Manuel Jiménez
Rogelio Palomera
Isidoro Couvertier

Introduction to
Embedded Systems

Using Microcontrollers and the MSP430




Introduction to Embedded Systems



Manuel Jiménez - Rogelio Palomera
Isidoro Couvertier

Introduction to Embedded
Systems

Using Microcontrollers and the MSP430

@ Springer



Manuel Jiménez

Rogelio Palomera

Isidoro Couvertier

University of Puerto Rico at Mayagiiez
Mayagiiez, PR

USA

ISBN 978-1-4614-3142-8 ISBN 978-1-4614-3143-5 (eBook)
DOI 10.1007/978-1-4614-3143-5
Springer New York Heidelberg Dordrecht London

Library of Congress Control Number: 2013939821

© Springer Science+Business Media New York 2014

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission or
information storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar
methodology now known or hereafter developed. Exempted from this legal reservation are brief
excerpts in connection with reviews or scholarly analysis or material supplied specifically for the
purpose of being entered and executed on a computer system, for exclusive use by the purchaser of the
work. Duplication of this publication or parts thereof is permitted only under the provisions of
the Copyright Law of the Publisher’s location, in its current version, and permission for use must
always be obtained from Springer. Permissions for use may be obtained through RightsLink at the
Copyright Clearance Center. Violations are liable to prosecution under the respective Copyright Law.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of
publication, neither the authors nor the editors nor the publisher can accept any legal responsibility for
any errors or omissions that may be made. The publisher makes no warranty, express or implied, with
respect to the material contained herein.

Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



To my family, for all your support and all we missed while
I was working on this project

Manuel Jiménez

To my family
Rogelio Palomera

To my Father, in Whom I move and live and exist,
and to my family

Microcontrollers
What is it that You seek which such tenderness to Thee?
Microcontrollers I seek, microcontrollers belong to Me
Why do you so earnestly seek microcontrollers to Thee?
Microcontrollers I seek, microcontrollers to freed

Microcontrollers you did set free when for them you died
Microcontrollers I did set free, microcontrollers are Mine

Why do they still need to be free if they are already Thine?
Microcontrollers are alienated still, alienated in their minds

Isidoro Couvertier



Preface

The first years of the decade of 1970 witnessed the development of the first
microprocessor designs in the history of computing. Two remarkable events were
the development of the 4004, the first commercial, single-chip microprocessor
created by Intel Corporation and the TMS1000, the first single-chip microcon-
troller by Texas Instruments. Based on 4-bit architectures, these early designs
opened a whole new era in terms of technological advances. Several companies
such as Zilog, Motorola, Rockwell, and others soon realized the potential of
microprocessors and joined the market with their own designs. Today, we can find
microprocessors from dozens of manufacturers in almost any imaginable device in
our daily lives: from simple and inexpensive toys to sophisticated space ships,
passing through communication devices, life supporting and medical equipment,
defense applications, and home appliances.

Being such a ubiquitous device, it is not surprising that more and more people
today need to understand the basics of how microprocessors work in order to
harness and exploit their capacity. Among these people we find enthusiastic
hobbyists, engineers without previous experience, electronic technology students,
and engineering students.

Throughout the years, we have encountered many good books on micropro-
cessors and embedded systems. However, most of these books share the same
basic type of problems: they were written either for one specific microprocessor
and their usefulness was limited in scope to the device they presented, or were
developed without a specific target processor in mind lacking the practical side of
teaching embedded systems. Aware of these realities, we have developed an
introductory-level book that falls in the middle of these two extremes.

This book has been written to introduce the reader to the subjects of micro-
processors and embedded systems, covering architectural issues, programming
fundamentals, and the basics of interfacing. As part of the architectural aspects, it
covers topics in processor organization, emphasizing the typical structure of
today’s microcontrollers, processor models, and programming styles. It also covers
fundamentals on computer data representations and operations, as a prelude to
subjects in embedded software development. The presented material is rounded off
with discussions that cover from the basics of input/output systems to using all
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sorts of embedded peripherals and interfacing external loads for diverse
applications.

Most practical examples use Texas Instruments MSP430 devices, an intuitive
and affordable platform. But the book is not limited to the scope of this micro-
controller. Each chapter has been filled with concepts and practices that set a solid
design foundation in embedded systems which is independent from the specific
device being used. This material is then followed by a discussion of how these
concepts apply to particular MSP430 devices. This allows our readers to first build
a solid foundation in the underlying functional and design concepts and then to put
them in practice with a simple and yet powerful family of devices.

Book Organization

The book contents are distributed across ten chapters as described below:

Chapter 1: Introduction brings to the reader the concept of an embedded sys-
tem. The chapter provides a historical overview of the development of embedded
systems, their structure, classification, and complete life cycle. The last section
discusses typical constraints such as functionality, cost, power, and time to market,
among others. More than just a mere introduction, the chapter provides a system-
level treatment of the global issues affecting the design of embedded systems,
bringing awareness to designers about the implications of their design decisions.

Chapter 2: Number Systems and Data Formats reviews basic concepts on
number formats and representations for computing systems. The discussion
includes subjects in number systems, base conversions, arithmetic operations, and
numeric and nonnumeric representations. The purpose of dedicating a whole
chapter to this subject is to reinforce in a comprehensive way the student back-
ground in the treatment given by computers to numbers and data.

Chapter 3: Microcomputer Organization covers the topics of architecture and
organization of classical microcomputer models. It goes from the very basic
concepts in organization and architecture, to models of processors and micro-
controllers. The chapter also introduces the Texas Instruments MSP430 family of
microcontrollers as the practical target for applications in the book. This chapter
forms the ground knowledge for absolute newcomers to the field of micropro-
cessor-based systems.

Chapter 4: Assembly Language Programming sets a solid base in micropro-
cessor’s programming at the most fundamental level: Assembly Language. The
anatomy of an assembly program is discussed, covering programming techniques
and tips, and illustrating the application cases where programming in assembly
language becomes prevalent. The chapter is crowned with the assembly pro-
grammer’s model of the MSP430 as a way to bring-in the practical side of the
assembly process. We use the IAR assembler in this chapter. Yet, the discussion is
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complemented by Appendix C with a tutorial on how to use Code Composer
Studio’ (CCS) for programming the MSP430 in assembly language.

Chapter 5: C Language Programming treats the subject of programming
embedded systems using a high-level language. The chapter reviews fundamental
programming concepts to then move to a focussed discussion on how to program
the MSP430 in C language. Like in Chap. 4, the discussion makes use of IAR and
other tools as programming and debugging environments.

Chapter 6: Fundamentals of Interfacing is structured to guide first time
embedded systems designers through the process of making a microprocessor or
microcontroller chip work from scratch. The chapter identifies the elements in the
basic interface of a microprocessor-based system, defining the criteria to imple-
ment each of them. The discussion is exemplified with a treatment of the MSP430
as target device, with an in-depth treatment of its embedded modules and how they
facilitate the basic interface in a wide range of applications.

Chapter 7: Embedded Peripherals immerses readers into the array of periph-
erals typically found in a microcontroller, while also discussing the concepts that
allow for understanding how to use them in any MCU- or microprocessor-based
system. The chapter begins by discussing how to use interrupts and timers in
microcontrollers as support peripherals for other devices. The subjects of using
embedded FLASH memory and direct memory access are also discussed in this
chapter, with special attention to their use as a peripheral device supporting low-
power operation in embedded systems. The MSP430 is used as the testbed to
provide practical insight into the usage of these resources.

Chapter 8: External World Interface discusses one of the most valuable
resources in embedded microcontrollers: general purpose I/O lines. Beginning
with an analysis of the structure, operation, and configuration of GPIO ports the
chapter expands into developing user interfaces using via GPIOs. Specific
MSP430 GPIO features and limitations are discussed to create the basis for safe
design practices. The discussion is next directed at how to design hardware and
software modules for interfacing large DC and AC loads, and motors through
GPIO lines.

Chapter 9: Principles of Serial Communication offers an in-depth discussion of
how serial interfaces work for supporting asynchronous and synchronous com-
munication modalities. Protocols and hardware for using UARTS, SPI, IZC, USB,
and other protocols are studied in detail. Specific examples using the different
serial modules sported in MSP430 devices provide a practical coverage of the
subject.

Chapter 10: The Analog Signal Chain bridges the digital world of microcon-
trollers to the domain of analog signals. A thorough discussion of the fundamentals
of sensor interfacing, signal conditioning, anti-aliasing filtering, analog-to-digital

' CCS is a freely available integrated development environment provided by Texas Instruments
at that allows for programming and debugging all members of the MSP430 family in both
assembly and C language.
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and digital-to-analog conversion, and smoothing and driving techniques are
included in this chapter. Concrete hardware and software examples are provided,
including both, Nyquist and oversampled converters embedded in MSP430 MCUs
are included, making this chapter an essential unit for mixed-signal interfaces in
embedded applications.

Each chapter features examples and problems on the treated subjects that range
form conceptual to practical. A list of selected bibliography is provided at the end
of the book for those interested in reading further about the topics discussed in
each chapter.

Appendix materials provide information complementing the book chapters in
diverse ways. Appendix A provides a brief guide to the usage of flowcharting to
plan the structure of embedded programs. Appendix B includes a detailed MSP430
instruction set with binary instruction encoding and cycle requirements.

A detailed tutorial on how to use Code Composer Essentials, the programming
and debugging environment for MSP430 devices, is included in Appendix C. The
extended MSP430X architecture and its advantages with respect to the standard
CPU version of the controller is the subject of Appendix D.

Suggested Book Usage

This book has been designed for use in different scenarios that include under-
graduate and graduate treatment of the subject of microprocessors and embedded
systems, and as a reference for industry practitioners.

In the academic environment, teaching alternatives include EE, CE, and CS
study programs with either a single comprehensive course in microprocessors and
embedded systems, or a sequence of two courses in the subject. Graduate programs
could use the material for a first-year graduate course in embedded systems design.

For a semester-long introductory undergraduate course in microprocessors, a
suggested sequence could use Chaps. 1- 5 and selected topics from Chaps. 6 and 8.
A two-course sequence for quarter-based programs could use topics in Chaps. 1
through 4 for an architecture and assembly programming-focused first course. The
second course would be more oriented towards high-level language programming,
interfacing, and applications, discussing select topics from Chaps. 1 and 5-10.

Besides these suggested sequences, other combinations are possible depending
on the emphasis envisioned by the instructor and the program focus.

Many EE and CE programs offer a structured laboratory in microprocessors and
embedded systems, typically aligned with the first course in the subject. For this
scenario, the book offers a complementary laboratory manual with over a dozen
experiments using the MSP430. Activities are developed around MSP430
launchpad development kits. Instructions, schematics, and layouts are provided for
building a custom designed I/O board, the eZ-EXP. Experiments in the lab manual
are structured in a progressive manner that can be easily synchronized with the
subjects taught in an introductory microprocessors course. All experiments can be
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completed using exclusively the inexpensive launchpad or TI eZ430 USB boards,
IAR and the freely available IAR or CCS environments, and optionally the
eZ-EXP attachment.

For industry practitioners, this book could be used as a refresher on the concepts
on microprocessors and embedded systems, or as a documented reference to
introduce the use of the MSP430 microcontroller and tools.

Supplemental Materials

Instructor’s supplemental materials available through the book web site include
solutions to selected problems and exercises and power point slides for lectures.
The site also includes materials for students that include links to application
examples and to sites elsewhere in the Web with application notes, downloadable
tools, and part suppliers.

We hope this book could result as a useful tool for your particular learning
and/or teaching needs in embedded systems and microprocessors.

Enjoy the rest of the book!
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Chapter 1
Introduction

1.1 Embedded Systems: History and Overview

An embedded system can be broadly defined as a device that contains tightly coupled
hardware and software components to perform a single function, forms part of a larger
system, is not intended to be independently programmable by the user, and is expected
to work with minimal or no human interaction. Two additional characteristics are
very common in embedded systems: reactive operation and heavily constrained.

Most embedded system interact directly with processes or the environment, mak-
ing decisions on the fly, based on their inputs. This makes necessary that the system
must be reactive, responding in real-time to process inputs to ensure proper oper-
ation. Besides, these systems operate in constrained environments where memory,
computing power, and power supply are limited. Moreover, production requirements,
in most cases due to volume, place high cost constraints on designs.

This is a broad definition that highlights the large range of systems that fall into it.
In the next sections we provide a historic perspective in the development of embedded
systems to bring meaning to the definition above.

1.1.1 Early Forms of Embedded Systems

The concept of an embedded system is as old as the concept of a an electronic com-
puter, and in a certain way, it can be said to precede the concept of a general purpose
computer. If we look a the earliest forms of computing devices, they adhere better to
the definition of an embedded system than to that of a general purpose computer. Take
as an example early electronic computing devices such as the Colossus Mark I and 11
computers, partially seen in Fig. 1.1. These electro-mechanical behemoths, designed
by the British to break encrypted teleprinter German messages during World War II,
were in a certain way similar to what we define as an embedded system.
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2 1 Introduction

Fig. 1.1 Control panel and
paper tape transport view of
a Colossus Mark II computer
(public image by the British
Public Record Office, London)

Although not based on the concept of a stored-program computer, these machines
were able to perform a single function, reprogrammability was very awkward, and
once fed with the appropriate inputs, they required minimal human intervention
to complete their job. Despite their conceptual similarity, these early marvels of
computing can hardly be considered as integrative parts of larger system, being
therefore a long shot to the forms known today as embedded systems.

One of the earliest electronic computing devices credited with the term “embedded
system” and closer to our present conception of such was the Apollo Guidance
Computer (AGC). Developed at the MIT Instrumentation Laboratory by a group of
designers led by Charles Stark Draper in the early 1960s, the AGC was part of the
guidance and navigation system used by NASA in the Apollo program for various
spaceships. In its early days it was considered one of the riskiest items in the Apollo
program due to the usage of the then newly developed monolithic integrated circuits.

The AGC incorporated a user interface module based on keys, lamps, and seven-
segment numeric displays (see Fig.1.2); a hardwired control unit based on 4,100
single three-input RTL NOR gates, 4 KB of magnetic core RAM, and 32 KB of core
rope ROM. The unit CPU was run by a 2.048 MHz primary clock, had four 16-bit
central registers and executed eleven instructions. It supported five vectored interrupt
sources, including a 20-register timer-counter, a real-time clock module, and even
allowed for a low-power standby mode that reduced in over 85 % the module’s power
consumption, while keeping alive all critical components.

The system software of the Apollo Guidance Computer was written in AGC
assembly language and supported a non-preemptive real-time operating system that
could simultaneously run up to eight prioritized jobs. The AGC was indeed an
advanced system for its time. As we enter into the study of contemporary applica-
tions, we will find that most of these features are found in many of today’s embedded
systems.

Despite the AGC being developed in a low scale integration technology and assem-
bled in wire-wrap and epoxy, it proved to be a very reliable and dependable design.
However, it was an expensive, bulky system that remained used only for highly
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Fig. 1.2 AGC user interface
module (public photo EC96-
43408-1 by NASA)

specialized applications. For this reason, among others, the flourishing of embedded
systems in commercial applications had to wait until another remarkable event in
electronics: the advent of the microprocessor.

1.1.2 Birth and Evolution of Modern Embedded Systems

The beginning of the decade of 1970 witnessed the development of the first micro-
processor designs. By the end of 1971, almost simultaneously and independently,
design teams working for Texas Instruments, Intel, and the US Navy had developed
implementations of the first microprocessors.

Gary Boone from Texas Instruments was awarded in 1973 the patent of the
first single-chip microprocessor architecture for its 1971 design of the TMS1000
(Fig. 1.3). This chip was a 4-bit CPU that incorporated in the same die 1K of ROM
and 256 bits of RAM to offer a complete computer functionality in a single-chip,
making it the first microcomputer-on-a-chip (a.k.a microcontroller). The TMS1000
was launched in September 1971 as a calculator chip with part number TMS1802NC.

The 14004, (Fig. 1.4) recognized as the first commercial, stand-alone single chip
microprocessor, was launched by Intel in November 1971. The chip was developed
by a design team led by Federico Faggin at Intel. This design was also a 4-bit
CPU intended for use in electronic calculators. The 4004 was able to address 4K
of memory, operating at a maximum clock frequency of 740 KHz. Integrating a
minimum system around the 4004 required at least three additional chips: a 4001
ROM, a 4002 RAM, and a 4003 I/O interface.

The third pioneering microprocessor design of that age was a less known project
for the US Navy named the Central Air Data Computer (CADC). This system imple-
mented a chipset CPU for the F-14 Tomcat fighter named the MP944. The system
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Fig. 1.3 Die microphotograph (left) packaged part for the TMS1000 (Courtesy of Texas Instru-
ments, Inc.)

Fig. 1.4 Die microphotograph (left) and packaged part for the Intel 4004 (Courtesy of Intel Cor-
poration)

supported 20-bit operands in a pipelined, parallel multiprocessor architecture designed
around 28 chips. Due to the classified nature of this design, public disclosure of its

existence was delayed until 1998, although the disclosed documentation indicates it

was completed by 1970.

After these developments, it did not take long for designers to realize the poten-
tial of microprocessors and its advantages for implementing embedded applica-
tions. Microprocessor designs soon evolved from 4-bit to 8-bit CPUs. By the end
of the 1970s, the design arena was dominated by 8-bit CPUs and the market for
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microprocessors-based embedded applications had grown to hundreds of millions
of dollars. The list of initial players grew to more than a dozen of chip manufac-
turers that, besides Texas Instruments and Intel, included Motorola, Zilog, Intersil,
National Instruments, MOS Technology, and Signetics, to mention just a few of the
most renowned. Remarkable parts include the Intel 8080 that eventually evolved
into the famous 80 x 86/Pentium series, the Zilog Z-80, Motorola 6800 and MOS
6502. The evolution in CPU sizes continued through the 1980s and 1990s to 16-,
32-, and 64-bit designs, and now-a-days even some specialized CPUs crunching data
at 128-bit widths. In terms of manufacturers and availability of processors, the list
has grown to the point that it is possible to find over several dozens of different
choices for processor sizes 32-bit and above, and hundreds of 16- and 8-bit proces-
sors. Examples of manufacturers available today include Texas Instruments, Intel,
Microchip, Freescale (formerly Motorola), Zilog, Advanced Micro Devices, MIPS
Technologies, ARM Limited, and the list goes on and on.

Despite this flourishing in CPU sizes and manufacturers, the applications for
embedded systems have been dominated for decades by 8- and 16-bit microproces-
sors. Figure 1.5 shows a representative estimate of the global market for processors
including microprocessors, microcontrollers, DSPs, and peripheral programmable
in recent years. Global yearly sales approach $50 billion for a volume of shipped
units of nearly 6 billion processor chips. From these, around three billion units are
8-bit processors. It is estimated that only around 2 % of all produced chips (mainly
in the category of 32- and 64-bit CPUS) end-up as the CPUs of personal computers
(PCs). The rest are used as embedded processors. In terms of sales volume, the story
is different. Wide width CPUs are the most expensive computer chips, taking up
nearly two thirds of the pie.

