itself is not that impressive, except that it “dovetails” very
well with the PWM on half of the code. The process of coming up with this code probably be-
longs in another chapter on optimization, but to be honest with you, [ came up with it using
nothing but trial and error along with the feeling that this kind of optimization was possible.

This is an example of what I mean when I say that you should look for opportunities
when processing data in the PICmicro® MCU. More often than not, you will come up with
something like these few instructions, which are very efficient, and integrate different
cases startlingly well.

Notice that, in this code, the PWM signal will never fully be on (a high DC voltage) or
fully off (a ground-level DC voltage). This is because when the routine enters the subrou-
tine handler, it changes the output, regardless of whether or not it is required for the length
of the interrupt handler. In actuality, if you time it out, you will see that the 23 instruction
cycles that the interrupt handler takes between changing the value works out to a 2.4-
percent loss of full on and full off. This should not be significant in most applications
and will serve as a “heartbeat” to let the receiver “know” the PICmicro® MCU is still
functioning—even though the output is stuck at an extreme.

In this example, I have expended quite a bit of energy to ensure that the period remains
the same, regardless of the on time. This was done to ensure that the changes in the duty cy-
cle remained proportional to the changes in the on period. This is important if the PWM out-
put is going to be passed through a low-pass filter (Fig. 6-31) to output an analog voltage.

Duty Cycle
—

Viet
L Period «-l I

V,.e * Duty Cycle

ia “Pulse width
You = = poriod modulated” analog voltage
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In many applications where a PWM signal is communicating with another digital de-
vice, this effort to ensure that the period is constant and is not required. In these cases, a
timer is used to time the on period. This can be shown as the pseudo-code:

Int TimeOn() // Time the Width of an incoming Pulse
{
int 1 = 0;

while (PWMIP == off); // Wait for the Pulse to Start

for ( ; PWMIP == ON; i++ ); // Time the Pulse Width

return 1; // Return the Pulse Width

} // end TimeOn

With the actual PICmicro® MCU assembly-language code being quite simple, but de-
pendent on the maximum pulse width value being timed, very long pulses will require
large counters or delays in between the PWM input (PWMIP in TimeOn) poll.

Passing analog data back and forth between digital devices in any format is not going to
be accurate because of the errors in digitizing the value and restoring it. This is especially
true for PWM signals, which can have very large errors because of the sender and receiver
not being properly synched and the receiver not starting to poll at the correct time interval.
In fact, the measured value could have an error of upwards of 10 percent from the actual
value. This loss of data accuracy means that the analog signals should not be used for data
transfers. But, as is shown in Chapters 15 and 16, PWM signals are an excellent way to
control analog devices, such as lights and motors.

When using a PWM to drive an analog device, it is important to be sure that the fre-
quency is faster than what a human can perceive. As noted in the “LED” section, this fre-
quency is 30 Hz or more. But for motors and other devices that might have an audible
“whine,” the PWM signal should have a frequency of 20 kHz or more to ensure that the
signal does not bother the user. In Chapter 16, I discuss this in more detail and demonstrate
how an audible 10 KHz “whine” can be produced.

The problem with the higher frequencies is that the granularity of the PWM signal de-
creases. This is because of the inability of the PICmicro® MCU (or what ever digital de-
vice is driving the PWM output) to change the output in relatively small time increments
from on to off, relative to the size of the PWM signal’s period. In the previous example
code, four instruction cycles (of 1 ws each) are the lowest level of granularity for the PWM
signal that results in about 250 unique output values. If the PWM signal’s period was de-
creased to 100 us, from 1 ms, for a 10-kHz frequency, the same code would only have 25
or so unique output values that could be output. In this case, to retain the original code’s
granularity, the PICmicro® MCU would have to be sped up 10 times (not possible for
most applications) or another way of implementing the PWM will have to be found.

AUDIO OUTPUT

When I was originally blocking out this book, I wanted to include PICmicro® MCU audio
output and input. After some experimentation and a search on the Internet to sce what
other people have done (or not done, as in the case of audio input to the PICmicro® MCU),
I have come to the conclusion that audio input is not appropriate for the PICmicro® MCU.
The PICmicro® MCU could have some kind of filtering input, but it simply does not have




286

PICmicro® MCU APPLICATION DESIGN AND HARDWARE INTERFACING

the processing capability to do more than respond to a specific frequency at a threshold
volume. For this reason, I would discourage you from passing audio input to the PICmi-
cro® MCU and just use the PICmicro® MCU to provide audio output using the techniques
outlined in this section.

When I discuss the PICmicro® MCU’s processing capabilities with regard to audio, I
tend to be quite disparaging. The reason for this is the lack of hardware multipliers in the
low-end and mid-range PICmicro® MCUs and the inability of all the devices to “natively”
handle greater than eight bits of in a floating-point format. The PICmicro® MCU proces-
sor has been optimized to respond to digital inputs and cannot implement the real-time
processing routines needed for complex analog 1/0.

The circuit in Fig. 6-32 passes DC waveforms through the capacitor (which filters out
the kickback spikes) to the speaker or piezo buzzer. When a tone is output, your ear will
hear a reasonably good tone, but if you were to look at the actual signal on an oscilloscope,
you would see the waveform shown in Fig. 6-33, both from the PICmicro® MCU’s /O
pin and the piezo buzzer itself.

The PICmicro® MCU pin, capacitor, and speaker are actually a quite complex analog
circuit. Notice that the voltage output on the I/O pin is changed from a straight waveform.
This is because of the inductive effects of the piezo buffer. The important thing to note in
Fig. 6-33 is that the upward spikes appear at the correct period for the output signal.

Timing the output signal is generally accomplished by toggling an output pin at a set pe-
riod within the TMRO interrupt handler. To generate a 1-kHz signal shown in a PICmi-
cro® MCU running a 4 MHz, you can use the code (which does not use the prescaler) for
TMRO and the PICmicro® MCU’s interrupt providing the speaker charges are in the back-
ground.

org 4
int
movwf _w ; Save Context Registers
bcf INTCON, TOIF ; Reset the Interrupt
moviw 256 - (250 - 4)
movwf TMRO ; Reset TMRO for another 500 usecs
btfsc SPKR ; Toggle the Speaker
goto $ + 2
bsf SPKER ; Speaker Output High
goto $§ + 2
bcf SPKER ; Speaker Qutput Low
swapf _w, f ; Restore Context Registers
swapf _w, w
retfie
VCC
PICmicro® MCU
8-Q) Speaker

15-Q) Piezo Buzzer

0.47 uF

2 Circuit for driving
CU audio
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There are two points to notice about this interrupt handler. First, I don’t bother saving
the STATUS register’s contents because neither the zero, neither carry nor digit carry flags
are changed by any of the instructions used in the handler.

The second point to notice is the reload value of TMRO to generate a 1-kHz output in a
4-MHz PICmicro® MCU (an instruction clock period of 1 ws), I have to delay 500 cycles
for the wave’s high and low. Because TMRO has a divide-by-two counts on its input, I
have to wait a total of 250 ticks. When I record TMRO, notice that I also take into account
the cycles taken to get to the reload (which is seven or eight), divide them by two and take
them away from the reload value.

For this handler, the reload value might be off by one cycle, depending on how the
mainline executes, for a worst-case error of 0.2% (2,000 ppm). This level of accuracy is
approximately the same as what you would get for a ceramic resonator; so, the actual
frequency should not be off an appreciable amount from the expected. This level of accu-
racy will not cause noticeable warbling (changes in the frequency) caused by the changing
interrupt latency as you run the application. The actual changes are very small and not de-
tectable by the human ear.