Processor Units per Year Sales Volume Per Year

O 4-bit
W 8-bit
0O 16-bit
032-bit
@ 64-bit
D DSPs

Fig. 1.5 Estimates of processor market distribution (Source Embedded systems design—www.
embedded.com)
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1.1.3 Contemporary Embedded Systems

Nowadays microprocessor applications have grown in complexity; requiring appli-
cations to be broken into several interacting embedded systems. To better illustrate
the case, consider the application illustrated in Fig. 1.6, corresponding to a generic
multimedia player. The system provides audio input/output capabilities, a digital
camera, a video processing system, a hard-drive, a user interface (keys, a touch screen,
and graphic display), power management and digital communication components.
Each of these features are typically supported by individual embedded systems inte-
grated in the application. Thus, the audio subsystem, the user interface, the storage
system, the digital camera front-end, and the media processor and its peripherals are
among the systems embedded in this application. Although each of these subsystems
may have their own processors, programs, and peripherals, each one has a specific,
unique function. None of them is user programmable, all of them are embedded
within the application, and their operation require minimal or no human interaction.

The above illustrated the concept of an embedded system with a very specific
application. Yet, such type of systems can be found in virtually every aspect of our
daily lives: electronic toys; cellular phones; MP3 players, PDAs; digital cameras;
household devices such as microwaves, dishwasher machines, TVs, and toasters;
transportation vehicles such as cars, boats, trains, and airplanes; life support and med-
ical systems such as pace makers, ventilators, and X-ray machines; safety-critical
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Fig. 1.6 Generic multi-function media player (Courtesy of Texas Instruments, Inc.)
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systems such as anti-lock brakes, airbag deployment systems, and electronic surveil-
lance; and defense systems such as missile guidance computers, radars, and global
positioning systems are only a few examples of the long list of applications that
depend on embedded systems. Despite being omnipresent in virtually every aspect
of our modern lives, embedded systems are ubiquitous devices almost invisible to
the user, working in a pervasive way to make possible the “intelligent” operation of
machines and appliances around us.

1.2 Structure of an Embedded System

Regardless of the function performed by an embedded system, the broadest view of
its structure reveals two major, tightly coupled sets of components: a set of hard-
ware components that include a central processing unit, typically in the form of a
microcontroller; and a series of software programs, typically included as firmware, !
that give functionality to the hardware. Figure 1.7 depicts this general view, denoting
these two major components and their interrelation. Typical inputs in an embedded
system are process variables and parameters that arrive via sensors and input/output
(I/0) ports. The outputs are in the form of control actions on system actuators or
processed information for users or other subsystems within the application. In some
instances, the exchange of input-output information occurs with users via some sort
of user interface that might include keys and buttons, sensors, light emitting diodes
(LEDs), liquid crystal displays (LCDs), and other types of display devices, depending
on the application.

! Firmware is a computer program typically stored in a non-volatile memory embedded in a hardware
device. It is tightly coupled to the hardware where it resides and although it can be upgradeable in
some applications, it is not intended to be changed by users.



8 1 Introduction

Consider for example an embedded system application in the form of a microwave
oven. The hardware elements of this application include the magnetron (microwave
generator), the power electronics module that controls the magnetron power level,
the motor spinning the plate, the keypad with numbers and meal settings, the system
display showing timing and status information, some sort of buzzer for audible sig-
nals, and at the heart of the oven the embedded electronic controller that coordinates
the whole system operation. System inputs include the meal selections, cooking time,
and power levels from a human operator through a keypad; magnetron status infor-
mation, meal temperature, and internal system status signals from several sensors and
switches. Outputs take the form of remaining cooking time and oven status through
a display, power intensity levels to the magnetron control system, commands to turn
on and off the rotary plate, and signals to the buzzer to generate the different audio
signals given by the oven.

The software is the most abstract part of the system and as essential as the hardware
itself. It includes the programs that dictate the sequence in which the hardware
components operate. When someone decides to prepare a pre-programmed meal in a
microwave oven, software picks the keystrokes in the oven control panel, identifies the
user selection, decides the power level and cooking time, initiates and terminates the
microwave irradiation on the chamber, the plate rotation, and the audible signal letting
the user know that the meal is ready. While the meal is cooking, software monitors
the meal temperature and adjusts power and cooking time, while also verifying
the correct operation of the internal oven components. In the case of detecting a
system malfunction the program aborts the oven operation to prevent catastrophic
consequences. Despite our choice of describing this example from a system-level
perspective, the tight relation between application, hardware, and software becomes
evident. In the sections below we take a closer view into the hardware and software
components that integrate an embedded system.

1.2.1 Hardware Components

When viewed from a general perspective, the hardware components of an embedded
system include all the electronics necessary for the system to perform the function
it was designed for. Therefore, the specific structure of a particular system could
substantially differ from another, based on the application itself. Despite these dis-
similarities, three core hardware components are essential in an embedded system:
The Central Processing Unit (CPU), the system memory, and a set of input-output
ports. The CPU executes software instructions to process the system inputs and to
make the decisions that guide the system operation. Memory stores programs and
data necessary for system operation. Most systems differentiate between program
and data memories. Program memory stores the software programs executed by the
CPU. Data memory stores the data processed by the system. The I/O ports allows
conveying signals between the CPU and the world external to it. Beyond this point,
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a number of other supporting and I/O devices needed for system functionality might
be present, depending on the application. These include:

e Communication ports for serial and/or parallel information exchanges with other
devices or systems. USB ports, printer ports, wireless RF and infrared ports, are
some representative examples of I/O communication devices.

e User interfaces to interact with humans. Keypads, switches, buzzers and audio,
lights, numeric, alphanumeric, and graphic displays, are examples of I/O user
interfaces.

e Sensors and electromechanical actuators to interact with the environment exter-
nal to the system. Sensors provide inputs related to physical parameters such as
temperature, pressure, displacement, acceleration, rotation, etc. Motor speed con-
trollers, stepper motor controllers, relays, and power drivers are some examples
of actuators to receive outputs from the system I/O ports. These are just a few of
the many devices that allow interaction with processes and the environment.

e Data converters (Analog-to-digital (ADC) and/or Digital-to-Analog (DAC)) to
allow interaction with analog sensors and actuators. When the signal coming out
from a sensor interface is analog, an ADC converts it to the digital format under-
stood by the CPU. Similarly, when the CPU needs to command an analog actuator,
a DAC is required to change the signal format.

e Diagnostics and redundant components to verify and provide for robust, reliable
system operation.

e System support components to provide essential services that allow the system to
operate. Essential support devices include power supply and management compo-
nents, and clock frequency generators. Other optional support components include
timers, interrupt management logic, DMA controllers, etc.

e Other sub-systems to enable functionality, that might include Application Specific
Integrated Circuits (ASIC), Field Programmable Gate Arrays (FPGA), and other
dedicated units, according to the complexity of the application.

Figure 1.8 illustrates how these hardware components are integrated to provide
the desired system functionality.

1.2.2 Software Components

The software components of an embedded system include all the programs necessary
to give functionality to the system hardware. These programs, frequently referred to
as the system firmware, are stored in some sort of non volatile memory. Firmware is
not meant to be modifiable by users, although some systems could provide means of
performing upgrades. System programs are organized around some form of operating
system and application routines. The operating systems can be simple and informal
in small applications, but as the application complexity grows, the operating system
requires more structure and formality. In some of these cases, designs are developed
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Fig. 1.8 Hardware elements in an embedded system

around Real-Time Operating Systems (RTOS). Figure 1.9 illustrates the structure on
an embedded system software.
The major components identified in a system software include:

System Tasks. The application software in embedded systems is divided into a set of
smaller programs called Tasks. Each task handles a distinct action in the system and
requires the use of specific System Resources. Tasks submit service requests to the
kernel in order to perform their designated actions. In our microwave oven example
the system operation can be decomposed into a set of tasks that include reading the
keypad to determine user selections, presenting information on the oven display,
turning on the magnetron at a certain power level for a certain amount of time, just
to mention a few. Service requests can be placed via registers or interrupts.

System Kernel. The software component that handles the system resources in an
embedded application is called the Kernel. System resources are all those compo-
nents needed to serve tasks. These include memory, I/O devices, the CPU itself,
and other hardware components. The kernel receives service requests from tasks,
and schedules them according to the priorities dictated by the task manager. When
multiple tasks contend for a common resource, a portion of the kernel establishes
the resource management policy of the system. It is not uncommon finding tasks
that need to exchange information among them. The kernel provides a framework
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Fig. 1.9 Software structure
in an embedded system
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that enables a reliable inter-task communication to exchange information and to
coordinate collaborative operation.

Services. Tasks are served through Service Routines. A service routine is a piece of
code that gives functionality to a system resource. In some systems, they are referred
to as device drivers. Services can be activated by polling or as interrupt service
routines (ISR), depending on the system architecture.

1.3 Classification of Embedded Systems

The three pioneering microprocessor developments at the beginning of the 1970s,
besides initiating the modern era of embedded systems, inadvertently created three
defining categories that we can use to classify embedded systems in general: Small,
Distributed, and High-performance. Figure 1.10 graphically illustrates the relation-
ships among these classes.

Small Embedded Systems

Texas Instruments, with the TMS1000 created the microcontroller, which has become
the cornerstone component of this type of embedded systems, which is by far, the
most common type. This class is typically centered around a single microcontroller
chip that commands the whole application. These systems are highly integrated,
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Fig. 1.10 Classification of
embedded systems

Distributed '

adding only a few analog components, sensors, actuators, and user-interface, as
needed. These systems operate with minimal or no maintenance, are very low cost,
and produced in mass quantities. Software in these systems is typically single-tasked,
and rarely requires an RTOS. Examples of these systems include tire pressure mon-
itoring systems, microwave oven controllers, toaster controllers, and electronic toy
controllers, to mention just a few.

Distributed Embedded Systems

The style created by Intel with the 4004 is representative of this type of embedded
systems. Note that in this class we are not referring to what is traditionally known as
a distributed computing system. Instead, we refer to the class of embedded systems
where, due to the nature of the data managed by these systems and the operations
to be performed on them, the CPU resides in a separate chip while the rest of com-
ponents like memories, I/O, co-processors, and other special functions are spread
across one or several chips in what is typically called the processor chipset. These
are typically board-level systems where, although robustness is not a critical issue,
maintenance and updates are required, and include some means of systems diagnosis.
They typically manage multiple tasks, so the use of RTOS for system development
is not uncommon. Production volume is relatively high, and costs are mainly driven
by the expected level of performance. Applications might require high-performance
operations. Applications like video processors, video game controllers, data loggers,
and network processors are examples of this category.

High-Performance Embedded Systems

The case of the CADC represents the class of highly specialized embedded systems
requiring fast computations, robustness, fault tolerance, and high maintainability.
These systems usually require dedicated ASICS, are typically distributed, might
include DSPs and FPGAs as part of the basic hardware. In many cases the complexity
of their software makes mandatory the use of RTOS’ to manage the multiplicity of
tasks. They are produced in small quantities and their cost is very high. These are
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the type of embedded systems used in military and aerospace applications, such as
flight controllers, missile guidance systems, and space craft navigation systems.

As Fig. 1.10 illustrates, the categories in this classification are not mutually exclu-
sive. Among them we can find “gray zones” where the characteristics of two or the
three of them overlap and applications might become difficult to associate to a single
specific class. However, if we look at the broad range of embedded applications,
in most cases it becomes generally easy to identify the class to which a particular
application belong.

1.4 The Life Cycle of Embedded Designs

Embedded systems have a finite lifespan throughout which they undergo different
stages, going from system conception or birth to disposal and in many cases, rebirth.
We call this the Life Cycle of an Embedded System. Five stages can be identified in
the cycle: Conception or Birth, Design, Growth, Maturity, and Decline. Figure 1.11
illustrates the sequence of these stages, and the critical phases that compose each
stage.

An embedded design is first conceived by the identification of a need to solve
a particular problem, or the opportunity to apply embedded technology to an old
problem. Many embedded systems are conceived by the need of changing the way old
problems are solved or the need of providing cost-effective solutions to them. Other

4

Need &
Opportunlty

Specmcatlons
Replacement

Retlrement & Funct|onal

D|sposal Concept
Rising Costs Feasibility
Manufactunng
Upgrades DeS|gn
Market
Volume

Malntenance Producnon
Acceptance Deployment Market

Fig. 1.11 Life cycle of an embedded system

Evolutlon




14 1 Introduction

systems are conceived with the problems themselves. Opportunity arises with the
realization of efficient solutions enabled by the use of embedded systems. In any case,
the application where the design needs to be embedded dictates the specifications
that lead to the design stage.

In the design stage, the system goes first through a phase of functional design,
where proof-of-concept prototypes are developed. This phase allows to tune the sys-
tem functionality to fit the application for which it was designed. A feasibility analysis
that considers variables such as product cost, market window, and component obso-
lescence determines whether or not a manufacturing and product design proceeds.
This second design phase establishes the way a prototype becomes a product and the
logistics for its manufacturing. Design is by far the most costly stage in the life cycle
of an embedded system, since most of the non-recurrent engineering costs arise here.
The expected market volume guides the entrance into the growth stage.

The growth stage initiates with the production of the system to supply an estimated
market demand. Production is scheduled to deploy the system at the beginning of its
market window. The deployment phase involves distribution, installation, and set-up
of the system. The fitness of the system to its originating needs defines its acceptance,
driving the embedded system into its mature stage.

In the maturity stage, the product is kept functional and up to date. This involves
providing technical support, periodic maintenance, and servicing. As the application
evolves, the system might require fitness to the changing application needs through
software and/or hardware upgrades. The maturity stage is expected to allow running
the product with minimal costs. As the system begins to age, maintenance costs begin
to increase, signaling its transition into the decline stage.

In the decline stage, system components become obsolete and difficult to obtain,
driving the cost of maintenance, service, and upgrades to levels that approach or
exceed those of replacing the whole system at once. This is the point where the system
needs to be retired from service and disposed. Product designs need to foresee this
stage to devise ways in which recycling and reuse might become feasible, reducing
the costs and impact of its disposal. In many cases, the system replacement creates
new needs and opportunities to be satisfied by a new design, re-initiating the life
cycle of a new system.

1.5 Design Constraints

A vast majority of embedded systems applications end up in the heart of mass
produced electronic applications. Home appliances such as microwave ovens, toys,
and dishwasher machines, automobile systems such as anti-lock brakes and airbag
deployment mechanisms, and personal devices such as cellular phones and media
players are only a few representative examples. These are systems with a high cost
sensitivity to the resources included in a design due to the high volumes in which they
are produced. Moreover, designs need to be completed, manufactured and launched
in time to hit a market window to maximize product revenues. These constraints
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shape the design of embedded applications from beginning to end in their life cycle.
Therefore, the list of constraints faced by designers at the moment of conceiving
an embedded solution to a problem come from the different perspectives. The most
salient constraints in the list include:

Functionality: The system ability to perform the function it was designed for.
Cost: The amount of resources needed to conceive, design, produce, maintain, and
discard an embedded system.

Performance: The system ability to perform its function on time.

Size: Physical space taken by a system solution.

Power and Energy: Energy required by a system to perform its function.

Time to Market: The time it takes from system conception to deployment.
Maintainability: System ability to be kept functional for the longest of its mature
life.

Aside from functionality, the relevance of the rest of the constraints in the list
changes from one system to another. In many cases, multiple constraints must be
satisfied, even when these can be conflicting, leading to design tradeoffs. Below we
provide a more detailed insight into these constraints.

1.5.1 Functionality

Every embedded system design is expected to have a functionality that solves the
problem it was designed for. More than a constraint, this is a design requirement.
Although this might seem a trivial requirement, it is not to be taken lightly. Functional
verification is a very difficult problem that has been estimated to consume up to 70 %
of the system development time and for which a general solution has not been found
yet. The task of verifying the functionality of the hardware and software components
of an embedded system falls in the category of NP-hard problems. Different methods
can be applied towards this end, but none of them is guaranteed to provide an optimal
solution. In most cases, the combination of multiple approaches is necessary to
minimize the occurrence of unexpected system behavior or system bugs. The most
commonly used methods include the following:

e Behavioral Simulation: The system is described by a behavioral model and suitable
tools are used to simulate the model. This approach is more suited for embedded
systems developed around IP cores where a behavioral description of the processor
is available, along with that of the rest of the system, allowing verification to be
carried early in the design process.

e Logic- and circuit-level Simulation: These methods apply to dedicated hardware
components of the system. When custom hardware forms part of an embedded
application, their functionality must be verified before integration with the rest
of the components. Analog and digital simulation tools become useful for these
chores.
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e Processor Simulation: This method uses programs written to simulate the func-
tionality of software developed for a target processor or microcontroller on a
personal computer or workstation. Simulators become useful for verifying the
software functionality off the target hardware. The functionality that can be veri-
fied through this method is limited to some aspects of software performance, but
they provide an inexpensive way to debug program operation. Software simula-
tors simulate hardware signals via I/O registers and flags. In general, they allow
to examine and change the contents of registers and memory locations; and to
trace instructions, introduce breakpoints, and proceed by single steps through the
program being debugged.

e JTAG Debuggers: JTAG is an acronym for Joint Test Action Group, the name
given to the Standard Test Access Port and Boundary Scan Architecture for test
access ports in digital circuits. Many present development tools provide ways
of debugging the processor functionality directly on the target system through a
JTAG port. This is achieved through the use of internal debug resources embedded
in the processor core. The IEEE-1149.1 standard for JTAG is one of the most
commonly used ways of accessing embedded debugging capabilities in many of
today’s microcontrollers. JTAG debuggers allow to perform the same actions listed
for simulators, but directly on the embedded system through the actual processor.

e In-circuit Emulation (ICE): Hardware Emulation is the process of imitating the
behavior of a hardware component with another one for debugging purposes.
An ICE is a form of hardware emulation that replaces the processor in a target
system with a test pod connected to a piece of hardware which emulates the target
processor. This box connects to a personal computer or workstation that gives the
designer a window of view into the embedded application being debugged. ICEs
are one of the oldest, most powerful, and most expensive solutions to debug and
verify the functionality of embedded systems. They provide the designer with the
ability of tracing, single stepping, setting breakpoints, and manipulating I/O data,
memory, and register contents when debugging the application. They also give
the designer control and visibility into the processor buses, the ability to perform
memory overlay, and to perform bus-triggered debugging, where breakpoints are
activated by the contents of specific hardware signals in the system. These are
features not available through other hardware verification methods.

e Other Verification Tools: Other tools used for embedded system verification
include Background Mode Emulators (BMEs) and ROM Monitors. A BME is
similar to a JTAG debugger in the sense that it relies on a dedicated chip port
and on-chip debugging resources to exert control over the CPU. However BMEs
are not as standardized as JTAG ports. BMEs change in format and capabilities
from one chip to another. ROM monitors are another type of debuggers that utilize
special code within the application to provide status information of the CPU via
a serial port. This last type relies on processor capabilities to introduce hardware
breakpoints.
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1.5.2 Cost

Developing an embedded system from scratch is a costly process. In a broad sense,
the the total cost C of producing a certain volume V of units an embedded system
can be obtained as,

Cr = NRE + (RP % V), (1.1)

where NRE represent the Non-recurring Engineering (NRE) costs for that product,
(RP) represents the Variable or Recurrent Production costs , and the production
volume V is the number of marketed units.

The NRE costs include the investment made to complete all the design aspects
of an embedded solution. This component, independent of the production volume,
results from the addition of the costs of all engineering aspects of the system
development including research, planning, software/hardware design and integration
(prototyping), verification, manufacturing planning, production design, and product
documentation.

The traditional design process of most embedded system solutions is developed
around commercial, off-the-shelf (COTS) parts. Although other methodologies exist,
standard COTS methods are the default choice for embedded system designers having
commercial components as the hardware resources to assemble an embedded solu-
tion. These methods allow for minimizing the hardware development costs through
tight constraints on physical parts components, usually at the expense of larger
software design and system verification cycles. Figure 1.12 shows a representative
diagram of a typical COTS-based design process for an embedded solution. The
diagram details the steps in the system conception, design, and prototyping stages.
It also includes the estimated time duration of the different stages in the process.
It can be observed that although hardware and software design could be carried in
parallel, their functional verification can only happen on a functional prototype. The
combination of these steps can take up to 50 % of the product development time,
with up to 75 % of the NRE costs.

Recurrent costs include all the expenses involved in producing the units of a given
production volume. Recurrent costs include the cost of parts, boards, enclosures and
packaging, testing, and in some cases even the maintenance, upgrade, and system
disposal costs. Recurrent costs are affected by the production volume as indicated
in Eq.1.1, and are significantly lower than NRE costs. Representative figures for
these terms on a given embedded product can be in the order of millions of dollars
for the NRE costs while the RP cost could be only a few dollars or even cents. As
an example consider the development of the first iPod, by Apple and sub-contractor
PortalPlayer. Coming up with the functional product idea, defining its specifications,
the product architecture; designing the hardware for each supported feature, the
software for the desired functionality, debugging the system, planning its packaging,
form factor, manufacturing plan, production scheme, and customer support took a
team of nearly 300 engineers working for about one year. A conservative estimate
puts NRE costs anywhere between five and and ten million dollars. The recurrent
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Fig. 1.12 Embedded systems design flow model based on COTS parts [8]

costs for a first generation player can be estimated around $120, considering that its
architecture was based on two ARM7 MCUSs, one audio codec, a 5 GB hard drive,
lithium batteries, and miscellaneous knobs, buttons, display, and enclosure. Apple
reported selling 125,000 iPods in the first quarter 2002, so let’s assume their first
batch of units consisted of exactly that number of units—that is a least a lower
bound. With these numbers, and NRE set at $10M, we can make a rough estimate
of a total cost of at least $25 M for producing that first batch of units. Note that this
is a simplistic estimate since it does not include the cost of items such as production
testing, marketing costs, distribution, etc.

So, if it is so expensive to produce that kind of embedded system, how come they
can be sold for as cheap as $300? The explanation for that is their production in large
quantities. A common measure of the cost of an embedded system is the per-unit
cost, Uc, obtained by dividing the total cost by the volume. Applying this formula
we can estimate the cost of producing each unit in a batch of a given volume V/, for a
break-even. The selling price is then set considering the expected company revenues,
among other factors.
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Equation 1.2 reveals that NRE costs are diluted by the production volume, making
the unit cost of electronic systems affordable for the average individual. This formula
also justifies the approach refining a design to minimize the cost of hardware, as
is done with COTS parts, since the extra NRE investment is brought down when
the production is large enough. Care must be exercised when deciding the level of
optimization introduced into the design, since reduced production volumes could
make the product cost prohibitively high. For our iPod example, the estimated unit
cost would drop to about $200. As the product matures, bringing new versions into
the market becomes much cheaper since IP can be reused bringing down the NRE
costs. This explains why the next generation of a gadget, even when bringing new
and more powerful features can be launched to the market at the same or even lower
price than the previous generation.

1.5.3 Performance

Performance in embedded systems usually refers to the system ability to perform
its function on time. Therefore, a measure of the number of operations per unit time
will somehow always be involved.

Sometimes, performance is associated with issues such as power consumption,
memory usage, and even cost; however, in our discussion we will restrict it to the
system ability to perform tasks on time. Now, this does not make performance mea-
surement an easy task. A number of factors need to be considered to measure or to
establish a performance constraint for a system.

Given our definition, one might naively think that the higher the system clock
frequency, the better the performance that can be obtained. Although clock frequency
does have an impact on the system performance, it could end up being a deceiving
metric if we do not have a more general picture of the system. Performance in
embedded systems depends on many factors, some due to hardware components,
some other due to software components. Hardware related factors include:

e Clock Frequency, the speed at which the master system clock ticks to advance
time in the system. Given two identical systems, executing the exact same soft-
ware, changing the clock frequency will have a direct impact on the system speed
to finish a given task. However, decisions in most cases are not as simple. Chang-
ing for example from processor A to processor B we might experience that the
same instructions take more clock cycles in B than in A, and therefore processor
A could have a higher performance than B, even when B might be running at a
higher clock frequency.
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e Processor Architecture has a deep impact in the system performance. The use of
multiple execution units, pipelining, caches, style (CISC? versus RISC?) buses,
among other architectural differences affect the time the system takes to complete
a task.

e Component Delay, i.e. the time it takes a component to react at its output to an
input stimulus, will affect system performance. In the operation of synchronous
bus systems, the maximum attainable speed will be limited by that of the slow-
est component. Semi-synchronous or asynchronous bus systems would slowdown
only when accessing slow devices. A typical example of component delay affect-
ing system performance is the memory access time. The time taken by a memory
device to respond to a read or write operation will determine how fast the proces-
sor can exchange data with it, therefore determining the memory throughput and
ultimately the system performance.

e Handshaking Protocols, i.e. the way transactions begin and end with peripheral
devices and how frequently they need to occur will take their toll in the time the
system takes to complete a task. Consider for example a device for which each
word transfer requires submitting a request, waiting for a request acknowledg-
ment, making the transfer and then waiting again for a transfer acknowledgment
signal to ensure that no errors occurred in the transfer would function significantly
slower than another where a session could be established, transferring blocks of
words per handshaking transaction.

e Low-power Modes in hardware components also affect performance. When a com-
ponent is sent to a low-power or sleep mode, either by gating its clock, its power
lines, or some other mechanism, waking the device up consumes clock cycles,
ultimately affecting its response time. In the case of devices able to operate at dif-
ferent voltage levels to save power, the lower the voltage the longer the response
time, therefore reducing the system performance.

One consideration that needs to be addressed when dealing with hardware factors
that affect performance is that high speed is expensive. The higher the speed of the
hardware, the higher the system cost and in many cases the higher also its power
consumption. Therefore the designer must exercise caution when choosing the hard-
ware components of a system to satisfy specific performance requirements in not
overspending the design. Once our embedded design reaches a level of performance
that satisfies the expected responsiveness of its functionality, a higher performance
becomes waste. Consider for example an embedded system design to give functional-
ity to keyboard. The system must be fast enough to not miss any keystroke by the typ-
ist. A fast typist could produce perhaps 120 words per minute. With an average of eight
characters per word, each new event in the keyboard would happen every 200 ms.
We do not need the fastest embedded processor in the market to fulfill the perfor-
mance requirements of this application. A different story would result if our embed-
ded design were to interface for example a high-speed internet channel to a video

2 Complex Instruction Set Computer.
3 Reduced Instruction Set Computer.
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processing unit. With data streaming at 100 Mbps or faster, the application require-
ments would demand a fast and probably expensive, power hungry, hardware design.

Software factors also affect system performance. Unlike hardware, we always
want to make the software faster because that will make the system more efficient not
only in terms of performance, but also in terms of power consumption and hardware
requirements, therefore helping to reduce recurrent costs. Software factors affecting
system performance include:

e Algorithm Complexity. This is perhaps the single most relevant software fac-
tor impacting system performance. Although algorithm complexity traditionally
refers to the way the number of steps (or resources) needed to complete a task scales
as the algorithm input grows, it also provides a measure of how many steps it would
take a program to complete a task. Each additional step translates into additional
cycles of computation that affect not only time performance, but also power con-
sumption and CPU loading. Therefore the lower the complexity, the faster, in the
long run, is the system expected performance. Some particular situations may arise
for small input. For these cases it might occur that a higher complexity algorithm
completes faster than one with lower complexity. This implies that a documented
decision needs to consider aspects such as typical input size, memory usage, and
constant factors among others.

e Task Scheduling determines the order in which tasks are assigned service priorities
in a multitasking environment. There exist different scheduling algorithms that can
be used when a system resource needs to be shared among multiple tasks. The rule
of thumb is that one resource can be used by only one task at a time. Therefore,
the way in which services are scheduled will affect the time it takes for services to
be provided thereby affecting the system performance. Although in a single-task
embedded system this consideration becomes trivial, multitasking systems are far
common and meeting performance requirements makes it necessary to give careful
consideration to the way application tasks will be scheduled and their priorities.

e Intertask Communication deals with the mechanisms used to exchange information
and share system resources between tasks. The design of this mechanism defines
the amount of information that needs to be passed and therefore the time overhead
needed for the communication to take place. Therefore, the selected mechanisms
will impact the system performance.

e Level of Parallelism refers to the usage given by the software to system resources
that accept simultaneous usage. For example, an embedded controller containing
both a conventional ALU and a hardware multiplier can have the capacity of
performing simultaneous arithmetic operations in both units. A dual-core system
can process information simultaneously in both cores. It is up to the software how
the level of parallelism that can be archived in the system is to be exploited to
accelerate the completion of tasks, increasing the system performance.

In summary, meeting performance constraints in an embedded system requires
managing multiple factors both in hardware and software. The system designer needs
to plan ahead during the architectural design the best way in which software and
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hardware elements will be combined in the system to allow for an efficient satisfaction
of the specific performance requirements demanded by an application.

1.5.4 Power and Energy

Power in embedded systems has become a critical constraint, not only in portable,
battery operated systems, but for every system design. The average power dissipa-
tion of an embedded design defines the rate at which the system consumes energy.
In battery powered applications, this determines how long it takes to deplete the
capacity of its batteries. But aside from battery life, power affects many other issues
in embedded systems design. Some of the most representative issues include:

e System Reliability: In digital electronic systems, which operate at a relatively
fixed voltage level, power translates into current intensities circulating through the
different system traces and components. This current circulation induces heat dissi-
pation, physical stress, and noise in the operation of system elements, all associated
to system failures. Heat dissipation is a major concern in system reliability due to
the vulnerability of semiconductors to temperature changes. At high temperatures,
device characteristics deviate from their nominal design values leading to device
malfunction and ultimately system failure. The physical stress induced by large
current densities on traces, contacts, and vias of integrated circuits and printed
circuit boards is the primary cause of electromigration (EM). EM describes the
transport of mass in metal under the stress of high current densities, causing voids
and hillocks, a leading source of open and short circuits in electronic systems.
Noise is generated by the pulsating nature of currents in inductive and capaci-
tive components of digital electronic systems. As the current intensities increase
with the power levels, so does the noise energy irradiated by reactive components,
reaching levels that could exceed the system noise margins, leading to system
malfunction.

e Cooling Requirements: A large power consumption leads to large levels of heat
dissipation. Heat needs to be removed from the embedded electronics to avoid
the failures induced by high temperature operation. This creates the necessity of
including mechanisms to cool down the hardware. Increasing power levels rapidly
scales forced air ventilation in static heatsinks to active heat removal mechanisms
that include fans, liquid pumps, electronic and conventional refrigeration devices,
and even laser cooling techniques. The necessity of including such components
in embedded systems increases the system recurrent costs, and imposes physical
requirements to the mechanical design in the form of increased size and weight,
and shape limitations.

e Power Supply Design: All embedded systems need a source of energy. Portable
systems rely on batteries. Stationary systems need power supplies. The larger the
power dissipation of a system, the larger the size of its batteries or power supply,
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and the lesser the chances of using energy scavenging techniques or alternate
sources of energy. This also impacts system costs and mechanical product design.

e System Size, Weight, and Form: The mechanical design characteristics are affected
not only by the requirements of power supply and cooling mechanisms, but also
by the minimum admissible separation between components to limit heat density
and reduce the risk of heat induced failures.

e Environmental Impact: The number of embedded systems around us continues
to grow at accelerated rates. Estimates by the Consumer Electronics Association
(CEA) show that nowadays an average individual uses about sixty embedded
systems per day. Twenty years ago this number was less than ten. This growing
trend is expected to continue for decades to come as embedded systems become
more pervasive in contemporary lifestyles. Although this trend is fueled by the
improvements they bring to our quality life, it is also placing a real burden on
the planet energy resources and leaving a mark in the environment. A study of
energy consumption by consumer electronics in the US commissioned by the CEA
found that in 2006 11 % of the energy produced in the US, this is 147 TWh, was
destined to household consumer electronics. Figure 1.13 shows the consumption
distribution of the types the CEA included in the study. It can be observed that
excluding personal computers, 65 % of the energy was consumed by devices we
have catalogued as embedded system applications. It deserves to mention that
the numbers in this study do not include digital TV sets, the electronics in major
appliances such as dishwashers, refrigerators, ovens, etc.; nor the consumption
by other segments of the population such as corporations, schools, universities,
etc. Despite these exclusions, the numbers portrait the environmental impact of
embedded systems and highlight the importance of tighter constraints in their
power consumption.

Meeting the power constraints of an embedded application can be approached
from multiple fronts:

oo Analog TV
4% PCs and Monitors

6% Cable, Satellite & Video Set-top Boxes

Audio Products
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Fig. 1.13 Distribution of U.S. residential consumer electronics (CE) energy consumption in 2006.
The total CE energy consumed was 147 TWh (Source Consumer Electronics Association)
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e Hardware Design: Utilizing processors and hardware components specifically
designed to minimize power consumption. Low-voltage, low-power peripherals,
processors with power efficient standby and sleep modes, and low-power memo-
ries are some of the most salient types of components available for reducing the
power consumption by the system hardware.

e Software Design: The way in which software is designed has a significant impact
on the system power consumption. A given software function can be programmed
in different ways. If each program were profiled for the energy it consumes during
execution, each implementation would have its own energy profile, leading to
the notion that software can be tailored to reduce the energy consumed by an
application. This concept can be applied during programming if the programmer is
conscious of the energy level associated to a programming alternative or exploited
through the use of power optimizing compilers. The bottom line consideration
here is that every cycle executed by the processor consumes energy in the system,
therefore, the least number of execution cycles by the processor, the lower the
energy consumed by the system.

e Power Management Techniques: Power management combines software strategies
for power reduction with the hardware capabilities of the system to reduce the
amount of energy needed to complete a task. This is perhaps the most effective
way of developing power efficient applications.

1.5.5 Time-to-Market

Time to market (TTM) is the time it takes from the conception of an embedded system
until it is launched into the market. TTM becomes a critical constraint for systems
having narrow market windows. The market window W is defined as the maximum
sales life of a product divided by two. Thus, the totals sales life of a product would
be 2W. The market window for embedded systems, as for any commercial product,
is finite with profits usually following a Gaussian distribution with mean around W.
Figure 1.14 shows a typical market window curve, illustrating an on-time product
entry for a well managed time-to-market.

The beginning of the sales life imposes a strong constraint on the time-to-market
since the total revenues, obtained as the area under the curve, are maximized when an
on-time market entry is achieved. A delayed product deployment causes large losses
of revenues. Figure 1.15 illustrates this situation with a simplified revenue model
using linear market rise and fall behaviors.

When a product enters the market with delay D, its peak revenue R;n ax 18 scaled
by afactor (1 — D/ W). This model presumes that the delayed peak revenue occurs at
the same point in time as the on time peak, and a maximum delay not exceeding W.
The loss of revenue L can be calculated as the difference between the on-time total
revenues and the delayed total revenues, obtained as indicated by Eq. 1.3.
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Fig. 1.15 Linear revenue model with a delayed system deployment
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It is common to express losses as a percentage of the maximum on-time revenues.
This can be obtained by dividing Eq. 1.3 by R, W, resulting the expression in
Eq.1.4.

D(3W — D)
L% = * 100 % (1.4)
w2

To numerically illustrate the impact of a violation to the time-to-market constraint,
consider a product with a sales life of 24 months. A TTM extended by 10 weeks
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(D = 2.5) would cause a total revenue loss of 29 %. A 4-month delay would reduce
revenues by nearly 50 %.

1.5.6 Reliability and Maintainability

Maintainability in embedded systems can be defined as a property that allows the
system to be acted upon, to guarantee a reliable operation throughout the end of
its useful life. This property can be regarded as a design constraint because, for
maintainability to be enabled, it has to be planned from the system conception itself.

The maintainability constraint can have different levels of relevance depending
on the type of embedded system being considered. Small, inexpensive, short lived
systems, such as cell phones and small home appliances are usually replaced before
they need any maintenance. In these type of applications, a reliable operation is
essentially dependent on the level of verification done on them prior to their deploy-
ment. Large, expensive, complex embedded systems, such as those used in airplanes
or large medical equipment, are safety critical and expected to remain in operation
for decades. For this class of systems, a reliable operation is dependent on the system
ability to be maintained.

From a broad perspective, maintainability needs to provide the system with means
for executing four basic types of actions:

e Corrective Actions: that allow to fix faults discovered in the system.

e Adaptive Actions: which enable the introduction of functional modifications that
keep the system operating in a changing environment.

e Perfective Actions: to allow for adding enhancements to the system functionally
attending to new regulations or requirements.

e Preventive Actions: that anticipate and prevent conditions that could compromise
the system functionality.

These actions need to be supported throughout the hardware and/or software
components of the embedded system, but their implementation needs to deal with
constraints inherent to each of these domains (Fig. 1.16).

Issues in Hardware Maintainability

Hardware designers face several limiting factors when it comes to integrating main-
tainability in their systems. These include:

e The cost overhead in the system NRE related to the design and validation of
maintenance and testing structures.

e The impact on the time-to-market caused by additional development time required
for the inclusion of maintainability features. This is also a factor in the software
design.
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Fig. 1.16 The four actions
supporting system maintain-
ability
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e The increase in recurrent costs caused by the additional hardware components
needed in the system to support testing and maintenance.

e Other factors affecting hardware maintainability in deployed systems include prob-
lems of component obsolescence, accessibility to embedded hardware compo-
nents, and availability of appropriate documentation to guide changes and repairs.