When developing applications that output audio signals, [ try to keep the tone within the
range of 500 Hz to 2 kHz. This is well within the range of human hearing and is quite easy
to implement in a PICmicro® MCU. When you look at the Christmas tree project in Chap-
ter 16, you can see how this is done to create simple tunes on the PICmicro® MCU.

I wanted to finish off this section by describing how the PICmicro® MCU can cre-
ate more complex sounds, such as telephone TouchTone audio signals. The problem
with TouchTones is that they are a combination of two frequencies (that are listed in
the appendices). When they’re added together, you get a signal like the bottom one
shown in Fig. 6-34.

This signal is very hard to replicate with a digital circuit. If you want to create a com-
plex waveform like this, I recommend mixing two PICmicro® MCU-controlled frequency
outputs together or using a chip that is designed for the specific purpose that you have in
mind. The Parallax Basic Stamp II and PicBasic Pro do have instructions that allow you to
drive telephone TouchTones, but they require a filter circuit to work properly. I have found
that even with the filter, the phone system does not recognize the data being sent very re-
liably.

PICmicro® MCU driving
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Frequency A m
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Mixed Signal
Mixed audio

Relays and Solenoids

Some real-life devices that you might have to control by a microcontroller are electro-
magnetic, such as relays, solenoids, and motors. These devices cannot be driven di-
rectly by a microcontroller because of the current required and the noise generated by
them. This means that special interfaces must be used to control electromagnetic de-
vices.

The simplest method to control these devices is to just switch them on and off and by
supplying power to the coil in the device. The circuit shown in Fig. 6-35 is true for relays
(as shown), solenoids (which are coils that draw an iron bar into them when they are ener-
gized), or a DC motor (which will only turn in one direction).

In this circuit, the microcontroller turns on the Darlington transistor pair, causing
current to pass through the relay coils, closing the contacts. To open the relay, the out-
put is turned off (or a 0 is output). The shunt diode across the coil is used as a kick-back
suppressor. When the current is turned off, the magnetic flux in the coil will induce a
large back EMF (voltage), which must be absorbed by the circuit or a voltage spike will
occur, which can damage the relay power supply and even the microcontroller. This
diode must never be forgotten in a circuit that controls an electromagnetic device. The
kick-back voltage is usually on the order of several hundred volts for a few nanosec-
onds. This voltage causes the diode to breakdown and allows current to flow, attenuat-
ing the induced voltage which can damage the PICmicro® MCU and other electronic
devices in the application circuit.

Relay
Power

Microcontroller

Microcontroller

relay control
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Rather than designing discrete circuits to carry out this function, I like to use integrated
chips for the task. One of the most useful devices is the ULN2003A (Fig. 6-36) or the
ULN2803 series of chips, which have Darlington transistor pairs and shunt diodes built in
for multiple drivers.

DC and Stepper Motors

Motors can be controlled by exactly the same hardware as shown in the previous section,
but as I noted, they will only run in one direction. A network of switches (transistors) can
be used to control turning a motor in either direction; this is known as an H-bridge (Fig.
6-37).

In this circuit, if all the switches are open, no current will flow and the motor won’t turn.
If switches 1 and 4 are closed, the motor will turn in one direction. If switches 2 and 3 are
closed, the motor will turn in the other direction. Both switches on one side of the bridge
should never be closed at the same time because this will cause the motor power supply to
burn out or a fuse will blow because a short circuit is directly between the motor power and
ground.

Controlling a motor’s speed is normally done by “pulsing” the control signals in the
form of a PWM signal, as shown previously in this chapter (Fig. 6-30). This will control
the average power delivered to the motors. The higher the ratio of the pulse width to the
period (the duty cycle), the more power delivered to the motor.

Motor
Power

y |2

“H” bridge motor driver
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The frequency of the PWM signal should be greater than 20 kHz to prevent the PWM
from producing an audible signal in the motors as the field is turned on and off.

Like the ULN2003A simplified the wiring of a relay control, the 293D (Fig. 6-38) or
298 chips can be used to control a motor.

The 293D chip can control two motors (one on each side) connected to the buffer out-
puts (pins 3, 6, 11, and 14). Pins 2, 7, 10, and 15 are used to control the voltage level (the
switches in the H-bridge diagram) of the buffer outputs. Pins 1 and 9 are used to control
whether or not the buffers are enabled. The buffer controls can be PWM inputs, which
make control of the motor speed very easy to implement.

Vsis +5 V used to power the logic in the chip and Vss is the power supplied to the mo-
tors (anywhere from 4.5 to 36 volts). A maximum of 500 mA can be supplied to the mo-
tors. Like the ULN2003A, the 293D contains integral shunt diodes. This means that to
attach a motor to the 293D, no external shunt diodes are required.

In this example circuit, you’ll notice that I’ve included an optional snubber resistor and ca-
pacitor. These two components, wired across the brush contacts of the motor, will help reduce
electromagnetic emissions and noise spikes from the motor. In the motor-control circuits that
I have built, I have never found them to be necessary. But if you find erratic operation from
the microcontroller when the motors are running, you might want to put in the 0.1-uF capac-
itor and 5 Ohm (2 watt) resistor snubber across the motor’s brushes (as shown in the circuit).

An issue with using the 293D and 298 motor controller chips and is that they are bipo-
lar devices with a 0.7-volt drop across each driver (1.4 to 1.5 volts for a dual driver circuit,
Fig. 6-39). This drop, with the significant amount of current required for a motor, results

Motor
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3 14
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in a fairly significant amount of power dissipation within the driver. The 293D is limited
to 1 amp total output and the 298 is limited to 3 amps. For these circuits to work best, a
large heatsink is required.

To minimize the problem of heating and power loss, I have more recently been looking
at using power MOSFETS to control motors. Later, the book shows how to wire these
transistors in a circuit to control a motor.

Stepper motors are much simpler to develop control software for than a regular DC
motor. This is because the motor is turned one step at a time or can turn at a specific
rate (specified by the speed in which the steps are executed). In terms of the hardware
interface, stepper motors are a bit more complex to wire and require more current
(meaning that they are less efficient), but these are offset by the advantages in software
control.

A bipolar stepper motor consists of a permanent magnet on the motor’s shaft that has its
position specified by a pair of coils (Fig. 6-40).

To move the magnet and the shafts, the coils are energized in different patterns to attract
the magnet. For the motor shown in Fig. 6-40, the following sequence would be used to
turn the magnet (and the shaft) clockwise (Table 6-5).

In this sequence, coil A attracts the north pole of the magnet to put the magnet in an ini-
tial position. Then, coil B attracts the south pole, turning the magnet 90 degrees. This con-
tinues on to turn the motor 90 degrees for each step.

The output shaft of a stepper motor is often geared down so that each step causes a very
small angular deflection (a couple of degrees at most, rather than the 90 degrees in the pre-
vious example). This provides more torque output from the motor and greater positional
control of the output shaft.

A stepper motor can be controlled by something like a 293D (each side driving one
coil). But there are also stepper-motor controller chips, such as the UC1517.

Stepper motor

TABLE 6-5 Commands to Move a Stepper Motor

STEP COIL “A”  COlL “B"

S
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In this chip, a step pulse is sent from the microcontroller along with a specified direc-
tion. The INH pin will turn off the output drivers and allow the stepper shaft to be moved
manually. The UCI1517 is capable of outputting bilevel coil levels (which improves effi-
ciency and reduces induced noise), as well as half stepping the motor (which involves en-
ergizing both coils to move the magnet/shaft by 45 degrees and not just 90 degrees). These
options are specific to the motor/controller used (a bipolar stepper motor can have four to
eight wires coming out of it). Before deciding on features to be used, a thorough under-
standing of the motor and its operation is required.