Issues in Software Maintainability

Supporting software maintainability in embedded systems represents an even greater
challenge than hardware because of the way embedded programs are developed and
deployed in such systems. In the application design flow, changes occurring either on
the hardware or software components during their concurrent design, sharing soft-
ware modules among product variants, the low-level requirements and tight inter-
action with the hardware, and the hardware constraint themselves are some of the
characteristics that make embedded software maintainability particularly difficult.
Results from representative case studies that include consumer electronics, commu-
nication equipment, aerospace applications, and industrial machinery have indicated
that there are 10 major issues that need to be addressed in embedded software devel-
opment to increase its maintainability.

1. Unstable requirements: Requirements change during the software development
phase, which usually are not effectively communicated to all partners, creating
problems in the hardware software integration, and therefore making mainte-
nance more complex.

2. Technology changes: New technologies require new development tools which
not necessarily preserve compatibility with early software versions, making dif-
ficult maintenance activities.

3. Location of errors: A common scenario in software maintenance is that the
person assigned to fix a problem is not the one who reported the problem and also
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different from the one who wrote the software, making the process of locating
the error very time consuming. Moreover, the uncertainty of whether the error
is caused by a software or a hardware malfunction adds to the difficulty.

. Impact of Change: When a problem is identified and the remedial change is

decided, identifying the ripple effect of those changes, such that it does not
introduce additional problems becomes a challenge.

. Need for trained personnel: The tight interaction between hardware and soft-

ware components in embedded applications makes the code understanding and
familiarization a time consuming activity. This calls for specialized training in
an activity that results less glamorous and attractive to a new professional than
designing and developing new code.

. Inadequate documentation: All too common, the software development phase

does not produce adequate, up-to-date documentation. Maintenance changes are
also poorly documented, worsening the scenario.

Development versus application environment: Embedded software is typically
developed on an environment other than that of the target application. A prob-
lem frequently caused by this situation is that real-time aspects of the system
functionality might not be foreseen by the development environment, leading to
hard to find maintenance problems.

. Hardware constraints: Due to the direct impact of hardware in the system

recurrent costs, stringent constraints are placed on hardware components. This
requires software written in a constrained hardware infrastructure that leaves
little room for supporting maintenance and updates.

Testing process: Due to the cost of testing and verification, it is common that
only the basic functionality is verified, without a systematic method to ensure
a complete case software test. This, albeit of the intrinsic complexity of the
software verification process itself, accumulates to problems to appear later when
the system is deployed.

Other problems: Many other issues can be enumerated that exacerbate the tasks of
maintenance. These include software decay, complexity in upgrading processes,
physical accessibility, and integration issues, among others.

1.6 Summary

This chapter presented a broad view of the field of embedded systems design. The
discussion on the history and overview helped to identify the differences between
traditional computing devices and embedded systems, guiding the reader through
the evolution of embedded controllers from their early beginning to the current tech-
nologies and trends.

Early in the discussion, the tight interaction between embedded hardware and

software and software was established, providing an insight into their broad structure
and relationship. A broad classification of embedded systems was then introduced
to identify typical application scopes for embedded systems.
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The last part of the chapter was devoted to the discussion of typical design con-
straints faced by embedded system designers. In particular, issues related to system
functionality, cost, performance, energy, time-to-market, and maintainability were
addressed in attempt to create awareness in the mind of the designer of the implica-
tions carried by the design decisions, and the considerations to be made in the design
planning phase of each application.

1.7 Problems

1.1

1.2
1.3

1.4
1.5

1.6

1.7

1.8

1.9

1.10

1.12

What is an Embedded System? What makes it different from a general purpose
computer?

List five attributes of embedded systems.

What was the first electronic computing device designed with the modern
structure of and embedded system?

What were the three pioneering designs that defined first microprocessors?
Which design can be credited as the first microcontroller design? Why is this
design considered a milestone in embedded systems design?

What proportion of all designed microprocessors end up used in personal com-
puters? From the rest, which CPU size has dominance in terms of units per
year? Which generates the largest sale volume in dollars?

Write a list of at least ten tasks the you perform regularly that are enabled by
embedded systems.

What are the fundamental components of an embedded system? Briefly
describe how each is structured.

Think about the functionality of one simple embedded system enabled device
you regularly interact with (for example, a video game console, cellular phone,
digital camera, or similar) and try to come up with the following system-level
items:

a. Functional hardware components needed.

b. Software tasks performed by the device.

c. Identifiable services that could be requested by each task and the hardware
resource it uses.

List three embedded system applications for each of the classes identified in the
discussion in Sect. 1.3. Provide at least one example of an application falling
between two classes, for each possible combination of two classes. Can you
identify one example with characteristics of the three classes? Briefly explain
why you consider each example in the class where you assigned them.

Select one specific embedded system application you are familiar with and
enumerate at least three important issues arising in each of its five life cycle
stages. Rank them in order of relevance.

Perform an internet search to identify at least three commercially available ver-
ification tools for the Texas Instruments MSP430 family of microcontrollers.
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1.13

1.14

1.15

1.16

1.17

1.18
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Categorize them by the verification method they use. Comment on the cost-
effectiveness of each.

What is the difference between non-recurrent (NRE) costs and recurrent pro-
duction costs (RP). Use the diagram in Fig.1.11 and identify which stages
generate NRE costs and which stages generate recurrent RP costs.

A voice compression system for an audio application is being designed as an
embedded system application. Three methods of implementation are under
consideration: Under method A, the design would use a Digital Signal Proces-
sor (DSP); in method B, the design would be completed with an embedded
microcontroller; while in method C, the design will be completed with an
Application Specific Integrated Circuit (ASIC) where all functions will reside
in hardware. Alternative A has NRE, of $250,000 and a recurrent cost per unit
RP, of $75. Alternative B has NRE;, =$150,000 and RP;, = $130; while the
ASIC solution has NRE . = $2,000,000 and R P. = $20.

a. For each of the three alternatives, plot the per-unit cost break-even price of
the system production volume V.

b. Determine the production volume V where the ASIC solution becomes the
most cost effective solution.

c. If the market for this product had an expected volume sales of 1,500
units, which implementation alternative would you recommend? Justify you
recommendation.

d. In part ¢, what should the market price of the system be if the company
expects a profit margin of 25 %? How much would the expected revenues
be if all marketed units were sold?

Explain the difference between clock frequency and system performance in an
embedded design. Depict a scenario where increasing the clock speed of an
application would not result in an increase in performance. Explain why.
Enumerate three approaches each at the hardware and software level design
that could impact the amount of energy consumed by an embedded application.
Briefly explain how each impacts the energy consumption.

Consider the voice compression system of problem 1.14. For a market window
of two years, and expected profit margin of 27 % in the marketing of 50,000
units implemented with alternative A, determine the following:

a. Determine the expected company revenues in dollars.

b. What would the percent loss of revenue be if the time-to-market were
extended, causing a deployment delay of 6 months? How much is the loss
in dollars?

c. Plot the cumulative loss of revenues of this product for delays in its time-
to-market in a per-week basis.

Identify three issues each at the software and hardware design levels to consider
when planning the maintainability of an embedded system application. Explain
briefly how to integrate them in the design flow of the system.



Chapter 2
Number Systems and Data Formats

To understand how microcontrollers and microprocessors process data, we must
adopt symbols and rules with proper models to mimic physical operations at a human
friendly level. Digital systems operate with only two voltage levels to process infor-
mation. As part of the modeling process, two symbols are associated to these levels,
‘0’ and ‘1’. Any consecutive concatenation of these two symbols, in any order, is
referred to as a word. Words are used as mathematical entities and abstract symbols
to represent all sort of data. We refer to words as integers, thereby simplifying not
only the description and manipulation of the strings, but also programming notation
and hardware processes.

The meaning of a word is context dependent and may be completely arbitrary
for user-defined data or assignments, set by the hardware configurations or else
follow conventions and standards adopted in the scientific community. We limit our
discussion here to numerical, text, and some particular cases of special interest.

This chapter contains more material than needed in a first introduction to the
topic of embedded systems. A first time reader may skip Sects.2.9 and 2.10. Arith-
metic operations with integers, on the other hand, are needed to go beyond transfer
operations.

2.1 Bits, Bytes, and Words

A bit is a variable which can only assume two values, O or 1. By extension, the name
bit is also used for the constants 0 or 1. An ordered sequence of n bits is an n-bit
word, or simply word. Normally, n is understood from the context; when it is not, it
should be indicated. Particular cases of n-bit words with proper names are:

Nibble: 4-bit word

Byte: 8-bit word

Word: 16-bit word

Double word: 32-bit word.
Quad: 64-bit word.

M. Jiménez et al., Introduction to Embedded Systems, 31
DOI: 10.1007/978-1-4614-3143-5_2,
© Springer Science+Business Media New York 2014
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These lengths are associated to usual hardware. In the MSP430, for example,
registers are 16 bits wide. Notice the specific use of the term “word” for 16 bits.

Individual bits in a word are named after their position, starting from the right
with 0: bit 0 (b0), bit 1 (b1), and so on. Symbolically, an n-bit word is denoted as

by_1by—2...b1bgy (2.1)

The rightmost bit, by, is the least significant bit (Isb), while the leftmost one, b,,_1, is
the most significant bit (msb). Similarly, we talk of least or most significant nibble,
byte, words and so on when making reference to larger blocks of bits.

Since each bit in (2.1) can assume either of two values, there are 2" different n-bit
words. For easy reference, Table2.1 shows the powers of 2 from 21 t0 230,

Certain powers of 2 have special names. Specifically:

Kilo (K): 1K =210
Mega (M): 1M = 220
Giga (G): 1G =23
Tera (T): 1T =24

Hence, when “speaking digital”, 4 K means 4 x 210 — 212 4,096, 16 M means
16 x 220 = 2%* = 16,077, 216 and so on.!

Table 2.1 Powers of 2

N 2N N 2N N 2N

1 2 11 2,048 21 2,097,152

2 4 12 4,096 22 4,194,304

3 8 13 8,192 23 8,388,608

4 16 14 16,384 24 16,777,216
5 32 15 32,768 25 33,554,432
6 64 16 65,536 26 67,108,864
7 128 17 131,072 27 134,217,728
8 256 18 262,144 28 268,435,456
9 512 19 524,288 29 536,870,912
10 1,024 20 1,048,576 30 1,073,741,824

2.2 Number Systems

Numbers can be represented in different ways using 0’s and 1’s. In this chapter, we
mention the most common conventions, starting with the normal binary representa-
tion, which is a positional numerical system.

! The notation K, M, G and T was adopted because those powers are the closest to 103, 10°, 10°
and 102, respectively. However, manufacturers of hard drives use those symbols in the usual ten’s
power meaning. Thus, a hard drive of 120MB means that it stores 120 x 10 bytes.
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2.2.1 Positional Systems

Our decimal system is positional, which means that any number is expressed by a
permutation of digits and can be expanded as a weighted sum of powers of ten, the
base of the system. Each digit contributes to the sum according to its position in the
string. Thus, for example,

3223 =3x 10" +2x 10°+2 x 107" +3 x 1072,
578 =8 x 10° +7 x 10! + 5 x 10?

This concept can be generalized to any base. A fixed-radix, or fixed-point posi-
tional system of base r has r ordered digits 0, 1,2, ... “r—1”. Number notations
are composed of permutations of these r digits. When we run out of single-digit
numbers we add another digit and form double-digit numbers, then when we run out
of double-digit numbers we form three-digit numbers, and so on. There is no limit
to the number of digits that can be used. Thus, we write

Base 2:0,1, 10, 11, 100, 101, 110, .. .;
Base 8:0,1,2,3,4,5,6,7,10, 11, ...,17,20,...,77,100, 101, .. .;
Base 12:0,1,2,3,4,5,6,7,8,9, A, B, 10,11, ..., BB, 100, ..., BBB, 1000, .. .;

To avoid unnecessary complications, the same symbols are used for the digits
0,...,9 in any base whenever are required, and letters A, B, ... are digits with
values of ten, eleven, etc. To distinguish between different bases, the radix is placed
as a subscript to the string, as in 289, 1 Ae.

Numbers are written as a sequence of digits and a point, called radix point, which
separates the integer from the fractional part of the number to the left and right side
of the point, respectively. Consider the expression in equation (2.2):

Ay_10y—2 ...0100.0-1G_2 . . .0y 2.2)

Here, each subscript stands for the exponent of the weight associated to the digit in

the sum. The leftmost digit is referred to as the most significant digit (msd) and the

rightmost one is the least significant digit (1sd). If there were no fractional part in

(2.2), the radix point would be omitted and the number would be called simply an

integer. If it has no integer part, it is customary to include a “0” as the integer part.
The number denoted by (2.2) represents a power series in 7 of the form

an 1" Va4 a4 apr®

integer part

n—1
—|—a71r_1 +.--—|—a7mr_m = Z airi (23)

i=—m

fractional part
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An interesting and important fact follows from this expansion: In a system of base r,
r' is written as 1 followed by n zeros. Thus, 100, = 2210005 = 53, etc.

The systems of interest for us are the binary (base 2), octal (base 8), decimal
(base 10), and hexadecimal (base 16) —hex for short,—systems. Table2.2 shows
equivalent representations to decimals 0—15 in these systems, using four binary digits,
or bits, for binary numbers.

To simplify keyboard writing, especially when using text processors, the following
conventions are adopted:

e For binary numbers use suffix ‘B’ or ‘b’

e For octal numbers use suffix ‘Q’ or ‘q’

e For hex numbers use suffix ‘H’ or ‘h’, or else prefix 0x. Numbers may not begin
with a letter

e Base ten numbers have no suffix.

Hence, we write 1011B or 1011b instead of 10115, 25Q or 25q for 255, 0ASH or
0A5h or OxAS5 for A56.

Table 2.2 Basic numeric systems

Decimal Binary Octal Hex Decimal Binary Octal Hex
0 0000 0 0 8 1000 10 8
1 0001 1 1 9 1001 11 9
2 0010 2 2 10 1010 12 A
3 0011 3 3 11 1011 13 B
4 0100 4 4 12 1100 14 C
5 0101 5 5 13 1101 15 D
6 0110 6 6 14 1110 16 E
7 0111 7 7 15 1111 17 F

2.3 Conversion Between Different Bases

The power expansion (2.3) of a number may be used to convert from one base to
another, performing the right hand side operations in the target system. This requires,
of course, that we know how to add and multiply in systems different from the
common decimal one. This is why the decimal system is usually an intermediate
step when a conversion is done by hand between non decimal systems. Yet, any
algorithm is valid to work directly when knowledge or means are available.

2.3.1 Conversion from Base r to Decimal

The expansion (2.3) is the preferred method to convert from base r to decimal. Let
us illustrate with some numbers. No subscript or suffix is used for the decimal result.
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Example 2.1 The following cases illustrate conversions to decimals:

214235 =2x 52 +1x5' +4x5°4+2 x5 +3x52%= 5952
10110.01B=1x2*+0x 22 +1x22+1x2' +0x2°
+0x27 141 x272=2225
B65FH = 11 x 16 4+ 6 x 16> +5 x 16" + 15 x 16" = 46687

Notice that for hexadecimal conversion, all hex digits are interpreted in their decimal
values for the sum.

Since binary numbers are so common in embedded systems with digits being only
0 and 1, it is handy to have a quick reference for weights using positive and negative
powers of 2, as illustrated in Fig. 2.1 for some cases.

Example 2.2 Let us convert 1001011.1101B o decimal using the powers as shown
in Fig. 2.1, as shown in the following table, taking for the sum only those powers for
bit 1:

Number 1 0 0 1 0 1 1. 1 1 0 1
Exponents 6 5 4 3 2 1 0 —1 -2 -3 —4
Power 64 32 16 8 4 2 1 0.5 0.25 0.125 0.0625

Therefore, 1001011.1101B = 64 4+-8+2+140.540.2540.0625 = 75.8125

2.3.2 Conversion from Decimal to Base r

Conversion into base r is easier if the integer and fractional parts are treated sepa-
rately.

Integer Conversion

One popular procedure for converting decimal integers into base r is the repeated
division method. This method is based on the division algorithm, and consists in
successively dividing the number and quotients by the target radix  until the quotient

Weights: 128 | 64 | 32 16 8 4 2 | 1
Bits: b7 | b6 | b5 bd b3 b2 b1 | )

Weights: 0.5 0.25 | 0.125 | 0.0625 | 0.03125 | 0.015625
Bits:  b(-1) | b(-2) | b(-3) | b(4) | b{-5) | b(s)

Fig. 2.1 Weights for binary number b7b¢bsbab3bab1by.b_1b_2b_3b_4b_5b_¢
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is 0. The successive remainders of the divisions are the digits of the number in base r,
starting from the least significant digit: divide the number by r and take the remainder
as ag; divide the quotient by r, and the remainder as a;, and so on.2 Let us illustrate
with a pair of examples.

Example 2.3 Convert decimal 1993 to expressions in bases 5 and 16.
To convert to base 5, divide by 5. The remainders are the digits of the number we
are looking for, going from lsd to msd:

Division Quotient Remainder
1993/5: 398 ap =3
398/5: 79 ar =3
79/5: 15 a =4
15/5: 3 a3 =0
3/5: 0 as =3

Hence, 1,993 = 30,4335
To convert to base 16, repeat the procedure using 16 as divisor. If the remainder
is greater than or equal to 10, convert to hex equivalent digit.

Division Quotient Remainder
1993/16: 124 9ayp=9
124/16: 7 12(a; =0C)
7/16: 0 ay =17

The result is then 1993 = 7C91¢ = 7COYh.

Fractional Part

Conversion of decimal fractions can be done by the repeated multiplication
method: Multiplying the number by r, the integer part of the first product becomes
most significant digit a_;. Discard then the integer part and multiply again the new

2 Again, the algorithm is valid between any bases. Let M, be the integer in a base k system, which we
want to express in r base system. The power sum expansion means My = (ap—1ap—2 . ..ayap), =
ap_y xr" Vg xr+ ap, where the a;’s are the digits in the r base system. Dividing by r, the
quotient is a, x r"~! 4. . a; and the remainder ag. Repeating division, the quotient is a;, x r"~2 4
- - -ap with a remainder ;. Continuing this way, az, a3, . .. a, will be extracted, in that order.
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fractional part by r to get the next digit a_;. The process continues until one of the

following conditions is met?:

e A zero decimal fraction is obtained, yielding a finite representation in radix r; or

e A previous fractional part is again obtained, having then found the periodic rep-
resentation in radix r; or

e the expression in base r has the number of digits allocated for the process.

Since we are converting finite decimal fractions, the result must be either finite
or periodic. The mathematical theory behind this assertion does not depend on the
radix. Yet, periodicity might appear only after too many multiplications, so the third
option above is just a matter of convenience. Let us look at some examples.

Example 2.4 Convert the following decimal fractions to binary, limited to 8 digits
if no periodicity appears before: (a) 0.375, (b) 0.05, (c) 0.23.