R/C Servo Control

Servos designed for use in radio-controlled airplanes, cars, and boats can be easily inter-
faced to a PICmicro® MCU. They are often used for robots and applications where sim-
ple mechanical movement is required. This might be surprising because a positional servo
is considered to be an analog device.

The output of an R/C servo is usually a wheel that can be rotated from 0 to 90 degrees.
(some servos can turn from 0 to 180 and others have very high torque outputs for special
applications). Typically, they only require +5 V, ground, and an input signal.

An R/C servo is an analog device, the input is a PWM signal at digital voltage levels.
This pulse is between 1.0 and 2.0 ms long and repeats every 20 ms (Fig. 6-42).

The length of the PWM pulse determines the position of the servo’s wheel. A 1.0-ms
pulse will cause the wheel to go to 0 degrees and a 2.0-ms pulse will cause the wheel to go
to 90 degrees.

With the PICmicro® MCU’s TMR2 capable of outputting a PWM signal, controlling a
servo could be considered very easy, although the TMR2 output will probably not give
you the positional accuracy that you will want.

To produce a PWM signal using a PICmicro® MCU, I normally use a timer interrupt
(set every 18 ms) that outputs a 1.0- to 2.0-ms PWM signal using pseudo-code:

Interrupt() { // Interrupt Handler Code
int i = 0;
BitOutput( Servo, 1); // Output the Signal
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for (1 = 0; 1 < (1 msec + ServoDlay); i++ );
BitOutput( Servo, 2);
for (; 1 < 2 msec; i++ ); // Delay full 2 msecs

} // End Interrupt Handler

This code can be easily expanded to control more than one servo (by adding more output
lines and ServoDlay variables). This method of controlling servos is also nice because the
ServoDlay variables can be updated without affecting the operation of the interrupt handler.

The interrupt handler takes two ms out of every 20. Thus, a 10-percent cycle overhead
provides the PWM function (and this doesn’t change even if more servo outputs are added
to the device).

Serial Interfaces

Most intersystem (or intercomputer) communications are done serially. Thus, a byte of
data is sent over a single wire, one bit at a time, with the timing coordinated between the
sender and the receiver. The obvious advantage of transmitting data serially is that fewer
connections are required.

A number of common serial communication protocols are used by microcontrollers. In
some devices, these protocols are built into the chip itself, to simplify the effort required
developing software for the application.

SYNCHRONOUS

For synchronous data communications in a microcontroller, a clock signal is sent along
with serial data (Fig. 6-43).

The clock signal strobes the data into the receiver and the transfer can occur on the ris-
ing or falling edge of the clock. A typical circuit, using discrete devices, could be like that
shown in Fig. 6-44.

This circuit converts serial data into eight digital outputs, which all are available at the
same time (When the O/P clock is strobed). For most applications, the second ‘374 (which

coo — JLILILIL LTI
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provides the parallel data) is not required. This serial-to-paralle] conversion can also be ac-
complished using serial-to-parallel chips, but I prefer using eight-bit registers because they
are generally easier to find than other TTL parts.

The two very common synchronous data protocols are Microwire and SPI. These meth-
ods of interfacing are used in a number of chips (such as the serial EEPROMs used in the
BASIC Stamps). Although the Microwire and SPI standards are quite similar, there are a
number of differences.

I consider these protocols to be methods of transferring synchronous serial data, rather
than microcontrolier network protocols because each device is individually addressed
(even though the clock/data lines can be common between multiple devices). If the chip
select for the device is not asserted, the device ignores the clock and data lines. With these
protocols, only a single master can be on the bus. A possible connection of two devices is
shown in Fig. 6-45.

If a synchronous serial port is built into the microcontroller, the data transmit circuitry
might look like that shown in Fig. 6-46. This circuit will shift out eight bits of data. For
protocols, such as Microwire, where a start bit is initially sent, the start bit is sent using di-
rect reads and writes to the 1/O pins. To receive data, a similar circuit would be used, but
data would be shifted into the shift register and then read by the microcontroller.

The Microwire protocol is capable of transferring data at up to 1 Mbps. Sixteen bits are
transferred at a time. To read 16 bits of data, the waveform looks like that shown in Fig. 6-47.

After selecting a chip and sending a start bit, the clock strobes out an eight-bit command
byte (labeled OP1, OP2, A5 to A0 in the previous diagram), followed by (optionally) a
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16-bit address word transmitted and then another 16-bit word, either written or read by the
microcontroller.

With a 1-Mbps maximum speed, the clock is both high and low for 500 ns. Transmitted
bits should be sent 100 ns before the rising edge of the clock. When reading a bit, it should
be checked 100 ns before the falling edge of the clock. Although these timings will work for
most devices, you should understand the requirements of the device being interfaced to.

The SPI protocol is similar to Microwire, but with a few differences.

1 SPI is capable of up to 3-Mbps data-transfer rate.

2 The SPI data word size is eight bits.

3 SPI has a hold that allows transmitter to suspend data transfer.

4 Data in SPI can be transferred as multiple bytes, known as blocks or pages.

Like Microwire, SPI first sends a byte instruction to the receiving device. After the byte
is sent, a 16-bit address is optionally sent, followed by eight bits of I/O. As noted, SPI does
allow for multiple byte transfers. An SPI data transfer is shown in Fig. 6-48.

The SPI clock is symmetrical (an equal low and high time). Output data should be avail-
able at least 30 ns before the clock line goes high and read 30 ns before the falling edge of
the clock.

When wiring a Microwire or SPI device, you can do a trick to simplify the microcon-
troller connection; combine the DI and DO lines into one pin. Figure 6-49 is identical to
what was shown earlier in this chapter when interfacing the PICmicro® MCU into a cir-
cuit where there is another driver.

In this method of connecting the two devices, when the data pin on the microcontroller
has completed sending the serial data, the output driver can be turned off and the micro-
controller can read the data coming from the device. The current-limiting resistor between

Cs _/

Microwire data read
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the data pin and DI/DO limits any current flows when both the microcontroller and device
are driving the line.

12C The most popular form of microcontroller network is I2C (Inter-Intercomputer
Communications). This standard was originally developed by Philips in the late “70s as a
method to provide an interface between microprocessors and peripheral devices without
wiring full address, data, and control busses between devices. 12C also allows sharing of
network resources between processors (which is known as multi-mastering).

The 12C bus consists of two lines, a clock line (SCL), which is used to strobe data (from
the SDA line) from or to the master that currently has control over the bus. Both of these
bus lines are pulled up (to allow multiple devices to drive them). An [2C-controlled stereo
system might be wired as in Fig. 6-50.

The two bus lines are used to indicate that a data transmission is about to begin, as well
as pass the data on the bus.

To begin a data transfer, a master puts a start condition on the bus. Normally, (when the
bus is in the idle state, both the clock and data lines are not being driven (and are pulled
high). To initiate a data transfer, the master requesting the bus pulls down the SDA bus
line, followed by the SCL bus line. During data transmission, this is an invalid condition
(because the data line is changing while the clock line is active/high).

Each bit is then transmitted to or from the slave (the device the message is being com-
municated with by the master) with the negative clock edge being used to latch in the data
(Fig. 6-51). To end data transmission, the reverse is executed, the clock line is allowed to
go high, which is followed by the data line.

Data is transmitted in a synchronous (clocked) fashion. The most-significant bit sent
first and, after eight bits are sent, the master allows the data line to float (it doesn’t drive it
low) while strobing the clock to allow the receiving device to pull the data line low as an
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acknowledgment that the data was received. After the acknowledge bit, both the clock and
data lines are pulled low in preparation for the next byte to be transmitted or a stop/start
condition is put on the bus. Figure 6-52 shows the data waveform.

Sometimes, the acknowledge bit will be allowed to float high—even though the data
transfer has completed successfully. This is done to indicate that the data transfer has com-
pleted and the receiver (usually a slave device or a master, which is unable to initiate data
transfer) can prepare for the next data request.

The two maximum speeds for I2C (because the clock is produced by a master, there
really is no minimum speed) are standard mode and fast mode. Standard mode runs at
up to 100 kbps and fast mode can transfer data at up to 400 kbps. Figure 6-53 shows the
timing specifications for both the standard (S#d., 100-kHz data rate) and fast (400-kHz
data rate).

A command is sent from the master to the receiver in the format shown in Fig. 6-54. The
receiver address is seven bits long and is the bus address of the receiver. There is a loose stan-
dard to use the most significant four bits are used to identify the type of device; the next three
bits are used to specify one-of-eight devices of this type (or further specify the device type).

As stated, this is a loose standard. Some devices require certain patterns for the second
three bits and others (such as some large serial EEPROMS) use these bits to specify an ad-
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dress inside of the device. As well, there is a ten-bit address standard in which the first four
bits are all set and the next bit reset. The last two are the most-significant two bits of the
address, with the final eight bits being sent in a following byte. All this means is that it is
very important to map out the devices to be put on the bus and all of their addresses.The
first four bit patterns in Table 6-6 generally follow this convention for different devices.
This is really all there is to I2C communication, except for a few points. In some de-

TABLE 6-6 Reserved 12C Device Type Bit Patterns
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vices, a start bit has to be resent to reset the receiving device for the next command (i.e., in
a serial EEPROM read, the first command sends the address to read from and the second
reads the data at that address).

Note that 12C is multi-mastering, which is to say that multiple microcontrollers can ini-
tiate data transfers on a single 12C bus. This obviously results in possible collisions (which
is when two devices attempt to drive the bus at the same time). Obviously, if one micro-
controller takes the bus (sends a start condition) before another one attempts to do so, there
is no problem. The problem arises when multiple devices initiate the start condition at the
same time.

Actually, arbitration in this case is really quite simple. During the data transmission,
hardware (or software) in both transmitters synchronize the clock pulses so that they match
each other exactly. During the address transmission, if a bit that is expected to be a ] by a
master is actually a 0, then it drops off the bus because another master is on the bus. The
master that drops off will wait until the stop condition and then re-initiate the message. I re-
alize that this is hard to understand with just a written description. The “CAN” section
shows how this is done with an asynchronous bus, which is very analogous to this situation.

A bit-banging 12C interface can be implemented in software of the PICmicro® MCU quite
easily. But, because of software overhead, the fast mode probably cannot be imple-
mented—even the standard mode’s 100 kbps will be a stretch for most devices. I find that
implementing 12C in software to be best when the PICmicro® MCU is the single master
in a network. That way it doesn’t have to be synchronized to any other devices or accept
messages from any other devices that are masters and are running a hardware implemen-
tation of I2C that might be too fast for the software slave.

ASYNCHRONOUS (NRZ) SERIAL

Asynchronous long-distance communications came about as a result of the Baudot tele-
type. This device mechanically (and, later, electronically) sent a string of electrical signals
(now called bits) to a receiving printer.

This data packet format is still used today for the electrical asynchronous transmission
protocols described in the following sections. With the invention of the teletype, data
could be sent and retrieved automatically without having to an operator to be sitting by the
teletype all night, unless an urgent message was expected. Normally, the nightly messages
could be read in the morning.

Before going on, some people get unreasonably angry about the definition and usage of
the terms data rate and baud rate. Baud rate is the maximum number of possible data-bit
transitions per second. This includes the start, parity, and stop bits at the ends of the data
packet shown in Fig. 6-55, as well as the five data bits in the middle. I use the term packet
because we are including more than just data (some additional information is in there as
well), so character or byte (if there were eight bits of data) are not appropriate terms.

This means that for every five data bits transmitted, eight bits in total are transmitted
(thus, nearly 40% of the data-transmission bandwidth is lost in teletype asynchronous ser-
ial communications).

The data rate is the number of data bits that are transmitted per second. For this example,
if you were transmitting at 110 baud (which is a common teletype data speed), the actual data
rate is 68.75 bits per second (or, assuming five bits per character, 13.75 characters per second).
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I use the term data rate to describe the baud rate. This means that when I say data rate,
I am specifying the number of bits of all types that can be transmitted in a given period of
time (usually one second). I realize that this is not absolutely correct, but it makes sense to
me to use it in this form and this book is consistent throughout (and I will not use the term
baud rate).

With only five data bits, the Baudot code could only transmit up to 32 distinct charac-
ters. To handle a complete character set, a specific five-digit code was used to notify the
receiving teletype that the next five-bit character would be an extended character. With the
alphabet and most common punctuation characters in the primary 32, this second data
packet wasn’t required very often.

The data packet diagram shows three control bits. The start bit is used to synchronize the
receiver to the incoming data. The PICmicro® MCU USART (Universal Synchronous/
Asynchronous Receiver/Transmitter) has an overspeed clock (running at 16 times the in-
coming bit speed), which samples the incoming data and verifies whether or not the data is
valid (Fig. 6-56).

When waiting for a character, the receiver hardware polls the line repeatedly at 1/16-bit
period intervals until a 0 (space) is detected. The receiver then waits half a cycle before
polling the line again to see if a glitch was detected and not a start bit. Notice that polling oc-
curs in the middle of each bit to avoid problems with bit transitions (if the transmitter’s clock
is slightly different from the receiver’s, the chance of misreading a bit will be minimized).

Once the start bit is validated, the receiver hardware polls the incoming data once every
bit period multiple times (again, to ensure that glitches are not read as incorrect data).

The stop bit was originally provided to give both the receiver and the transmitter some
time before the next packet is transferred (in early computers, the serial data stream was cre-
ated and processed by the computers and not by custom hardware, as in modern computers).

The parity bit is a crude method of error detection that was first brought in with teletypes.
The purpose of the parity bit is to indicate whether the data was received correctly. An odd
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parity meant that if all the data bits and parity bits set to a mark were counted, then the re-
sult would be an odd number. Ever parity is checking all the data and parity bits and seeing
if the number of mark bits is an odd number. Along with even and odd parity are mark,
space, and no parity. Mark parity means that the parity bit is always set to a 1, space parity
is always having a 0 for the parity bit, and no parity is eliminating the parity bit altogether.

The most common form of asynchronous serial data packet is §-N-1, which means eight
data bits, no parity, and one stop bit. This reflects the capabilities of modern computers to
handle the maximum amount of data with the minimum amount of overhead and with a
very high degree of confidence that the data will be correct.

I stated that parity bits are a “crude” form of error detection. I said that because they can
only detect one bit error (e.g., if two bits are in error, the parity check will not detect the
problem). If you are working in a high-induced-noise environment, you might want to
consider using a data protocol that can detect (and, ideally, correct) multiple-bit errors.

RS-232 In the early days of computing (the 1950s), although data could be transmitted at
high speed, it couldn’t be read and processed and continuously. So, a set of handshaking lines
and protocols were developed for what became known as RS-232 serial communications.

With RS-232, the typical packet contains seven bits, (which is the number of bits that
each ASCII character contained). This simplified the transmission of man-readable text,
but made sending object code and data (which were arranged as bytes) more complex be-
cause each byte would have to be split up into two nybbles (which are four bits long). Fur-
ther complicating this is that the first 32 characters of the ASCII character set are defined
as “special” characters (e.g., carriage return, back space, etc.). This meant the data nybbles
would have to be converted or (shifted up) into valid characters (this is why, if you ever
see binary data transmitted from a modem or embedded in an e-mail message, data is ei-
ther sent as hex codes or the letters 4 to Q). With this protocol, to send a single byte of
data, two bytes (with the overhead bits resulting in 20 bits in total) would have to be sent.