(a) Let us begin with 0.375:

2x0375=0750 — a_1=0
2x0750=150 — a,=1
2x05=100 — a_3=1 Zerofractional part. Stop

Therefore, since the decimal fractional part in the last product is 0.00, the equiv-
alent expression in binary is finite, specifically, 0.375 = 0.011, = 0.011B.

(b) Converting 0.05:

2x005=01 — a_1=0
2x0.10=02 - a_,=0
2x02=04 - a3=0
2x04=08 - a_4=0
2x08=16 — a_5=1
2x0.6=12 — a_¢=1 Repeatingfractionalpart0.2.Stop

The decimal fraction 0.2 in the last line has appeared before (third line), so the
pattern 0011 will be periodic. Therefore, 0.05 = 0.000011, = 0.0000110011...B.

(c) Converting 0.23:

2x023=046 —>a_; =0
2x046=092 >a_,=0
2x092=184 —>a_3=1

3LetMig = (a—ta—n - a—m)r =a_1 xr VY day xr 2 o da_y, xr". Multiplying by r, the
productis a_; +ap X r b al,, x ™D The integer part here is a_; and the fractional part
follows the same pattern but starting with a_,. Continuing with multiplication to the fractional part
only, a_s, a_3, ... will be extracted, in that order.
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2x084=168—>a4=1
2x068=136—>a_5=1
2x036=072—>a_¢=0
2x072=144—a_7=1
2 x0.44 =0.88 - a_g =0 Stop because of predefined limit.

We have reached 8 digits without finding the decimal fraction that will repeat.* Within
this approximation, 0.23 ~ 0.00111010B

Mixed Numbers with Integer and Fractional Parts
In this case, the conversion is realized separately for each part. Let us consider an
example.

Example 2.5 Convert 376.93751¢ to base 8.
First convert the integer part by successive divisions by 8:

Division Quotient Remainder
376/8: 47 ap=0
47/8: 5 ar =17

5/8: 0 a =5

which yields 376 = 570Q.
We now convert the fractional part by successive multiplications:

Multiplication product Int. Part.
09375 x 8 = 7.5 a1 =1
0.5x8= 4.0 a,=4

which yields 3.9375 = 0.74Q. Therefore the final result is 376.9375 = 570.74Q.

2.3.3 Binary, Octal and Hexadecimal Systems

The lower the base, the more digits required to represent a number. The binary
numerical system, the ‘natural’ one for digital systems, is quite inconvenient for
people. A simple three digit decimal number such as 389, becomes 110000101B
in binary, a nine digit number. The octal and hexadecimal systems provide simpler
alternatives for representing binary words. Since 8 = 23 and 16 = 2, conversion
between binary and octal or binary and hex systems is straightforward:

Octal and Binary  Associate each octal digit to three binary digits, from right to
left in the integer part and left to right in the fractional part.

4 The reader can continue and verify that the periodic pattern will eventually appear.
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Hex and Binary Associate each hex digit to four binary digits, from right to left
in the integer part and from left to right in the fractional part.

Table 2.2 shows the equivalences between octal and hex digits with binary num-
bers, where zeros to the left can be conveniently added. Using this table, let us look
at some examples.

Example 2.6 Convert (a) 0x4AD.16 to binary and octal expressions, (b) 37.25Q to
binary and hex expressions.
(a) Using Table 2.2 as reference, 4AD.16H is first converted into binary as follows:

4 A D 1 6
I N N S
010010101101.00010110 = 10010101101.0001011B

Notice that the left zeros in the integer part and the right zeros of the fractional
part have been suppressed in the final result. Now, to convert to octal, take the binary
part and partition in groups of three bits as shown next, adding extra zeros as needed:

2 2 5 5 0 5 4
e Youtn Youtun Toutus Touion Jouts louies )
010 010 101 101 .000 101 100 = 2255.054Q

(b) For the second part, proceed as before, splitting the octal expression into
binary, and then converting into hex expression.

3 7 2 5
~ =~ =
011 111.010 101 = 11111.010101B

Now to hex:
1 F 5 4

A~~~ N
0001 1111.01010100 = 1F.54H

2.4 Hex Notation for n-bit Words

The previous example showed the convenience of hexadecimal system for humans:
there is a one to one correspondence between each hex digit and a group of four bits,
a nibble. For this reason, to simplify writing and reading, it is customary to represent
an n-bit word by a hex equivalent just as it were a binary integer, irrespectively
of the actual meaning of the string. Thus, we refer to 1010011 as 53h or 0x53, to
1101100110000010 as 0xDD982, and so on.

This convention is universally adopted in embedded systems literature, and also
in debuggers. Thus, memory addresses, register contents, and almost everything is
expressed in terms of hexadecimal integers, without any implication of them being
a number.
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Fig. 2.2 Simplified func-
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Example 2.7 The objective of this example is to illustrate how integers are used to
represent hardware and data situations. Fig. 2.2 represents a functional connection,
no hardware schematic shown, of a seven-segment display to Port I of a microcon-
troller. The port consists of eight pins, named P1.0 to P1.7, which are internally
connected to a byte size register called P10ut. Let us call b0, bl, ..., b7 the outputs
of the register, connected to P1.0 to P1.7 in the same order. The high and low voltage
states of the register outputs are then applied to the seven-segment through the port
pins.

The seven-segment display consists of eight light-emitting diodes (LED), in the
form of seven segments called a, b, c, d, e, f, and g plus a dot. Each diode is connected
to one port pin as shown in the figure. When the pin shows a high voltage state, the
respective LED is turned on.

In the diagram, the seven-segment display shows 7., i. e., it has LED’s a, b,c and
the dot on, while the others are off. This means that pins P1.7,P1.6, P1.5,P1.4, P1.3,
P1.2,P1.1, P1.0, in that order, show the respective states HIGH, LOW, LOW, LOW,
LOW, HIGH, HIGH, HIGH. Using the symbol 1 for the HIGH state and 0 for the
LOW state, and suppressing commas, the register output state can be represented as
10000111.

We use integers to represent this state, and say then that the contents of the register
P10ut is 10000111B, or 87h, or 207q, or 135. The binary number gives a one to
one description of each bit inside the register. The hex and octal representations
give the same information in a simplified form, using the property of the one to one
relationship with the binary digits. The decimal representation is just the conversion
of any of the previous expressions.

If we want to display 6, the register contents should be TDh. Verify it.

The decimal and octal systems can also be used to this end (see Problem 2.27).
The octal system is not so popular nowadays because of hardware, which has made
nibbles, bytes, 16-bit words and double words the normal environment.
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2.5 Unsigned Binary Arithmetic Operations

The familiar techniques applied to arithmetic operations of non negative decimal
numbers are also valid for binary numbers. We review next the basic operations for
this system.

2.5.1 Addition

The addition rules are

0+0=0 (2.4a)
0+1=1+0=1 (2.4b)
1+1=10 (2.4¢)

As in the decimal system, we start adding the two least significant digits of the
operands and carry any excess digit into the sum of the next more significant pair
of digits. Therefore, a sum of numbers with more than one digit should consider
effectively the addition of three digits to include the carry of the previous column.
This addition of three bits yields the so called complete adder case illustrated by
Table?2.3.

Table 2.3 Rules for

complete binary addition G+ b+ carryi = carryip sumi
0 0 0 0 0
0 0 1 0 1
0 1 0 0 1
0 1 1 1 0
1 0 0 0 1
1 0 1 1 0
1 1 0 1 0
1 1 1 1 1

Example 2.8 Add the binary equivalents of (a) 27 and 18; (b) 152.75 and 236.375.
(a) The binary addition of 27 = 11011B and 18 = 10010B is illustrated next.

carries — 1 0 0 1 0
27 + - 1 1 0 1 1 +
8 = - 1 0o o0 1 =
45 — 1 0 1 1 0
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(b) Since 152.75 = 10011000.11B and 236.375 = 11101100.011B, the addition
is done as illustrated below. Here, the weight of each digit is shown for easy

conversion.
Weights: 256 128 64 32 16 8 4 2 1 05 025 0.125
Carries 1 1 1 1 1 o 0 o0 1. 1 0
152.75 + 1 0 0 1 1 0 0 0. 1 1
236.375 = 1 1 1 0 1 1 0 0. O 1 1
389.125 1 1 0 0 0 o 1 0 1. 0 0 1

2.5.2 Subtraction

Subtraction follows the usual rules too. When the minuend digit is less than the
subtrahend digit, a borrow should be taken. For subtraction, the rules are

0—-0=1-1=0 (2.52)
1-0=1 (2.5b)
0 — 1 = 1 with aborrowl (2.5¢)

When a borrow is needed, it is taken from the next more significant digit of the
minuend, from which the borrow should be subtracted. Hence, actual subtraction can
be considered to be carried out using three digits: the minuend, the subtrahend, and
the borrowed digit. The result yields again a difference digit and a borrow that needs
to be taken from the next column. This comment is better illustrated by the following
Table 2.4 and example 2.9 below.

The table can be considered a formal expression of the usual procedure. Let us
illustrate with an example.

Table 2.4 Complete

subtraction a4 — bi — borrow; = borrow;y1 difference;
0 0 0 0 0
0 0 1 1 |
0 1 0 1 |
0 1 1 1 0
1 0 0 0 |
1 0 1 0 0
1 1 0 0 0
1 1 1 1 |




2.5 Unsigned Binary Arithmetic Operations 43

Example 2.9 Subtract 137 from 216 using binary subtraction.
Since 137 =10001001B and 216 = 11011000B, we have the following operation,
where the least significant borrow is 0 by default:

minuend 216 — — 11011000 —

subtrahend 137 = — 10001001

Borrows 110 00011110 =
79 — 01001111

The binary system has been introduced up to now only for non negative numbers.
Hence, to this point, the operation 137 — 216 = —79 has no meaning. However, it
is illustrative to look at the process when Table 2.4 is used.

Example 2.10 Subtract 216 from 137 using binary subtraction according to
Table 2.4 of the complete subtraction rule.
We arrange again the operands and borrows, with the least significant borrow 0

by default:

minuend 137 - — 10001001 -

subtrahend 216 = — 11011000

Borrows 11100000 =
=79 —? TI0T110001

Two interesting points to remark: First, the result contains one bit more than the
operands; this “one” comes from the borrow, since the subtrahend is greater than the
minuend. This feature is used to identify inequalities. Second, a binary interpretation
of the result using the numeric transformation previously studied is not valid, since
it would yield 481. Even discarding the most significant digit, we are still without a
good result, 225.

Of course, we can proceed just as we have done it in our usual arithmetic practice:
actually subtract 216 — 137 and then append the negative sign in front of the result.
However, we have no way of using a negative sign in embedded systems. Hence, we
need a method to identify here —79. This method is discussed in Sect.2.8, where
the signed number representation is introduced. For the moment, let us introduce an
associated concept, subtraction by complement’s addition.

2.5.3 Subtraction by Complement’s Addition

Let us consider two decimal numbers A and B with the same number of digits, say N.
If necessary, left zeros can be appended to one of them. From elementary Algebra,
it follows that
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A—B=[A+ (10" — B)] — 10" (2.6)

The term 10V — B in the addition is known as fen’s complement of B.If A > B,
then the addition A + (lON — B) resultsin N + 1 digits, i.e., with a carry of 1, which
is eliminated by 10V. If A < B, the addition will contain exactly N digits with no
extra carry, and the result will be the negative of the tens complement of the addition.
Let us illustrate with 127 and 31 (three digits required):

127 — 31 = (127 + 969) — 1000 = 1096 — 1000 = 96
and
31 — 127 = (31 + 873) — 1000 = 904 — 1000 = — (1000 — 904) = —96

Two’s Complement Concept and Application

The method described above is applicable to any base system. This is so, because
operations in (2.6) can be referred to any reference to base, and for any base r,
(r™V)10 = (10V),. When the base is 2, the complement is specifically called two’s
complement.

Notice that when considering two’s complements, we need to specify the number
of bits. For example, with four bits, the two’s complement of 1010B is 10000B —
1010B = 0110B, but with 6 bits this becomes 1000000B — 1010B = 110110B. If
you feel comfortable using decimal equivalents for powers of 2, these two examples
can be thought as follows: 1010B is equivalent to decimal 10. For four bits, 2% = 16
so the two’s complement becomes 16 — 10 = 6 = 0110B; with 6 bits, 26 — 64 and
the two’s complement is 64 — 10 = 54 = 110110B.

Example 2.11 The operations (a)216—137 and (b) 137 — 216 using binary numbers
and the two’s complement addition, and interpret accordingly, expressing your result
in decimal numbers.

The binary equivalents for the dataare216 = 11011000B and 137 = 10001001B,
respectively. For the two’s complement, since both numbers have 8 bits, consider
28 = 256 as the reference, so the two’s complement of 216 is 256 — 216 = 40 =
00101000B, and that of 137 is 256 — 137 = 119 = 01110111B. With this informa-
tion, we have then:

(A) For216 —-137:

11011000 +
01110111 =

101001111

Since the answer has a carry (9 bits), the result is positive. Dropping this carry,
we have the solution to this subtraction 01001111B = 79.
(B) For 137 - 216:
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10001001 +
00101000 =

10110001

Since the sum does not yield a carry (8 bits), the result is negative, with an absolute
value equal to its two’s complement. 10110001B = 177, and the two’s complement
is 256 — 177 = 79. Therefore, the solution is —79, as expected.

Notice that with only eight bits, 10110001 is the same result obtained in example
2.10 when considering only eight least significant bits.

Important Remark When the subtraction of A — B is realized by complement
addition, the presence of a carry in the addition means that the difference is non-
negative, A > B. On the other hand, if the carry is 0, there is a need for a borrow,
A < B, and the result is the negative of the complement of the sum.

Calculating two’s Complements

The operand’s binary two’s complement was calculated in the previous example
through the interpretation of the algorithm itself. Two common methods to find the
two’s complement of a number expressed in binary form are mentioned next. The
first one is practical for hardware realization and the second one is easy for fast hand
conversion.

e Invert-plus-sum: Invert all bits (O—1 and viceversa) and add arithmetically 1.

— To illustrate the proof, let us consider 4 bits, b3byb1bg. The complement, in
binary terms is

10000 — b3bob1by = (1111 — b3byb1bg) + 1

According to the rules of subtraction (2.5a), the subtraction in parenthesis of
the right hand side consists in inverting each bit.

e Right-to-left-scan: Invert only all the bits to the left of the rightmost ‘1°.

— To illustrate with an example, assume that the six least significant bits of the
original number are a 1 followed by five zeros, *****100000. After inverting
the bits, all the bits to the right of the original rightmost 1 (now 0) will be 1’s, and
all those to the left will be inverted of the original bits, that is, after inversion we
have xxxxxxx011111.... When we add 1, we will get xxxxxxx100000...., where
the °x’ are the inverted bits of original number.

Both methods can be verified from the above examples, where N = 11011000B is
the original number. For the two’s complement take 00100111B + 1 = 00101000B.
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2.5.4 Multiplication and Division

Multiplication and division also follow the normal procedures used in decimal sys-
tem. We illustrate with two examples.

Example 2.12 Multiply 19 by 26, and divide 57 by 13.
For the multiplication, since 26 = 11010b and 19 = 10011b,

11010 x
10011 =
11010
11010
11010
111101110

The result is 111101110b = 1EEh = 494, as it should be.

Notice that the result here has 9 bits. In general, the number of bits in the product
is at most equals to the sum of the number of bits in the operands.

For the division, where 57 = 111001B and 13 = 1101B, the operation is shown
next:

100

1101 | 111001
—1101

101

This division yields a quotient 4 (100b) and residue 5 (101b), as it should be. The
process followed the same rules as in decimal division.

2.5.5 Operations in Hexadecimal System

It was pointed out the convenience of using the hexadecimal system as a method
to simplify reading and writing binary words. This convenience extends to binary
operations when dealing with numbers. While the rules can be set up for hexadec-
imal system, it is generally easier to “think” in decimal terms and write down in
hexadecimal notation. Any result greater than 15 (F) yields a carry. Let us illustrate
these remarks with examples 2.8 and 2.9 in hexadecimal notation.

Example 2.13 Using the hexadecimal system, add (a) 27 and 18, and (b) 152.75
and 236.375; and (c) subtract 137 from 216.
(a) The binary addition of 27 = 1Bh and 18 = 12h is illustrated next.
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27 + — 1Bh +
18 = 12h
45 — 2Dh

+

For this addition, we can say ‘B —eleven—plus 2 is thirteen—D —"and ‘14+1 = 2’.
(b) Since 152.75 = 98CH and 236.375 = EC.6H, the addition is illustrated next.

Carries 111.0
152.75 + - 98.Ch +
236.375 = — EC.6h =
389.125 — 185.2h

Reading: ‘12 (C) plus 6 is 18 (12h) which makes 2 and carry 1 in hex. 1 +81is 9,
plus 12 (C), is 21 (15 h), sum 5 and carry 1, and so on.
(c) Since 137 = 89h and 216 = D8h, we have, with the least significant borrow O
by default:

minuend 216 — — D8 -—

subtrahend 137 = — 809h

Borrows 110 10h =
79 — 4Fh

Again, let us read this subtraction: 8 minus 9 needs a borrow, 8+ sixteen
from borrow, 24, minus 9 makes 15 (F). D is 13, minus 8 minus the borrow 1 yields 4.

Sixteen’s Complements and Binary Two’s Complements in Hex Notation

The concept of 10V — X as complement of X when this one consists of N digits is
independent of the base. The base is used as a reference to talk about the system. Thus,
decimal if base ten, binary if base two, and so on. Hence, for hexadecimal systems we
talk of sixteen’s complement of A. Now, since there is a one to one correspondence
to binary numbers, it can be shown that if A is transformed into binary expressions,
than the complement will be the hex equivalent of the two’s complement. Hence,
one way to work fast the two’s complements of bytes and words, is to work with
their hex equivalents directly. A simple procedure to get the complement of a hex
expression is as follows:

Sixteen’s Complement: find the difference for each hex digit with respect to F and
then add 1 to the result.

Example 2.14 A set of data for bytes and words is given in hex notation as
0x7A, 0x9F24, 91H and CFA20h Find the two’s complement of each one using
hex notation and verify the response in binary.

For 0x7A we find 100 h - 7Ah as follows: (FFh — 7Ah = 85h) and (85h+ 1) =
86 h. Hence, the hex expression for the two’s complement is 86 h. To verify:
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7Ah = 011110108 = Two's Complement :10000110B = 86 h

For9F24h, take the difference for each digit with respect toF and add 1 : 60 DBh+
1 = 60 DCh.

For91h : 6Eh 4+ 1 = 6 Fh.

For 0xCFA20 : 305DFh + 1 = 305 EOh.

The verification in binary form is left to the reader.

Important Remark: Hex notation not always represents four bits as is the case of
the most significant hex digit. For example, 1 EFh may be the hex representation for
a binary expression of 12, 11, 10 or 9 bits and the two’s complement will be different
in each case. The hex subtraction to consider is different, depending on the case:
1000, 800, 400 and 200h, respectively, since these are the hex expressions for 212,
21,210 and 2°.