As pointed out, modern asynchronous serial data transmission normally occur eight bits
at a time, which will avoid this problem and allow transmission of full bytes without
breaking them up or converting them.

The actual RS-232 communications model is shown in Fig. 6-57. In RS-232, different
equipment is wired according to the functions that they perform.

DTE (Data Terminal Equipment) and is meant to be the connector used for computers
(the PC uses this type of connection). DCE (Data Communications Equipment) was meant
for modems and terminals that transfer the data.

Station A Station B

Telephone

Lines
— @ ]
—— I =
Modem
Mainframe Remote
Personal computer

Computer communication via modem
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Understanding what the RS-232 model different equipment fits under is crucial to suc-
cessfully connecting two devices by RS-232. With a pretty good understanding of the se-
rial data, you can now look at the actual voltage signals.

As mentioned, when RS-232 was first developed into a standard, computers and the
electronics that drive them were still very primitive and unreliable. Because of that, we’ve
got a couple of legacies to deal with.

The first is the voltage levels of the data. A mark (1) is actually —12 Volts and a space
(0)is +12 V (Fig. 6-58).

From Fig. 6-58, you should see that the hardware interface is not simply a TTL or
CMOS-level buffer. Later, this section introduces you to some methods of generating and
detecting these interface voltages. Voltages in the switching region (+/— 3 V) might not
be read as a 0 or 1, depending on the device. You should always be sure that the voltages
going into or out of a PICmicro® MCU RS-232 circuit are in the valid regions.

Of more concern are the handshaking signals. These six additional lines (which are at
the same logic levels as the transmit/receive lines and shown in Fig. 6-58) are used to in-
terface between devices and control the flow of information between computers.

The Request To Send (RTS) and Clear To Send (CTS) lines are used to control data flow
between the computer (DCE) and the modem (DTE device). When the PC is ready to send
data, it asserts (outputs a mark) on RTS. If the DTE device is capable of receiving data, it
will assert the CTS line. If the PC is unable to receiver data (i.e., the buffer is full or it is
processing what it already has), it will de-assert the RTS line to notify the DTE device that
it cannot receive any additional information.

The Data Transmitter Ready (DTR) and Data Set Ready (DSR) lines are used to estab-
lish communications. When the PC is ready to communicate with the DTE device, it as-
serts DTR. If the DTE device is available and ready to accept data, it will assert DSR to
notify the computer than the link is up and ready for data transmission. If a hardware error
is in the link, then the DTE device will de-assert the DSR line to notify the computer of the
problem. Modems, if the carrier between the receiver is lost, will de-assert the DSR line.

Two more handshaking lines are available in the RS-232 standard that you should be
aware of. Even so, chances are that you will never connect anything to them. The first is
the Data Carrier Detect (DCD), which is asserted when the modem has connected with
another device (i.e., the other device has “picked up the phone™). The Ring Indicator (RI)
is used to indicate to a PC whether or not the phone on the other end of the line is ringing
or if it is busy. This line is very rarely used in PICmicro® MCU applications.

A common ground connection exists between the DCE and DTE devices. This connec-
tion is crucial for the RS-232-level converters to determine the actual incoming voltages.
The ground pin should never be connected to a chassis or shield ground (to avoid large cur-
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rent flows or be shifted and prevent accurate reading of incoming voltage signals). Incor-
rect grounding of an application can result in the computer or the device it is interfacing to
reset or have they power supplies blow a fuse or burn out. The latter consequences are un-
likely, but I have seen it happen in a few cases.

To avoid these problems, be sure that the chassis and signal grounds are separate or con-
nected by a high-value (hundreds of k) resistor.

Before going too much further, I should expose you to an ugly truth; the handshaking
lines are almost never used in RS-232 (and not just PICmicro® MCU RS-232) communi-
cations. The handshaking protocols were added to the RS-232 standard when computers
were very slow and unreliable. In this environment, data transmission had to be stopped
periodically to allow the receiving equipment to catch up.

Today, this is much less of a concern. Normally, three-wire RS-232 connections are
implemented (Fig. 6-59). I normally accomplish this by shorting the DTR/DSR and RTS/CTS
lines together at the PICmicro® MCU end. The DCD and RI lines are left unconnected.

With the handshaking lines shorted together, data can be sent and received without hav-
ing to develop software to handle the different handshaking protocols.

A couple of points on three-wire RS-232 are worth noting. First, it cannot be imple-
mented blindly. In about 20% of the RS-232 applications that I have had to do over the
years, I have had to implement some subset of the total seven-wire (transmit, receive,
ground, and four handshaking lines) protocol lines. Interestingly enough, I have never had
to implement the full hardware protocol. This still means that four out of five times, if you
wire the connection (Fig. 6-59), the application would have worked, but you have to be
prepared for the other twenty percent of cases where more work is required.

With the three-wire RS-232 protocol, there might be applications where you don’t want
to implement the hardware handshaking (the DTR, DSR, RTS, and CTS lines), but you
might want software handshaking. Two primary standards are in place. The first is known
as the XON/XOFF protocol, in which the receiver sends an XOFF (DC3, character 0x013)
when it can’t accept any more data. When it is able to receive data, it sends an XON (DCI1,
character 0x011) to notify the transmitter that it can receive more data.

The final aspect of the RS-232 to cover here is the speeds in which data 1s transferred.
When you first see the speeds (such as 300, 2,400, and 9,600 bits per second), they seem
rather arbitrary. The original serial data speeds were chosen for teletypes because they gave
the mechanical device enough time to print the current character and reset before the next
one came in. Over time, these speeds have become standards and as faster devices have be-
come available, they’ve just been doubled (e.g, 9,600 bps is 300 bps doubled five times).

Computer
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Gngd

RS-232 ] DTR/DSR
Port
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In producing these data rates, the PICmicro® MCU’s USART uses clock divider to pro-
duce a clock 16 times the data rate. The PICmicro® MCU’s operating clock is divided by
integers to get the nominal RS-232 speeds. This might seem like it won’t work out well,
but because of the RS-232’s strange relationship with the number 13, the situation isn’t as
bad as it might seem.

If you invert (to get the period of a bit) the data speeds and convert the units to mi-
croseconds, you will discover that the periods are almost exactly divisible by 13. Thus,
you can use an even-MHz oscillator in the hardware to communicate over RS-232 using
standard frequencies.

For example, if you had a PICmicro® MCU running with a 20-MHz instruction clock
and you wanted to communicate with a PC at 9,600 bps, you would determine the number

of cycles to delay by:

1 Find the bit period in microseconds. For 9,600 bps, this is 104 us.
2 Divide this bit period by 13 to get a multiple number. For 104 us, this is 8.

Now, if the external device is running at 20 MHz (which means a 200-ns cycle time),
you can figure out the number of cycles as multiples of 8 X 13 times in the number of cy-
clesin 1 us. For 20 MHz, five cycles execute per microsecond. To get the total number of
cycles for the 104-us bit period, you simply evaluate:

S cycles/us * 13 * 8 us/bit = 520 instruction cycles/bit

The device you are most likely to interface to is the PC. Its serial ports consist of basically
the same hardware and BIOS interfaces that were first introduced with the first PC in 1981.
Since that time, a nine-pin connector has been specified for the port (in the PC/AT) and one
significant hardware upgrade has been introduced when the PS/2 was announced. For the most
part, the serial port has changed the least of any component in the PC for the past 20 or so years.

Either a male 25-pin or male 9-pin connector is available on the back of the PC for each
serial port. These connectors are shown in Fig. 6-60 and Table 6-7.

The 9-pin standard was originally developed for the PC/AT because the serial port was
put on the same adapter card as the printer port. There wasn’t enough room for the serial
port and parallel port to both use 25-pin D-shell connectors. I prefer the smaller form-
factor connector.

RS-232 serial communications have a reputation for being difficult to use and I have to
disagree. Implementing RS-232 isn’t very hard when a few rules are followed and you
have a good idea of what’s possible.

When implementing an RS-232 interface, you can make your life easier by doing a few
simple things. The first is the connection. Whenever I do an application, I standardize by

DB-25 (Male) D-9 (Male)

~narsor
LT

BM PC DB-25 and D-9 pin RS-232

connectors
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TABLE 6-7 Standard RS-232 Connector Pinouts

PIN NAME 25 PIN 9PIN 'IIO DIRECTION

IxD
‘RxD
Gnd
RIS

Output (“O%)
Input (1)

)

s
1
I
|

DTR
DSR
RI
 DCD

3
2
5
.7
cfs 8 i
4
6
9
1

using a nine-pin D-shell with the DTE interface (the one that comes out of the PC) and use
standard “straight-through” cables. In doing so, I always know what my pinout is at the
end of the cable when I’'m about to hookup a PICmicro™ MCU to a PC.

By making the external device DCE always and using a standard pinout, I don’t have to
fool around with null modems or by making my own cables.

When I create the external device, I also loop back the DTR/DSR and CTS/RTS data
pairs inside the external device, rather than at the PC or in the cable. This allows me to use
a standard PC and cable without having to do any wiring on my own or any modifications.
It actually looks a lot more professional as well.

Tying DTR/DSR and CTS/RTS also means that I can take advantage of built-in termi-
nal emulators. All operating systems have a “dumb” terminal emulator that can be used to
debug the external device without requiring the PC code to run. Getting the external device
working before debugging the PC application code should simplify your work.

As I went through the RS-232 electrical standard earlier in this section, you were prob-
ably concerned about interfacing standard, modern technology (i.e., TTL and CMOS) de-
vices to other RS-232 devices. This is a legitimate concern because, without proper
voltage-level conversion, you will not be able to read from or write to external TTL or
CMOS devices. Fortunately, this conversion isn’t all that difficult because there are meth-
ods to make it quite easy.

If you look at the original IBM PC RS-232 port specification, you’ll see that 1488/1489
RS-232 level-converter circuits were used for the RS-232 serial port interfaces. The pinout
and wiring for these devices in a PC are shown in Fig. 6-61.

There are a few points about the 1488/1489 components that should be discussed. When
transmitting data, each transceiver (except for 1) is actually a NAND gate (with the inputs
being #A and #B outputting on #Y). When [ wire in a 1488, I ensure that the second input
to a driver is always pulled high (as I’ve done with 2B in Fig. 6-61).

The second comment has to do with the 1489 receiver. The #C input is a flow control
for the gates (normally RS-232 comes in the #A pin and is driven as TTL out of #Y). This
pin is normally left floating (unconnected).
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These chips are still available and work very well (up to 115,200 bps maximum RS-232
data rate), only I’d never use them in my own projects because the 1488 (transmitter) re-
quires +/—12-V sources in order to produce valid RS-232 signal voltages.

This section presents three methods that you can choose from to convert RS-232 signal
levels to TTL/CMOS (and back again) when you are creating PICmicro® MCU RS-232
projects. These three methods do not require +/—12 V. In fact, they just require the +5-V
supply that is used for logic power.

The first method is using an RS-232 converter that has a built-in charge pump to create
the +/—12 V required for the RS-232 signal levels. Probably the most well-known chip
that is used for this function is the Maxim MAX232 (Fig. 6-62).

This chip is ideal for implementing three-wire RS-232 interfaces (or adding a simple
DTR/DSR or RTS/CTS handshaking interface). The ground for the incoming signal is
connected to the processor ground (which is not the case’s ground).

Along with the MAX232, Maxim and some other chip vendors have a number of other
RS-232 charge-pump-equipped devices that will allow you to handle more RS-232 lines
(to include the handshaking lines). Some available charge-pump devices do not require the
external capacitors that the MAX232 chip does, which will simplify the layout of your cir-
cuit (although these chips do cost quite a bit more).

The next method of translating RS-232 and TTL/CMOS voltage levels is to use the
transmitter’s negative voltage. The circuit in Fig. 6-63 shows how this can be done and is
demonstrated in Chapter 15.

+5V
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This circuit relies on the RS-232 communications only running in half-duplex mode
(i.e., only one device can transmit at a given time). When the external device “wants” to
transmit to the PC, it sends the data either as a mark (leaving the voltage being returned to
the PC as a negative value) or as a space (by turning on the transistor and enabling the
positive voltage output to the PC’s receivers). If you go back to the RS-232 voltage-
specification drawing, you’ll see that +5 V is within the valid voltage range for RS-232
spaces.

This method works very well (consuming just about no power) and is obviously a very
cheap way to implement a three-wire RS-232 bidirectional interface. Figure 6-63 shows a
N-Channel MOSFET transistor simply because it does not require a base current-limiting
transistor the same way that a bipolar transistor would.

When the PICmicro® MCU transmits a byte to the external device through this circuit,
it will receive the packet it’s sent because this circuit connects the PICmicro® MCU’s re-
ceiving pin (more or less) directly to its transmitting pin. The software running in the
PICmicro® MCU (as well as the external device) will have to handle this.

You also have to be absolutely sure that you are only transmitting in half-duplex mode.
If both the PICmicro® MCU and the external device attempt to transmit at the same time,
then both messages will be garbled. Instead, the transmission protocol that you use should
wait for requested responses, rather than sending them asynchronously (or, you could have
one device, either the PC or external devices, wait for a request for data from the other).

Another issue to notice is that data out of the external device will have to be inverted to
get the correct transmission voltage levels (e.g., a 0 will output a /) to ensure that the tran-
sistor turns on at the right time (e.g., a positive voltage for a space).

Unfortunately, this means that the built-in serial port for many microcontrollers cannot
be used because they cannot invert the data output as is required by the circuit. An inverter
could be put between the serial port and the RS-232 conversion circuit to avoid this problem.

The Dallas Semiconductor DS275 incorporates this circuit (with built-in inverters) into
the single package shown in Fig. 6-64.

The DS1275 and the DS275 have the same pinout. Both work exactly the same way, but
the DS275 is a later version of the part.

As an aside, before going on to the last interface circuit, this circuit has a big advan-
tage. The PICmicro® MCU’s RS-232 transmitter is connected to the PC’s RS-232 re-
ceiver if the external device (with this circuit) is connected to a PC. Thus, the
PICmicro® MCU can ping (send a command that is ignored by the external device) via
the RS-232 port and see if the external device is connected to it. But, this technique has
a hitch. Even though the circuit is connected, how do you know that the external
PICmicro® MCU device is working from the PC?




308

PICmicro® MCU APPLICATION DESIGN AND HARDWARE INTERFACING

Processor RS-232
+5V Connect
(1)275
gRXout Vyq
Vgy  RXin pe
— | TXin _N/Ch
__E[ Gnd TXout fi—
Transmitted — 12V
Character _ | _________ Gndl -
From PC . L
(OXOFQ)—— 12V ;
Transistor Control oy
At External Device Gnd

+12Vv

Data Received

by PC (0x090)

RS-232 “Ping” using transistor/
resistor TTL/CMOS voltage conversion circuit

Actually, this isn’t that difficult. Simply specify the ping character as something that the
external device can recognize and have it modify it so that the PC’s software can recognize
that the interface is working.

In the past, I have used a microcontroller with bit-banging software (described in the next
section) to change some mark bits when it recognizes that a ping character is being received.

Figure 6-65 shows a ping character of 0x0F0 that is modified by the external device (by
turning on the transistor) to change some bits into spaces. If the PC receives nothing or
0x0FO0, then the external device is not working.