Example 2.15 The hex expression 26ACh is being used to represent a binary num-
ber. Find the hex expression of the binary two’s complement if (a) we are working
with a 16-bit, (b) 15-bit, and (c) 14-bit binary number.

(a) In the 16-bit number, all hex digits are true digits, so we use the same method as
in example 2.14 above: 26 ACh = D953h + 1 = D954h.

(b) For the 15-bit number, the most significant hex digit represents actually three bits,
so the complement is with respect to 8000h = 7FFFh + 1. Hence, for the digit 2
we take 7 as the initial minuend, getting, 5953h 4+ 1 = 5954h as result.

(c) In the 14-bit number; the most significant hex digit represents actually two bits,
so the complement is with respect to 4000h = 3FFFh + 1. Hence, for the digit 2
we take 3 as the initial minuend, getting, 1953h 4+ 1 = 1954h as result.

The reader can verify the results by transforming to binary and taking two’s com-
plement.

2.6 Representation of Numbers in Embedded Systems

Let us now see some methods to represent numbers in a digital environment. First for
integers and then for real numbers; these are those containing a fractional component.
Beginners may skip the representation of real numbers in the first experience, and
come back to this chapter when the concepts may become necessary.

If only non-negative numbers are considered in the machine representation, we
speak of unsigned numbers. If negative, zero and positive numbers are considered,
then we talk of signed numbers. It is always important to define what type of repre-
sentations we are considering, since this fact defines the interpretation of the results
as well as the programming algorithms.

When trying to represent numbers with a digital system we have important con-
straints which can be summarized as follows:
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1. Only O’s and 1’s are allowed. No other symbols such as minus sign, point, radix,

exponent, are available.
2. In a given environment or problem, all representations have a fixed length of N

bits, so only a finite set of 2" numbers can be represented.
3. Arithmetic operations may yield meaningless results irrespectively of their theo-

retical mathematical validity.

The first constraint follows from the very nature of digital systems, since we are
using the “0” and “1” associated to voltage states. The second constraint tells us
that the number of bits cannot be extended indefinitely and all numbers have the
same number of bits, N, including left zeros. This value may be dictated either by
hardware constraints or by a careful planning in our application. In any case, there
is finite list of representable numbers, no matter how large or small the number is
and we can always point out the “next” number following or preceding a given one.
Thus, some properties of real numbers such as density® are lost.

The third constraint is exemplified by overflow, which occurs when the result of an
operation is beyond the finite set of allowable numbers representable by finite-length
words. An example in daily life of this fact can be appreciated in the car odometers,
with a limited number of digits. An odometer with 4 digits cannot represent more
than 9999 miles. Hence, adding 30 miles to 9990 does not yield 10020, but only
0020. We will have the opportunity to take a closer look to this phenomena.

2.7 Unsigned or Nonnegative Integer Representation

There are several ways in which unsigned integers can be represented in digital
systems. The most common ones are the normal binary method and the 8421 Binary
Coded Digit representation. Others such as Gray code, excess codes, etc., are suitable
for certain applications.

2.7.1 Normal Binary Representation

In this convention, n-bit words are interpreted as normal nonnegative binary numbers
in a positional system as discussed in Sect.2.2.1. The interval of integers represented
goes from O to 2" — 1. In particular,

e For bytes,n = 8 : 0 (00h) to 255 (0xFF)
e For words, n = 16 : 0 (0000h) to 65,535 (OxFFFF)
e For double words, n = 32 : 0 (00000000h) to 4,294,967,295 (0xFFFFFFFF)

5 Density of the real number system (or of rational numbers) means that between any two numbers
there is an infinite quantity of real numbers.
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Bias 63 e R Bias - 63
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-63 -62 N 192

63 64 N 318

Fig. 2.3 Biased representation for number N : N + B =D

One advantage of this representation is that the hardware for the arithmetic addi-
tion is usually designed with a positional system in mind. Therefore, when using
other representations it is often necessary to convert into normal binary to do the
arithmetic, or else devise a special algorithm. When limited to n bits using unsigned
representation, overflow in addition occurs when there is a carry.

2.7.2 Biased Binary Representation

To work “representable” number intervals that fall outside the normal binary inter-
pretations of n-bit words, the convention of biased or excess notation is very useful.
By “representable” intervals, we mean that the number of elements in the set is less
than or equal to 2", so it is possible to assign an n-bit word to each element. The
interval represented with bias B is [—B, 2" — B — 1]. We illustrate the principle of
bias representation with Fig. 2.3 for a byte.

If the number we want to represent is N, we add a bias B to this number and map
it to D, which is then coded by normal binary convention. In other words:

N+B=D (2.7)

Hence, we are mapping the interval of interest so that the lower bound corresponds
to 0. Thus, the word 0 does not represent a decimal O, but a nonzero integer — B,
where B is the bias. The bias is also sometimes called excess, although the number
can be negative.

Example 2.16 (a) Represent 35 with bias 63 and bias 127; (b) What is the decimal
equivalent of 110011 if it is biased by 63?

(a) For bias 63, we must find the normal binary form for 35 4+ 63 = 98, which is
1100010. For bias 127 we should work 35 + 127 = 162, for which the normal
binary equivalent is 10100010.

(b) The decimal equivalent for a normal binary coding 110011 is 51. Since it is in
excess 63, the actual equivalent is 51 — 63 = —12.
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Example 2.17 What is the interval that can be coded with bytes using a bias of (a)
127 and (b) —63?

(a) The normal binary codification for bytes goes from 0 to 255. Therefore, with bias
127, the range is from —127 to 128.

(b) Proceeding as before, i.e., subtracting the bias from the bounds, the range is
+63 to +318.

Using biased representations, we can include negative numbers, as seen in the
above examples, or any other interval without the need of increasing the number
of bits. Notice however that when arithmetic operations are involved, we need to
compensate for the bias effect. This is usually done by software.

2.7.3 Binary Coded Decimal Representation -BCD-

In the Binary Coded Decimal representation (BCD), each digit of a decimal number
is represented separately by a 4-bit binary string. It is common to use its equivalent
4-bit binary number, as shown in Table2.2. This format is also referred to as “8421
BCD” to emphasize the normal weights for the individual bits: 8, 4, 2, and 1. This
also differentiates it from other encoding by digits using other weights for the bits
such as the 8 4 —2 —1, or codes by excess. Notice that 8421-BCD representation is
similar to hex notation, except that nibbles 1010 to 1111 are excluded. This will be
appreciated in the example below.

BCD encoding is very important, and it is the preferred one for many applications,
especially those in which the exact representation of decimal numbers becomes an
absolute need.® Many electronic systems are especially designed in hardware to work
in this system, although most small embedded ones are based on binary hardware.

It is sometimes convenient to use bytes even when coding BCD. When using a
byte, if the least significant nibble is used for the code and the most significant nibble
has all 0’s or all 1’s, the representation is a zoned BCD or unpacked BCD. If the two
nibbles of the byte are used for coding, it is a packed BCD. or compressed BCD.

Example 2.18 Using bytes, represent the decimal 236 in (a) binary, (b) normal BCD
and (c) packed BCD.

(a) Byconversion, since236 < 256, one byte suffices and236 = 11101100b(0 x EC)
(b) In normal BCD, three bytes will be required. Using the most significant nibble
all 0’s we get the following representation

2 3 6
r—— e | e e
00000010 00000011 00000110

In hex notation: 02 h, 03 h, and 06 h

6 An introductory website for what is called Decimal Arithmetic, which makes all operations based
on BCD encoding, is found at http://speleotrove.com/decimal/.
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(c) In packed BCD, two bytes will be necessary, with the most significant nibble

taken as 0:
0 2 3 6

OO
00000010 00110110

That is, 02 h 36 h

Sometimes, performing arithmetic directly from BCD without going through
BCD-to-binary and binary-to-BCD conversions may be advantageous. However,
even though the digits are individually coded, actual operations are done in binary
arithmetic. There is hence the need to understand how to manipulate the binary
operations in this case to yield the BCD representation of the actual result. This is
explained next. For easiness, we use hexadecimal notation for the nibbles, recalling
that for digits 0-9 both BCD and hex notations are identical.

BCD Arithmetic: Addition

When two decimal digits -or two digits plus a carry—are added, the difference in
the result with respect to the hex notation appears as soon as the addition is greater
than 9. That is, whenever the decimal addition falls between 10 and 19, generating
a digit and a carry, which corresponds to 0Ah to 13h in the hexadecimal addition.
To obtain the digits again, adding 6 is required, since 0Ah + 6h = 10h, and 13h +
6h = 19h. We summarize with the following

Rule for BCD addition: When adding hex digits (nibbles) in BCD representation

1. If the sum is between 0 and 9, leave it as it is;
2. Else, if it is between Ah to 13h, add 6 to the result of that sum.
3. These rules are applied separately to each column —units, tens, etc —.

Example 2.19 Illustrate the addition rules for BCD representation with the hex digit
representation for 32 + 46, 56 + 35, and 85 + 54; 67 + 93; 99 + 88. Since 32 + 46
yields no result greater than 9 in either column, the addition here is direct. On the
other hand, the units column for 56 + 35 is greater than 10, so 6 should be added to
that column. We omit carries for simplicity:

Decimal  Hex Decimal  Hex
32 + 32h + 56 + 56h +
46 = 46h = 35= 35h =
78 78h 91 8Bh+

06h =
91h

Next, 85 + 54 yields a result greater than 9 in the tens column, so we add 60h
to the hex addition. On the other hand, 67 + 93 and 99 + 88 have both columns
yielding results greater than 9 and we need then to add 66h to the hex addition in
order to obtain the correct BCD representation as the final sum:
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Decimal Hex Decimal Hex Decimal Hex
85 + 85h + 67 + 67h + 99 + 9%h +
54 = 54h = 93 = 93h = 88 = 88h =
139 DYh 160 FAh + 187 121h+
60h = 66h = 66h =

139h 160h 187h

BCD Arithmetic: Subtraction

When taking the difference of decimal digits, the difference in the result with respect
to the hex notation appears as soon as there is a need of a borrow. Since a borrow
in hexadecimal system means 16 decimal units, while in decimal system means 10
units, we subtract 6 units more. Summarizing

Rule for BCD subtraction: When subtracting hex digits in BCD code,

1. If the minuend is greater or equal than the subtrahend, including a borrow, leave
the difference that results;

2. Else, if a borrow is needed, subtract another 6h to the difference.

3. These rules are applied to each column —units, tens, etc —.

Example 2.20 [llustrate the subtraction rules for BCD representation with the hex
digit representation for 59 — 27,83 — 37,129 — 65, and 141 — 48. The subtractions are
done below, without explicitly showing the borrows. The reader is invited to verify
the operations

Decimal Hex Decimal Hex
59— 5% — 83 — 83h —
27= 2lh= 37 = 37h =
32 32h 46 4Ch —

06h =
46h

Decimal Hex Decimal Hex
129 —  129h — 141 — 141h —
65 = 65h = 48 = 48h =
64 C4h 93 FOh —

60h = 66h =
64h 93h

2.8 Two’s Complement Signed Integers Representation:

To represent positive, negative, and zero numbers using strings of 0’s and 1’s, there
are different methods, each one with its own advantages for particular applications.
The most popular convention is the two’s complement method, based on the two’s
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complement operation introduced in Sect.2.5.3. This method has the following
important characteristics:

Number of bits: All strings must have the same number of bits and any interpretation
of results must be limited to that length.

Range Of the total set of 2" words, one half correspond to negative number repre-
sentations. With n bits, the interval of integers is between —on=lapgon—1 1.
Backward compatibility and two’s complement: To keep previous results with
unsigned representations, we have the following constraints:

1. Representation of nonnegative integers are equivalent to their unsigned counter-
parts in normal binary system.

2. The binary representations for A and —A are two’s complements of each other.

3. The representation of —2"~!, has no two’s complement within the set, so this
number is represented by 1 followed by n—1 0’s.

Sign bit: If the most significant bit is 0, the number is non-negative, if it is 1 the
number is negative. The most significant bit is called sign bit.

Backward compatibility 2: Addition and subtraction follow the same rules as in
the unsigned case.

Let us see how these principles generate the signed set of integers with four bits.

Example 2.21 Derive the set of signed integers representable with 4 bits using
the two’s complement conditions. The range of integers is from —2*~1 = —8 to
24=1 — 1 = +7. From the backward compatibility property, integers 0 to +7 have
the representation 0000, 0001, ..., 0111. Integers —1, —2,... — 7 are the two’s
complements for those strings. These representations are summarized in the following
table:

Decimal — Nibble Decimal — Nibble
+1 — 0001 —1 — 1111
+2 — 0010 -2 — 1110
+3 — 0011 -3 — 1101
+4 — 0100 —4 — 1100
+5 — 0101 -5 — 1011
+6 — 0110 -6 — 1010
+7 — 0111 -7 — 1001

On the other hand, 1000 represents —23 = —8.
Notice that 0000 and 1000 are, respectively, two’s complements of themselves.
Thus, it is not possible to have representations for both +8 and —8 in this set.

Because half of the integers are nonnegative, and must have the same represen-
tation as in the unsigned case, all of them are represented with a leading 0, covering
exactly half of the set. Hence, all the rest, i.e., the words representing negative num-
bers, have the most significant bit equal to 1. This is why the most significant bit
indicates whether the number is negative or nonnegative.
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On the other hand, since the addition and subtraction rules are valid, we can
decompose a string as follows:

by_1by_2---b1by = b,—100---0 +0b,,_> - - - b1bg
—_————
msb followed by n—1 zeros

Now, since the second term in the right is a “normal” binary representation of a
positive number, for which the power series (2.3) is applicable, and the first term is
0if by_; =0, and —2""1if b,_; = 1, we arrive to the following conclusion:

When the word A = b,_1b,_1 ---b1bo represents a signed number in two’s
complement convention, it can be expanded in the following weighted sum, similar
to the positional expansion:

n—2
A==2""Vby 42" by g+ 421 by +bg = =27 by + D 20 b; (2.8)
i=0

For example, 10110111 represents —128 + (32 + 16 +4+2+ 1) = —73.
For bytes, words and double words, the range of signed integers becomes, respec-
tively:

e Byte: =27 = —128t02" — 1 = +127;
e Word: —215 = —32,768 to 215 — 1 = 432,767
e Double Word: —231 = —2, 147,403, 608 to 23! — 1 = +2, 147, 403, 607

Sign Extension: Signed numbers using n-bit words can be extended to m-bit words,
with m > n bit strings, by appending to the left the necessary number of bits, all
equal to the original sign bit. This procedure is called sign extension.

Applying, —5 with four bits has the code 1011 and with six bits it becomes 111011,
while +5 becomes 000101. The proof of this property is left as an exercise.

The weighted sum (2.8), together with sign extension when applicable, can be
applied for reading and generating representations of negative numbers. If the sign
bit is 0, the number is non-negative and can be read as always. If the sign bit is
1, reduce the length scanning from left to right until you find the first 0. Read the
“positive” component formed by the M remaining bits, including the 0, and subtract
it from 2™ . For example, to read 1111101,consider only 01, which stands for 1, and
22 = 4, so the resultis —(4 — 1) = —3.

Let us illustrate again reading numbers and generating opposites with examples.
This type of exercises become useful when working with programs and validating
them. Remember that the programmer needs to verify the correctness by working
examples with data that will be used in the process.

Example 2.22 Find the signed decimal integer represented by the 12-bit word FD7h.
Various methods are illustrated:

(a) Since FDTh represents 111111010111 and the sign bit is 1, the number is
negative. By the sign extension principle, this number would be the same one
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represented with 7 bits, 1010111. Here, 010111B is the binary representation for
23, 5o the expansion yields —2° 423 = —41. Hence, FD7h is the representation
Sfor —41.

(b) Logical complement plus one: The two’s complement of 111111010111 is

000000101000 + 1 = 101001

which is the binary equivalent of 41. Hence, FD7h stands for -41.
(c) Working with hex complements: The hex complement for FD7h with 12 bits is
029h, with decimal equivalent 2x 16 + 9 = 41. Hence, FD7h stands for —41

While the previous example was concerned with reading representations, now let
us work the conversion process from signed decimal expressions. Positive ones have
been previously considered, so let’s just take the negative numbers now.

Example 2.23 Find the two’s complement representation for —104 with 16 bits and
express it in hex notation.
We solve by three methods:

(a) By the two’s complement of 104: With 16 bits, 4104 is 0000000001101000. The
two’s complement becomes then 1111 1111 1001 1000, or 0xFF98.

(b) Hex complement directly: +104 = 0068h and the hex complement becomes
0xFF98h.

(c) By the weighted sum, starting with the minimum number of bits required and
then sign extending: Since —104 > —2871 = —128, eight bits are enough.
Taking (2.8) as a reference, 128 — 104 = 24 = 11000B. Therefore, inserting 0’s
as needed, with eight bits we have —128 424 = —104 — 10011000. After sign
extension with eight additional 1’s to the left to complete the 16 bits we arrive
at the hex notation 0xFF98.

Example 2.24 A byte 83h is used to represent numbers, but we need to extend the
representation to 16-bit word size. What is the new representation and meaning, if
(a) we are working with unsigned numbers, and (b) we are working with signed
numbers.

(a) Unsigned numbers are extended to any number of bits by simply adding leading
zeros. Hence, the new representation would be 0x0083. The decimal equivalent
in both cases is 8 x 16 +3 = 131.

(b) The most significant bit is 1, so the number is negative, 83h — —128 4+ 3 =
—125. Since we are working with signed numbers, the sign extension rule should
be applied, and the new representation becomes 0 x FF§3.
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2.8.1 Arithmetic Operations with Signed Numbers and Overflow

When adding and subtracting signed number representations, a carry or borrow may
appear. This one is discarded if we are to keep the fixed length representation. Over-
Sflow will occur, however, if in this fixed length the result is nonsense. In particular;

e Addition of two numbers of the same sign should yield a result with the same sign;
e a positive number minus a negative number should yield a positive result and
e a negative number minus a positive number should yield a negative result.

When the results do not comply with any of these conditions, there is an overflow.
More explicitly:

Overflow occurs if (a) addition of two numbers of the same sign yields a number of
opposite sign or (b) subtraction involving different signed numbers yields a difference
with the sign of the subtrahend.

Let us illustrate operations and overflow with 4-bit numbers, which were generated
in Sect.2.8.

Example 2.25  (a) Check the validity of the following operations for signed num-
bers using two’s complement convention with four bits: 3 + 2,4 + (—4), (—6) + 7,
(=3)4+(=5),6—2,4—4, (—=2)—(—8),3—(—4).(b) Verify overflow in the following
cases: 345, (=5) 4+ (=8),4 — (=6), (—6) — (+3).

(a) All the following operations yield valid results discarding any carry or borrow
when present. For example, 3 — (—4) in binary yields 10111, but only 0111 is
considered yielding +7, as expected. Notice that (4+4) + (—4) and 4—4 both
vield O when only four bits are taken, but the former yields a carry.

(b)

3+ — 0011+ 44 — 0100+
2= — 0010 = (-4 = — 1100 =
5 — 0101 0 — 10000
(—6) — 1010+ (=3)+ — 1101+
7= - 0lll= (=5= — 10ll=
1 — 10001 (-8 — 11000
6— —  0110— 4— —  0100—
2= — 0010 = 4= — 0100 =
4 — 0100 0 — 0000
(=2 —  1110— 3— —  0011—
(-8 = — 1000 = (-4 = — 1100 =
6 — 0110 7 — 10111

Overflow now occurs when the result of operation falls outside the range covered
by the set of strings and is mainly shown by a result with a sign bit different from
what was expected. Since 4-bit words cover from =23 = —8 102> — 1 =7, the
operations 3 +5 =8, (—=5) + (—8) = (—13) and 4 — (—6) = 10 do not make



58 2 Number Systems and Data Formats

sense in this set. Let us look at the results in binary form interpreted from the
standpoint of the two’s complement convention:

00114+ -— +3 1011+ — -5 0100—- — +4
010l= - +5 1000= — -8 1100= — -6
1000 — —8 10011 — +3 11010 —- —6

We see in the first case an addition of two numbers with leading bit 0 (non negative)
vielding a number with a sign bit 1. In the second case, two negative numbers add up
to a positive result. In the third case, we subtract a negative number from a positive
one, but the result is negative instead of positive. All these cases are deduced after
analyzing the sign bits of the operands and results.

2.8.2 Subtraction as Addition of Two’s Complement

From elementary Algebra itis known that A — B = A + (—B). On the other hand, for
the two’s complement signed integer representations in digital systems, —B = B+ 1.
Therefore, the subtraction operation can be reduced to an addition in the form

A—B=A+B+1 (2.9)

In other words, both in unsigned and signed conventions, using two’s complement
addition for a subtraction is valid. The main difference is that this principle is limited
to the n bits used in the signed representation and the result is directly interpreted
for both positive and negative cases.

This principle allows us to use the same hardware for both representations. When
performed in software, it is the programmer’s responsibility to interpret results. One
important fact to not forget is that in two’s complement addition for a subtraction,
carry and borrow are opposite. Look at cases 4 — 4 and 4 4 (—4) in the example
above. This difference should be taken into account when programming.

Remark: In the MSP430 microcontrollers, as in most microcontrollers, subtraction
is actually realized through the addition of the two’s complement of the subtrahend.
Hence, a carry =0 corresponds to the presence of a borrow.

2.9 Real Numbers

Previous sections emphasized the representation of integers using N-bit words. Now
we consider real numbers, that is, numbers containing a fractional part. Two methods
are the most common: the fixed-point and the floating-point representations.
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Fig. 2.4 Format Fm -
my for an n-bit word, where
my+my=n

Integer part, m; bits | Fractional part, mg bits

b1 b2 bpmy | bmy1 - bo

Fixed-point notation is preferred in situations where huge quantities of numbers
are handled, and the values are neither very large nor very small. An advantage is
that operations are the same as with integers, without changes in hardware, since the
only difference is the presence of an implicit point. On the other hand, very large and
very small numbers require a large number of bits and floating-point is preferred.
The arithmetic with floating point number representation is more complicated than
that of integer numbers and will be left out of the scope of this text.

2.9.1 Fixed-Point Representation

In a fixed-point notation, or a fixed-point representation system, numbers are repre-
sented with n-bit words assuming the radix point to always be in the same position,
established by convention. The notation can be used to represent either unsigned or
signed real numbers.

Let A be the n-bit word b,,_1b,_» ...b1bg and n = m+my. The format Fm-m,
for A means that the m; least significant bits constitute the fractional part and the
m1 most significant bits the integer part, as illustrated in Fig.2.4.

From this interpretation and the power expansion (2.3) as well as the expansion
(2.8) for signed numbers, we have

A = (by—1 bp—2 -+ by by, —1 - - b1by)

= 4b, 1 2™ by 2™
+ by 4 by 127+ by 2277 4+ b2 (2.10)

Fmi-my

Factoring 272, this can also be written as

A = (bn—1bnp—2 - b1b0) Fp\ .1y

= 2%2 X (Fbyot x 2" by x 2724 by x 2 k) @D
In these equations, the plus (+4) sign in the highest term applies to the unsigned case
and the minus (—) to the signed one.

Two points are worth mentioning here. First, numbers increase in steps of 1/2"2,
So density in the approximation depends largely on the number of bits in the fractional
part. Second, the number being represented is equal to the integer equivalent of the



60 2 Number Systems and Data Formats

word divided by 22, both for signed and unsigned numbers. Based on this last prop-
erty, the interval represented by n-bit word b,,_1b,_2 - - - b1bg in format Fmy - my is

e 0 to (2” — l) / 22 for un51gned numbers, and
° to 272 . (2"~ — 1) for signed numbers

Let us now work some examples.

Example 2.26 (a) Describe the unsigned numbers represented by 4-bit words in
format F2.2 and format F0.4. (b) Repeat for signed numbers.

(a) Unsigned numbers: Format F2.2 covers from 0 up to 272 x (24 - 1) = 3.75
in step size of 272 = 0.25. On the other hand, format FO.4 covers from 0 to
274 x (2* — 1) = 0.9375 with a step size of 27* = 0.0625.

(b) Signed numbers: The F2.2 format range is from —2"% x 23 = =2 t0 272
(2% — 1) = 1.75 in steps of 27> = 0.25. On the other hand, the F0.4 format
range is from —2~% x 23 = —0.5 10 27% x (23 — 1) = 0.4375 in steps of
2=% = 0.0625. With this information, we can generate the representations for
each case as described in the following tables:

Unsigned numbers Signed numbers

Format F2.2 Format F0.4 Format F2.2 Format F0.4
0000 0.00 0000 0.0000 1000 —2.00 1000 —0.5000
0001 0.25 0001 0.0625 1001 —-1.75 1001 —0.4375
0010 0.50 0010 0.1250 1010 —1.50 1010 —0.3750
0011 0.75 0011 0.1875 1011 —1.25 1011 —0.3125
0100 1.00 0100 0.2500 1100 —1.00 1100 —0.2500
0101 1.25 0101 0.3125 1101 —0.75 1101 —0.1875
0110 1.50 0110 0.3750 1110 —0.50 1110 —0.1250
0111 1.75 0111 0.4375 1111 —-0.25 1111 —0.0625
1000 2.00 1000 0.5000 0000 0.00 0000 0.0000
1001 2.25 1001 0.5625 0001 0.25 0001 0.0625
1010 2.50 1010 0.6250 0010 0.50 0010 0.1250
1011 2.75 1011 0.6875 0011 0.75 0011 0.1875
1100 3.00 1100 0.7500 0100 1.00 0100 0.2500
1101 3.25 1101 0.8125 0101 1.25 0101 0.3125
1110 3.50 1110 0.8750 0110 1.50 0110 0.3750
1111 3.75 1111 0.9375 0111 1.75 0111 0.4375

Example 2.27 What is the range of unsigned and signed numbers covered with a
16-bit word in formats F8.8 and FO.16? What is the step in each case? The steps for
the F8.8 and F0.16 formats are, respectively, 28 = 0.00390625 ~ 3.91 x 1073
and 271 = 0.0000152587290625 ~ 1.53 x 107°. The intervals are shown in the
following table.
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Number type Format Lower limit Upper limit
216
Unsigned F8.8 0 % = 255.9960938
216
Unsigned F0.16 0 6 = 0.9999847412109375
215 215 —1
Signed F8.8 —— =—128 = 127.99609375
28 28
215 215 —1
Signed F0.16 516 = -0.5 5 = 0.4999847412109375

These examples show how the number of bits in the fractional part defines the
precision between steps. This precision gets better at the expense of the total range.
We can also appreciate the effect of the step. In the example for unsigned numbers in
format F0.4, for example, 0110 can be used to represent any number between 0.3750
up to, but not including, 0.4375. Hence, the step indicates the maximum error which
can be introduced with this representation. Therefore, fo consistently keep an error
lower than €, the number of bits my in the fractional part must satisfy 2™ > €.

Very small numbers: For very small numbers without integer part extra scaling may
be used. This consists in implicit additional zeros to the left after the point, including
the step. Thus, with an extra scaling of three decimals, the range for signed numbers
in the format F0.4 (see example 2.26) becomes [-0.0005, 0.0004375].

Two’s complement in fixed point representation

When working (unsigned) integers with n bits, it was pointed out that the two’s
complement of A is 2" — A. Now, for format Fm1.m2, following (2.11) it can be
deduced that the difference is now to be considered with respect to 2”1, This can be
seen in Example 2.26. In format F2.2, numbers adding 2% = 4 are represented by
two’s complement strings. The same can be said for F0.4 and 2° = 1.

Example 2.28 What is the signed decimal equivalent for 10110010 if the string is
in format F3.5?

(a) By power expansion,
10110010 — —22 4+ 1 + 0.5 4 0.0625 = —2.4375
(b) By two’s complement
01001110 - —(2 + 0.25 + 0.125 + 0.0625) = —2.4375
(c) By two’s complement in decimal representation:

10110010 = 5.5625 — —(8 — 5.5625) = —2.4375
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(d) By integer division:

—78
10110010 = =78 — = = —2.4375

2.9.2 Floating-Point Representation

Floating-point is preferred for very large or very small numbers, or to cover large
intervals and better precision when two large numbers are divided. There are several
conventions for floating point representation, but IEEE 754 Floating Point Standard
is the most common format. We discuss this one here. Texas Instruments uses both
this one and another one adjusted to its products.

Floating-point representation is similar to the scientific notation, where a number
is written in the form b.a_ja—; ... x 10™, with m an integer and 0 < |b| < 9. For
example, 193.4562 may be expressed as 1.934562 x 10?, and 0.00132 = 1.32x 1073,
When b # 0, we say that the decimal point is in normal position and the notation is
normalized. The number b is the base and the fractional parta_ja_; . . . the mantissa.

A similar principle is used for binary numbers. For easiness in reading, we use
mixed notation, with the base in binary and power of 2 in decimal, as in 110.101 =
1.10101 x 22. As an extension, the mantissa is normalized if the decimal point is
normalized, and unnormalized or denormalized when the integer part is 0. Using
denormalized mantissa, 111.101 = 0.110101 x 23,

IEEE standard convention provides two representations: single-precision floats
using 32 bits , and double-precision floats with 64 bits. Only the sign, the exponent,
and the mantissa need to be included, with the following rules:

Sign:  The most significant bit is the sign bit: 0 for positive, 1 for negative numbers
Exponent: The exponent is biased:

e Single precision: 8 bits [bits 30-23], with bias 127
e Double precision: 11 bits [bits 62-52], with bias 1023

Mantissa: The mantissa is normalized, except for exponent 0

e Single precision: 23 bits [bits 22-0]
e Double precision: 52 bit [bits 51-0]

The distribution is illustrated in Fig.2.5.

The exponent is biased to avoid the need of representing negative exponents. Thus,
an exponent of 00h in single precision floats means —127, and 000h is —1023 in
double-precision numbers. All one’s exponents (FFh in single-precision and 7FFh
in double-precision floats) have special meaning. Moreover, all 0’s exponent assume
denormalized mantissa. The conventions for all 0’s and all 1’s exponents are shown
in Table?2.5.
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2.5 Component distribution in real numbers

Table 2.5 Special convention for IEEE standard floating point

Sign Exponent Mantissa Meaning

0 0 0 0

1 0 0 -0

0 All 1’s 0 Infinity

1 All I’s 0 —Infinity

X All I'’s #0 NaN (Not a number)

X 00h #0 Mantissa denormalized

Let us work some examples of floating point numbers to get the feeling for this

convention.

7

Example 2.29 Convert the following single-precision floating numbers to their dec-
imal equivalents: (a) 4A23100CH, (b) 002A2000H.

(a)

(b)

4A23100CH stands for 0100 1010 0010 0011 0001 0000 0000 1100. Let us now
separate the bits into the three components:

Sign Exponent Mantissa
0 10010100 0100011 0001 0000 0000 1100

The sign is 0, which means a positive number.

The decimal equivalent to the binary in the exponent, 100101000 = 148 is
biased by 127, so the actual exponent is 148—127 = 21.

Including the leading 1, and using the mixed notation mentioned before, we have
1.01000110001000000001100 x 22! = 1010001100010000000011.00B =
2,671, 619.

The hex notation 80300000H means 1000 0000 0011 0000 0000 0000 0000
0000.

Proceeding as before, the sign bit is 1, so the number is negative. The exponent
part is 0, and the mantissa is 011, disregarding the rightmost zeros. Since the

7 The reader may refer to the Prof. Vickery’s website http://babbage.cs.qc.edu/courses/cs341/IEEE-
754.html in Queen’s College of CUNY for automatic conversions. The program was devised by the
student Quan Fei Wen.
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exponent part is 0, the mantissa is denormalized and the actual exponent is —127.
Therefore the decimal equivalent number is computed as — (0.011 X 2_127) =
— (27129 4 27130) & —2.20405 x 107%.

Example 2.30 Obtain the single-precision floating point representation for 532.379
and for —2.186 x 1073,
To obtain floating point representation in single-precision, we follow four steps:

1. Express the binary equivalent of 532.379 with 24 bits:

e 532 = 1000010100B yields ten bits;
e 0.379 with 14 bits: 0.379 = .01100001000001B
e Hence, 532.379 = 1000010100.01100001000001b

2. Express the 24-bit equivalent in binary ’scientific’ form:
e 532.79 = 1.00001010001100001000001 x 2°

3. Identify each component of the floating-point representation, biasing exponent by
127:

e Sign: 0 for positive number
e Exponent: 9 4+ 127 = 136 = 10001000b
e Mantissa or significant: 00001010001100001000001

4. Combine the elements:

e Result: 0100 0100 0000 0101 0001 1000 0100 0001
e In hex-notation: 44051841h

Now for —2.186 x 107

1. Express the binary equivalent of 0.00002186 with 24 significant bits (that is, zeros
before the first 1 do not count):

¢ (0.000000000000000101101110101111111111110
2. Express the 24-bit equivalent in binary ’scientific’ form:
e 2.186 x 1075 = 1.01101110101111111111110 x 2~16

3. Identify each component of the floating-point representation, biasing exponent by
127:

o Sign: 1 for negative number
e Exponent: —16 4+ 127 = 111 =01101111b
e Mantissa or significant: 01101110101111111111110

4. Combine the elements:

e Result: 10110111 101101110101 1111 11111110
e In hex-notation: BTB75FFEh
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Example 2.31 What are the smallest and largest positive decimal numbers repre-
sentable in floating-point with (a) single-precision mode, and (b) double-precision
mode?

(a) To find the smallest decimal number, the exponent in the floating-point should
be 0, with the smallest non-zero mantissa. This number is therefore 0000000 1H.
Interpreting this expression as before, the smallest number becomes

0.00000000000000000000001 x 2127 = 2723 « 2=127 _ 2150 & 7 006 x 10740

Any attempt to represent a smaller number results in underflow.

For the largest number, the exponent and mantissa should be as large as possible.
Since the exponent cannot be all 1’s, the largest possible exponent is 1111 1110,
equivalent to 254 — 127 = 4127 after unbiasing. Hence, the number we are look-
ing for is TFTFFFFFH, which corresponds to 1.111111111T1111111111111 x
2127 = (2% — 1) x 2!% ~ 3.4 x 108,

(b) For double-precision mode, similar considerations follow. For the smallest num-
ber, 0000000000000001H, using for convenience mixed hex and decimal nota-
tions,

0.00000000000000014 x 2710 & 5 % 1073

For the largest number the exponent is 11111111110B, equivalent to 1023 after
unbiasing. Hence, the largest number is 0OXTFEFFFFFFFFFFFFF, which is cal-

culated as
(253 — 1) x 21023 1.8 % 10308

2.10 Continuous Interval Representations

Embedded systems are also applied in the measurement or monitoring of analog
signals. This application requires encoding an analog signal with an n bit-word.
Electronically, this is done with an Analog to Digital Converter (ADC), as discussed
in Chap. 10. We introduce here the elementary theoretical basis.

Quantization of an interval of real numbers [a, b] is the process of representing it
by a finite set of values Qq, Q1, ... O, called Quantization Levels. The interval [a,
b] is partitioned in m subintervals, one per quantization level. For digital encoding
using n bit words, m = 2" subintervals. Each quantization level is representative of
any value x in the associated sub interval.

The difference x — Qj between the actual value and its associated quantization
level is the Quantization Error. The same n-bit word is used to encode both x and
Ok.

The most common way to define the quantization levels is with a uniform dis-
tribution in the interval of interest. With this method, the difference between two
consecutive quantization levels is


http://dx.doi.org/10.1007/978-1-4614-3143-5_10
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b—a
2}’[

A= (2.12)

A is called resolution or precision of the quantization. Most often, the resolution
is referred to by the number of bits, thus talking of an n-bit resolution. Figure2.6
illustrates this concept with 3 bits. Using this figure as reference, let us illustrate
several general properties.

1. The upper limit of the quantized interval, b, is not a quantization level. This value
will be “represented” by level Q»n_1, with an error of 1 A.

2. Since any value x will be interpreted by one level Qy, any quantization error in
the even distributed levels satisfies

Quantizationerror = x — Qp < A (2.13)

3. If we start at a with Q¢ and enumerate successively the levels, then the quanti-
zation levels are defined by

Ov=a+kA k=0,1,...,2" — 1 (2.14)

That is,
a, a+ A, a+2A,..., a—l—(Z”—l)A

The level Qy in (2.14) may be encoded with the unsigned binary equivalent n-bit
word for k. In this case the encoding is said to be straight binary. Since we can go
from one encoding to the next one by adding 1 to the LSB, the resolution A defined
by (2.12) is also called 1LSB resolution . .

If a straight binary encoding is assigned with Qy = a # 0, as illustrated in
Fig.2.6, it is called offset quantization. If a = 0, then it is a normal quantization.
It can be demonstrated that the midpoint of interval [a, b] is always a quantization
level Q2"~!. In straight binary codes is encoded with 1000...00.

Example 2.32 An interval between —10 and +10 is quantized with using equally
separated quantization levels. (a) Find the LSB resolution, and the quantization
levels for a 4-bit resolution. (b) For an 8-bit resolution, find the LSB resolution and
enumerate the lowest four and the highest four quantization levels.

a1 15 20 25 30 35 40 45 b5
® ® ® - ® ® ® —O

Q Q@@ Q@ Q@ Q@ Q@ Q Q7 (Qg)
Resolution: A= (5-1)/2*3=0.5

Fig. 2.6 Uniform distribution of quantization levels for 3 bits
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Solution: With 4 bits, the LSB resolution is found using (2.12):

10 — (—10

The sixteen quantization levels are then:

—10.00 Q4 =—5.00 Qg =0.00 Q2 =+5.00
—875 Qs=-375 Q9=+125 Q3 =+6.25
-7.50 Q¢ =-2.50 Q1o =+2.50 Q4 =+7.50
—6.25 Q;=-125 Qu=+375 Qi5=+8.75

COR L
W N = O

Notice that the greatest quantization value is 1 A less than 4+ 10, as expected.