The last interface circuit presented here is simply a resistor (Fig. 6-66). This method of
receiving data from an RS-232 device to a logic input probably seems absurdly simple and
as if could not work. But it does and very well.

This interface works by relying on clamping diodes in the receiver holding the voltage
at the maximum allowable for the receiver. The 10-K resistor limits any current flows and
provides a voltage drop (Fig. 6-67).

Figure 6-68 is the actual circuit of the 10-K current-limiting resistor and PICmicro®
MCU I/O pin with internal clamping diodes.

There are some things to watch out for when using this receive circuit in the PICmicro®
MCU. Although most I/O pins are clamped internally, in some cases, you will have to add
your own clamping diodes externally. These cases are when the open drain (RA4) 1/0 pin
is used or the optional _MCLR I/O pin is used for input.

Simple RS§-232 to

PC I ANN— I External
r TTL/CMOS voltage conversion

10K Device
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There are a few rules for this implementation. Some people like to use this configura-
tion with a 100-K resistor (or higher value) instead of the 10-K shown. Personally, I don’t
like to use anything higher than 10 K because of the possibilities of induced noise with a
CMOS input (this is less likely with TTL) causing an incorrect bit in the stream to be read.
10 K will maximize the induced current required to change the state of the I/O pin.

With the availability of many CMOS devices requiring very minimal amounts of cur-
rent to operate, you might be wondering about different options for powering your circuit.
One of the most innovative that I have come across is using the PC’s RS-232 ports itself
as powering devices that are attached to it using the circuit shown in Fig. 6-69.

When the DTR and RTS lines are outputting a space, a positive voltage (relative to
ground) is available. This voltage can be regulated and the output used to power the de-
vices attached to the serial port (up to about 5 mA). For extra current, the Tx line can also
be added into the circuit, as well with a break being sent from the PC to output a positive
voltage.

The 5 mA is enough current to power the transistor/resistor type of RS-232 transmitter
and a PICmicro® MCU running at 4 MHz, along with some additional hardware (such as
an LCD). You will not be able to drive an LED with this circuit and you might find that
some circuits that you normally use for such things as pull-ups and pull-downs will con-
sume too much power.

Now, with this method of powering the external device, you do not have use of the
handshaking lines, but the savings of not having to provide an external power supply (or
battery) will outweigh the disadvantages of having to come up with a software pinging and
handshaking protocol. Externally powering a device attached to the RS-232 port is ideal
for input devices, such as serial mice, which do not require a lot of power.

78L05
DTR g N ’

RTS——PH——— 0.1 4F =

VCC

 “Stealing” power
L from the PC’s serial port

Gnd
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Receiver
>

RS-485/RS-422 So far, this book has covered single-ended asynchronous serial com-
munications methods, such as RS-232 and direct NRZ device interfaces. These interfaces
work well in home and office environments, but can be unreliable in environments where
power surges and electrical noise can be significant. In these environments, a double-ended
or differential pair connection is optimal to ensure the most accurate communications.

A differential-pair serial communications electrical standard consists of a balanced dri-
ver with positive and negative outputs that are fed into a comparator, which outputs a / or
a 0, depending on whether or not the positive line is at a higher voltage than the negative.
Figure 6-70 shows the normal symbols used to describe a differential pair connection.

This data-connection method has several advantages. The most obvious one is that the
differential pair doubles the voltage swing sent to the receiver which increases its noise
immunity. This is shown in Fig. 6-71, when the positive signal goes high and the negative
voltage goes low. The change in the two receiver inputs is 10 volts, rather than the 5 volts
of a single line. This is assuming that the voltage swing is 5 volts for the positive and neg-
ative terminals of the receiver. This effective doubling of the signal voltage reduces the
impact that electrical interface has on the transmitted signal.

Another benefit of differential pair wiring is that if one connection breaks and there is
common ground, the circuit will continue to operate (although at reduced noise reduction
efficiency). This feature makes differential pairs very attractive in aircraft, and spacecraft,
where loss of a connection could be catastrophic.

To minimize AC transmission-line effects, the two wires should be twisted around each
other. Twisted-pair wiring can either be bought commercially or made by simply twisting
two wires together. Twisted wires have a typically characteristic impedance of 300 Ohms
or greater.

A common standard for differential pair communications is RS-422. This standard,
which uses many commercially available chips provides:

Driver » Positive Signal

Differential pair
serial data transmission

™~ Negative Terminal

1 Multiple receiver operation.
2 Maximum data rate of 10MBps.
3 Maximum cable length of 4000 meters (with a 100-kHz signal).

Multiple receiver operation (Fig. 6-72) allows signals to be “broadcasted” to multiple
devices.

Positive [_\
Signal I—\—

Negative

Signal \___/ \—/__

Combined
Signal
waveform
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The best distance and speed changes with the number of receivers of the differential pair
along with its length. The 4000 m at 100 kHz or 40 m at 10 MHz are examples of this bal-
ancing between line length and data rate. For long data lengths, a few hundred ohm termi-
nating resistor might be required between the positive terminal and negative terminal at
the end of the lines to minimize reflections coming from the receiver and affecting other
receivers.

RS-422 is not as widely used as you might expect, instead, RS-485 is much more pop-
ular. RS-485 is very similar to RS-422, except that it allows multiple drivers on the same
network. The common chip is the 75176, which has the ability to drive and receive on the
lines (Fig. 6-73).

I have drawn the right 75176 of Fig. 6-73 with the Rx and TX and two enables tied to-
gether. This results in a two-wire differential I/O device. Normally, the 75176 s are left in RX
mode (pin 2 reset), unless they are driving a signal onto the bus. When the unused 75176 s
on the lines are all in receive mode, any one can “take over” the lines and transmit data.

Like RS-422, multiple 75176s (up to 32) can be on the RS-485 lines with the capability
of driving or receiving. When all the devices are receiving, a high (1) is output from the
75176. This means that the behavior of the 75176 in the RS-485 (because these are multi-
ple drivers) is similar to that of a dotted AND bus. When one driver pulls down the line,
all receivers are pulled low. For the RS-485 network to be high, all unused drivers must be
off or all active drivers must be transmitting a /. This feature of RS-485 is taken advantage
in small system networks, such as CAN, which is covered later in the chapter.

RS-485 connection using a 75176
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The only issue to be on the lookout for when creating RS-485/RS-422 connections is to
keep the cable polarities correct (positive to positive and negative to negative). Reversing
the connectors will result in lost signals and misread transmission values.

Manchester serial data transfer Another common method of serially transmitting
data asynchronously is to use the Manchester encoding format. In this type of data trans-
fer, each bit is synchronized to a start bit and the following data bits are read with the space
dependent on the value of the bit (Fig. 6-74).

In this type of data transmission, the data size is known, so when the start pulse is recog-
nized and the space afterward is not treated as incoming data. Manchester encoding is unique
in that the start bit of a packet is quantitatively different from a 1 or a 0. This allows a receiver
to determine whether or not the data packet being received is actually at the start of the
packet or somewhere in the middle (and should be ignored until a start bit is encountered).

Manchester encoding is well suited for situations where data is not interrupted or restarted
anywhere except at the beginning. Because of this, it is the primary method of data trans-
mission for infrared control (such as used in your TV’s remote control). Chapter 16 presents
two algorithms for reading a TV remote control’s IR Manchester encoded data packets.

Can The CAN (Controller Area Network) protocol was originally developed by Bosch
a number of years ago as a networking scheme that could be used to interconnect the
computing systems used within automobiles. At the time, there was no single standard
for linking digital devices in automobiles. Before the advent of CAN (and J1850, which
is the similar North American standard) cars could contain as much as three miles of
wiring, weighing 200 pounds, interconnecting the various parts and systems within the
car.
CAN was designed to be:

1 Fast (1 Mbps).

2 Insensitive to electromagnetic interference.

3 Simple with few pins in connectors for mechanical reliability.

4 Devices could be added or deleted from the network easily (and during manufacturing).

Although CAN is similar to J1850 and does rely on the same first two layers of the OSI
seven-layer communications model, the two standards are electrically incompatible. CAN
was the first standard and is thoroughly entrenched in European and Japanese cars and is
rapidly making inroads (please excuse the pun) with North American automotive manu-
facturers.
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CAN is built from a dotted AND bus that is similar to that used in 12C. Electrically, RS-
485 drivers are used to provide a differential voltage network that will work even if one of
the two conductors is shorted or disconnected (giving the network high reliability inside of
the very extreme environment of the automobile). This dotted AND bus allows arbitration
between different devices (when the device’s “drivers” are active, the bus is pulled down,
like in I2C signal). An example of how this method of arbitration works is shown in Fig.
6-75.

In this example, when a driver has a miscompare with what it is transmitting (e.g., when
it is sending a / and a 0 shows up on the bus), then that driver stops sending data until the
current message (which is known as a frame) has completed. This is a very simple and ef-
fective way to arbitrate multiple signals without having to retransmit all of the colliding
messages over again.

The frame (Fig. 6-76) is transmitted as an asynchronous serial stream (which means that
no clocking data is transmitted). Thus, both the transmitter and receiver must be working
at the same speed (typically, data rates are in the range of 200 kbps to 1 Mbps).

In CAN, a 0 is known as a dominant bit and a I is known as a recessive bit. The differ-
ent fields of the frame are defined in Table 6-8.

The last important note about CAN is that devices are not given specific names or ad-
dresses. Instead, the message is identified (using the 11- or 19-bit message identifier). This
method of addressing can provide you with very flexible messaging (which is what CAN
is all about).

The CAN frame is very complex, as is the checking that has to be done, both for re-
ceiving a message and transmitting a message. Although it can be done using a micro-
controller and programming the functions in software, I would recommend only imple-

’TR Ack
I cre| |l |

r1/r0 EOF

SOF

CAN 11 bit identifier frame
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TABLE 6-8 CAN Frame Field Definitions

SOF Start of Frame,; A single Dominant Bit
Identifier 11 or 19 Bit Message Identifier
RTR This Bit is set if the transmitter is also TX'ing Data

r1/t0 Reserved Bits, Should always be Dominant

DLC Four Bits indicating the number of bytes that follow
Data Zeroto 8 Bytes of Data, Sent MSB First

CRC 15 bits pf CRC data followed by a recessive bit
Ack Two Bit field, Dominant/ Recessive Bits

EOQF End of Frame, at least 7 Becessive Bits

menting CAN using hardware interfaces. Several microcontroller vendors provide CAN
interfaces as part of the devices and quite a few different “standard” chips (the Microchip
MCP2510 is a very popular device) are available to carry out CAN interface functions ef-
fectively and cheaply.

Currently, no PICmicro® MCU devices support CAN. Microchip has announced plans
to create a PICmicro® MCU with CAN built in, but, as I write this, no such device is avail-
able nor are there any preliminary datasheets.

DALLAS SEMICONDUCTOR 1-WIRE INTERFACE

Dallas Semiconductor has created a line of peripherals that are very attractive for use with mi-
crocontrollers because they only require one line for transferring data. This single-wire proto-
col is available in a variety of devices, but the most popular are the DS1820 and DS1821
digital thermometers. These devices can be networked together on the same bus (they have a
built-in serial number to allow multiple devices to operate on the same bus) and are accurate
to within one degree Fahrenheit. This book demonstrates a few applications using these parts,
but I wanted to first introduce you to the protocol and how the devices are used.

Probably the most substantive demonstration of what the DS1820 can do is in an appli-
cation where it is connected to a PICmicro® MCU (Fig. 6-77). The DS1820 is available in

VCC
4.7-K
Pull
Up
DS1820
PICmicro® MCU
LCD
—
—

_ Example thermometer

application
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a variety of packages. The one that I use the most is a three-pin TO-92 that looks like a
“tall” plastic transistor package.

The DS1820 has many features that would be useful in a variety of different applica-
tions. These include the ability of sharing the single-wire bus with other devices using a
unique serial number burned into the device that allows it to be written to individually. The
DS1820 has the ability to be powered by the host device. In the applications that use it in
the book, I power DS1820 from V¢ available to the microcontroller and only have one de-
vice on the bus at a given time. [ refrained from covering the single-wire bus interface in
the networking section earlier in the chapter because it is specific to Dallas Semiconduc-
tor products.

Data transfers over the single-wire bus are initiated by the host system (in the applica-
tion cases, this is the PICmicro® MCU) and are carried out eight bits at a time (with the
least significant bit transmitted first). Each bit transfer requires at least 60 us. The single-
wire bus is pulled up externally (Fig. 6-77) and is pulled down by either the host or the pe-
ripheral device to transfer data. If the bus is pulled down for a very short interval, a / is
being transmitted. If the bus is pulled down for more than 15 us, then a 0 is being trans-
mitted. The differences in the 7 and 0 bits are shown in Fig. 6-78.

All data transfers are initiated by the host system. If it is transmitting data, then it holds
down the line for the specified period. Ifit is receiving data from the DS1820, then the host
pulls down the line, releases it, and polls the line to see how long it takes for it to go back
up. During data transfers, [ have ensured that interrupts cannot occur (because this would
affect how the data is sent or read if the interrupt takes place during the data transfer).

Before each command is set to the DS1820, a reset and presence pulse is transferred. A re-
set pulse consists of the host pulling down the line for 480 to 960 ws. The DS1820 replies by
pulling down the line for roughly 100 us (60 to 240 us is the specified value). To simplify
the software, I typically did not check for the presence pulse (because I knew in the applica-
tion that I had the thermometer connected to the bus). In another application (where the ther-
mometer can be disconnected), putting a check in for the presence pulse might be required.

To carry out a temperature read of a single DS1820 connected to a microcontroller, you
can use the following instruction sequence:

1 Send a reset pulse and delay while the presence pulse is returned.

2 Send 0x0CC, which is the skip ROM command, which tells the DS1820 to assume that
the next command is directed toward it.

3 Send 0x044, which is the temperature conversion initiate instruction. The current tem-
perature will be sampled and stored for later read back.
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Wait 500+ us for the temperature conversion to complete.

Send a reset pulse and delay while the Presence pulse is returned.

Send 0x0CC, skip ROM command again.

Send 0x0BE to read the Scratchpad RAM, which contains the current temperature (in
degrees Celsius times two).

Read the nine bytes of scratchpad RAM.

Display the temperature (if bit 0 of the second byte is returned from the Scratchpad
RAM is set, the first byte is negated and a — is put on the LCD Display) by dividing the
first byte by 2 and sending the converted value to the LCD.

N0 oah

0 o

The total procedure for doing a temperature measurement takes about 5 ms. A good
(and simple) test of whether or not the thermometer is working is to pinch it between your
fingers and see if the returned temperature value goes upward as the application is
executing.

When [ have implemented PICmicro® MCU code for accessing the DS1820,  have had
problems ensuring that my timing delays are correct. When sending data to the DS1820,
be sure that a / has a delay of about 10 us and a 0 has a delay of 45 us. This will ensure
that the data the DS1820 reads is not ambiguous and doesn’t have any problems with dif-
ferentiating the data sent to it.
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Chances are good that the device that you are most interested in interfacing the
PICmicro® MCU to is an IBM PC compatible. Unfortunately, this is also the most diffi-
cult device that you will probably try to interface to because of the hardware 