(b) With 8 bits,
10 — (—10
Ag = % = 0.078125

The first four quantization levels are Qp = —10 + kA fork =0, 1, 2, and 3:
Qo =—10, 01 = —9.921875 Q2 = —9.84375, and Q3 = —9.765625
The upper four apply the same formula with k = 252, 253, 254, 255:
0252 = 9.6875 Q253 = 9.765625 Q254 = 9.84375 Q255 = 9.921875

Encoding with regular intervals

It was pointed out that a subinterval is associated uniquely with a quantization level
Ok and any value x in the subinterval is encoded as Q. Now, encoding will depend
in how we assign the subintervals.

As Fig. 2.6 illustrates, the quantization levels defined by Eq. (2.14) automatically
determine a set of 2" equal subintervals. Each of this has a quantization level as a
lower bound. Let us associate then the subinterval to this bound. With this assignment,
for an analog x we can find the encoding as the decimal equivalent k of the associated
n-bit word by

int[273=2 ] ifx <
k= (2.15)
2" —1 otherwise

where “int[e]” denotes the integer less than or equal to the argument value.
Let us illustrate the full process with an example.

Example 2.33 Continuing with example 2.32, find the encoding, the quantization
level, and the quantization errors for —2.20 and 7.4 for the 4 and 8-bit resolutions,
when regular sub intervals are used in the quantization.
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Solution: Since we have already the list of quantization levels from the previous
example, we could look at it and find the associated quantization level for —2.20 as
Qg = —2.50, The encoding is therefore 0110.

However, for the sake of illustrating the process, let us use Eq.(2.15) as

4 —2.20 — (—20)

Ng =int|2
0 m|: 20

} — int[6.24] = 6

with the quantization level, —10 + 6(1.25) = —2.50. The quantization error is
—2.20 - (-2.5)=0.3.

The table below summarizes the results for all requested cases. For later com-
parison, we have included the percentage of the error with respect to the 1 LSB
resolution.

4-bits 8-bits
Parameter —-2.20 7.40 —2.20 7.40
k 6 13 99 222
Qx —-2.5 6.25 —2.265625 7.34375
Error 0.30 1.15 0.065625 0.05625
Error/A 24 % 92 % 84 % 72 %

This previous example illustrates two facts. One is that the quantization error
decreases as we increase the number of bits. This process has practical limitations
such as hardware size, noise, and others. The second is that the maximum error is 1
LSB, which sometimes cannot be tolerated. Let us look at the following alternative
which is most common.

2.10.1 Encoding with %LSB Offset Subintervals

The bound for a quantization error is minimum if the level is at the center of the
subinterval. Since the distance between two levels is the 1 LSB resolution, then we
can reduce the errors by shifting the subintervals half LSB. This is illustrated in
Fig.2.7.

5A—1A—:—1A— ‘—{A—:—15 A—!

! ! ! ! ! :
— o o o . e
Q 1 Q11 Q1 Q3 IQoano 1 Qoapg b

Fig. 2.7 Half LSB partition of interval [a, b]
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In this case, with the exception of values in the upper subinterval, for any value
x the quantization error is within :i:%LSB, which is the best we can get. Only those
values falling in the range [Q2»—1 + 0.5A, b] may yield a greater error, but always
less than 1 LSB.

The encoding for x follows a similar computation, except that now we round to
the nearest integer, and not to the lower bound integer. That is,

ROUND (2'§=%) i x <aandk < 2"

a

k= (2.16)
2" —1 Otherwise
where rounding is to the nearest integer.
Example 2.34 Repeat example 2.33 using half LSB partition.

Solution: We now use equation (2.16) instead of (2.15). The reader can verify the
following table.

4-bits 8-bits
Parameter —2.20 7.40 —2.20 7.40
k 6 14 100 223
Qx -2.5 7.5 —2.1875 7.421875
Error 0.30 —0.1 —0.0125 —0.021875
Error/A 24 % —8% —16% —28 %

Notice the better approximation results. All errors are less than 50 % A.

2.10.2 Two’s Complement Encoding of [—a, a]

In many applications, the interval to be encoded is symmetrical around the origin.
In this case, it may be more convenient to encode using signed two’s complement
numbers, as illustrated in Fig. 2.8 for three bits. Notice that the quantization values
remain the same.

-b=-4A -3 20 1A 0 1A 20 3A b
® @ o o ® ® o &—O

Qg Q3 Q2 Q1 Q @ Q Q3
100 101 110 111 000 001 010 011

Fig. 2.8 Half LSB partition of an analog interval
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In the encoding process, we apply formulas similar to the previous ones, but
applying a 0 offset. Namely, we now have the following formulas where k may be a
positive, negative, or zero integer, and its encoding is done with two’s complement
convention.

For quantization levels

Or=kA k=-2""1...-1,01,...,2"" 1 =1 (2.17)
For regular subintervals, we have

int[2"5] ifx <bandk < 2!
k = (2.18)
P | Otherwise

And for half LSB partition

ROUND (2"5%) ifx <bandk <2"~!
k= (2.19)
Pl | Otherwise

2.11 Non Numerical Data

Besides numerical data, digital systems work non numerical information as well,
represented with only 0’s and 1°s. In this section some of these codes are introduced.

2.11.1 ASCII Codes

There are many character codes, or alphanumeric codes, as they are also known. The
most popular one for embedded systems is the ASCII code. ASCII is the acronym of
American Standard Code for Information Interchange. Using seven bits, represen-
tations are given for the 26 upper and 26 lower case letters of the English alphabet,
the ten numerals (0-9), miscellaneous symbols for punctuation such as, “:”, “,”, and
other items.

ASCII was initially introduced for information exchange, it includes codes for
control characters and operations used for rounding data and arranging printed text
into a specific format. As such this set includes codes for layout control such as
“backspace”, “horizontal tabulation”, and so on. Other control characters are used
to separate data into divisions like paragraphs, pages, files; examples are “record
separator”, “file separator”. Others are used for communications, such as “start of

text”, “end of text”, etc.
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Table 2.6 ASCII code chart
Most Significant Digit

0 1 2 3 4 5 6 7
0 NUL DLE SP 0 @ P ‘ p
1 SOH DC ! 1 A Q a q
2 STX DC2 " 2 B R b r
3 ETX DC3 # 3 C S c s
4 EOT DC4 $ 4 D T d t
5 ENQ NAK % 5 E 8] e u
Least 6 ACK SYN & 6 F v f v
7 BEL ETB ’ 7 G w g w
Significant 8 BS CAN ( 8 H X h X
9 HT EM ) 9 I Y i y
Digit A LF SUB * : J Z ] z
B VT ESC + ; K [ k {
C FF FS , < L \ 1 \
D CR GS - = M ] m }
E SO RS . > N " n -
F SI usS / ? o 0 DEL

Table 2.6 shows the ASCII code chart in hex notation, and Table 2.7 explains the
acronyms for the different control functions. The seven bit code for a particular
character or control function is found reading up the column for the most significant
hex digit (three bits) and horizontally for the least significant one, or least significant
four bits.

Example 2.35 (a) Find the ASCII code for characters 5 and S; (b) Assuming an
additional leading 0 to form bytes in an ASCII coding, decode 01001101 01010011
01010000 00110100 00110011 00110000.

(a) From table2.6 “S” is in the intersection of column 3 and row 5. Hence, its
ASCII code is 35h. Proceeding similarly, the ASCII code for S is 53h.

01001101 01010011 01010000 00110100 00110011 00110000 can be expressed
in hex notation as 4Dh 53h 50h 34h 33h 30h. From Table 2.6 we can verify that this
code stands for MSP430.

Programmers usually don’t have to memorize ASCII codes, since compilers take
care of them with the character constants or strings, almost always enclosed by apos-
trophes. Thus, instead of writing 0x4D or 4Dh, the programmer writes 'M’, both in
C or asembly language. Similarly, it is easier to write ‘' The ball’ than 0x54
0x68 0x65 0x20 0x62 0x61 0x6C 0x6C. Several of the ASCII control
codes have made it into C, for example, some of the character escape codes, as
illustrated in Table 2.8; others are simply normal ASCII’s found on the keyboard, but
included as escape characters because of the C syntax.

Parity bit. Notice that the ASCII code uses seven bits, so bit 7 in a byte becomes
a don’t care as far as the interpretation concerns. Thus, both 35h and B5h can be
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Table 2.7 Meaning of control functions in ASCII code

NUL: Null SOH: Start of heading
STX: Start of text ETX: End of text

EOT: End of transmission ENQ: Enquiry

ACK: Acknowledge BEL: Bell

BS: Backspace HT: Horizontal tab
LF: Line feed VT: Vertical tab

FF: Form feed CR: Carriage return
SO: Shift out SL: Shift in

SP: Space DLE: Data link escape
DCI: Device control 1 DC2: Device control 2
DC3: Device control DC4: Device control 4
NAK: Negative acknowledge SYN: Synchronous idle
ETB: End of transmission block CAN: Cancel

EM: End of medium SUB: Substitute

ESC: Escape FS: File separator
GS: Group separator RS: Record separator
US: Unit separator DEL: Delete

Table 2.8 ASCII values of character escapes in C

Constant Meaning Hex Constant Meaning Hex
‘\a’ BEL (Bell, “alert™) 07 \r’ CR (carriage return) 0D
‘\b’ BS (backspace) 08 \” double quote 22
A\t HT (horizontal tab) 09 \” single quote 27
‘\n’ LF (line Feed, “new line”) 0A \? question mark 3F
AV VT (vertical tab) 0B A\ backslash 5C
Af FF (form feed) 0C

used for character 5. ASCII was devised initially as a transmission code. Since the
information can be corrupted, there is the need to devise ways to verify that the
correct signal has been sent. One of these is the use of a parity bit, which is added to
the ASCII code to form a byte. A word has even parity if the number of 1’s is even,
and odd parity otherwise. Thus 41H— 0010 0001 is an even parity code for letter
A, while ATH— 1010 0001 is an odd parity code. for the same letter.

2.11.2 Unicode

While English is the most important technical language nowadays, and undoubtely
enough for many embedded applications, it is not the only one used in communica-
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tions. Hence, the need for more codes. Unicode® is a computing industry standard
for the consistent encoding, representation, and handling of text expressed in most of
the world’s writing systems. The development of this standard is coordinated by the
Unicode Consortium, whose official website is http://www.unicode.org. The origins
of Unicode date back to 1987 and the development has continued since then without
interruption. Nowadays, the Unicode Standard is the universal character encoding
standard for written characters and text. It defines a consistent way of encoding mul-
tilingual text that enables the exchange of text data internationally and creates the
foundation for global software.

Unicode characters are represented in one of three encoding forms: a 32-bit form
(UTF- 32), a 16-bit form (UTF-16), and an 8-bit form (UTF-8). The 8-bit, byte-
oriented form, UTF-8, has been designed for ease of use with existing ASCII-based
systems.

The Unicode Standard contains 1,114,112 code points, most of which are available
for encoding of characters. The majority of the common characters used in the major
languages of the world are encoded in the first 65,536 code points, also known as
the Basic Multilingual Plane (BMP). The overall capacity for more than 1 million
characters is more than sufficient for all known character encoding requirements,
including full coverage of all minority and historic scripts of the world.

The latest version, in 2011, is Unicode 6.0, and contains more than 109,384
characters and symbols, with ASCII as a subset code. These characters are more
than sufficient not only for modern communication for the world languages, but
also to represent the classical forms of many languages. The standard includes the
European alphabetic scripts, Middle Eastern right-to-left scripts, and scripts of Asia
and Africa. Many archaic and historic scripts are encoded. The Han script includes
74,616 ideographic characters defined by national, international, and industry stan-
dards of China, Japan, Korea, Taiwan, Vietnam, and Singapore. In addition, the Uni-
code Standard contains many important symbol sets, including currency symbols,
punctuation marks, mathematical symbols, technical symbols, geometric shapes,
dingbats, and emoji.

The reader is highly encouraged to visit the Unicode website to learn more about
this standard.

2.11.3 Arbitrary Custom Codes

Users can create their own coding for specific applications. Also, reconfigurable
or programmable hardware imposes special encodings for applications based on
bit interpretations. In most situations, bits are interpreted either individually or by
groups.

We illustrate this last comment using the Supply Voltage Supervisor (SVS) con-
trol register found in the MSP430 microcontrollers with the exception of the first
generation family *3xx. The bit distribution is shown in Fig.2.9.

8 This subsection is based on http://www.unicode.org/versions/Unicode6.0.0/ch01.pdf
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76 5 4 3 2 1 0
VLDx [(PORON |SVSON | SVSOP| SVSFG

Fig. 2.9 SVS control register of the MSP430x1xx family (Courtesy of Texas Instruments Inc.)

The interpretation of bits is done working with the most significant nibble as a
group, and the other bits individually as follows:

Bits 7-4 VLDx, Voltage level detect: They turn on the SVS and select the nominal
SVS threshold voltage level:

0000 : SVSisoff 1000: 2.8V

0001: 19V 1001: 29V
0010: 2.1V 1010: 3.05V
0011: 22V 1011: 32V
0100: 2.3V 1100: 335V
0101: 2.4V 1101: 3.5V
0110: 25V 1110: 3.7V

0111: 2.65V 1111 : ComparesexternalinputvoltageSV SINtol.2'V.

Bit 3 PORON: This bit enables the SVSFG flag to cause a POR device reset: 0
SVSFG does not cause a POR; 1 SVSFG causes a POR

Bit 2 SVSON, SVS on: This bit reflects the status of SVS operation, it DOES NOT
turn on the SVS. (The SVS is turned on by setting VLDx > 0) This bit is O when the
SVS is Off and 1 when the SVS is On

Bit 1 SVSOP, SVS output: This bit reflects the output value of the SVS comparator.
Its value is O when SVS comparator output is low, and 1 when it is high.

Bit 0 SVSFG, SVS flag: This bit indicates a low voltage condition. SVSFG remains
set (1) after a low voltage condition occurs until reset (0) by software or a brownout
reset.

The above interpretation is defined from hardware design, and used to configure
the peripheral. Hence, to select a 3.5V threshold voltage and enable a power-on-
reset we must force the word 11011xxx in the register. Notice that the three least
significant bits are mostly read-only.

2.12 Summary

e AbitisaOoral. A sequence of bits is a word. A nibble is a 4-bit word, a byte is
an 8-bit word, a double word is a 32-bit word, and a quad a 64-bit word. The term
word is also used to denote a 16-bit word.
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e Unsigned integers are most commonly represented using the normal positional
binary system.

e The BCD system is a representation where each integer is represented separately
by a four digit normal binary equivalent.

e With n bits, the range of unsigned integers that can be covered is between 0 and
2" — 1.

e The hexadecimal system has the characteristic of a one to one relationship between
each hex digit and four bits. This property is used to introduce the hex notation.

e Signed integers are normally represented with the 2’s complement notation. With
n bits the covered range is from —2"~! to 2"~1 — 1.

e Overflow occurs when the result of an operation falls outside the range covered
by the representation.

e Real numbers are coded by either the fixed point format or the floating point
format. The Fm.n format for fixed point format codifies the real number with the
most significant m bits for the integer part, and the n least significant bits for the
fractional part, in steps of 27",

e Floating point formats are single—precision, with 32 bits, and double—precision,
with 64 bits. Floating point is preferred for very large and very small data.

e The ASCII code is the most popular for alphanumeric encoding. It does not include
encoding for non-English letters. Unicode and other codes are used for most gen-
eral cases.

e Continuous intervals are discretized by assigning words to intervals. The number
of bits in the words determine the resolution of the codification.

e Non conventional codes are needed for specific applications or determined by the
hardware of the system.

2.13 Problems

2.1 Express the following numbers as powers of 2:

256
64K
32M
512
4G

o0 op

2.2 Express the following powers of 2 in terms of K, M G:

214

216
224

232
22()

0 op

2.3 Convert the following binary (base 2) integers to decimal (base 10) equivalents.
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24

2.5

2.6

2.7

2.8

29
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010000B
11111B
011101B
11111111B
10111111B
f. 10000000B

o0 op

Convert the following decimal (base 10) numbers into their equivalent binary
(base 2) and hexadecimal (base 16) numbers.

10
32
40
64
156
244

-0 o o

Convert the following binary (base 2) numbers to hexadecimal (base 16) num-
bers.

10B

101B

1011B

1010111B
11101010B
10000000B
1011010110101110B

Q@ -0 &0 o

Convert the following unsigned hexadecimal (base 16) numbers into their
equivalent decimal (base 10) and binary (base 2) numbers.

1Ch
7ABCDh
1234h
1FD53h
9D23Ah
0A1B2Ch

-0 0 o

Construct a table for the equivalence of powers of 2, from 2! to 224 in hexadec-
imal numbers.

Starting with the fact that r” is represented in base r as a 1 followed by n zeros,
demonstrate that the decimal equivalent for the binary number consisting of n
I’'sis 2" — 1.

Make the following conversions:

a. 10011.101B to decimal, hexadecimal, and octal

b. 2A1F.Bh to binary, octal, and decimal

c. 275.32Q to binary, hexadecimal, and decimal

d. 1327.76 to binary (up to 6 binary fractional digits).
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2.10

2.11

2.12

2.13
2.14

2.15

2.16

2.17

The following words using bits have no special meaning. Express the words
in hexadecimal and octal notations.

a. 101011011010
b. 1011011001010
c. 01101011011

Construct a table for example 2.7 on page 47 showing the different contents
of register P10ut to display numbers 0 to 9, with and without dot.

Perform the following decimal additions and subtractions using the binary
system.

381 +214
169 + 245
279 + 37
130 — 78
897 — 358

o0 oPp

Repeat the previous exercise with the hexadecimal system.
Express the 2’s complement of 1 in each of the following formats

a. 4-bit binary (base 2) and hexadecimal (base 16) number
b. 8-bit binary (base 2) and hexadecimal (base 16) number
c. 16-bit binary (base 2) and hexadecimal (base 16) number

Find the two’s complements of the following numbers with the specified num-
ber of bits.

. 79 with 8 and 10 bits

196 with 12 bits

. 658 with 16 bits

102 with 8, 10 and 16 bits.

pooe

Repeat the previous example using hex notation from the beginning. Notice
that not all cases correspond to true hex representations.

Perform the following subtractions, both directly and with addition of com-
plements, using binary and hex notation. For the case of negative results, take
the complement of the result to interpret the subtraction. Notice in each case
the difference between the borrow in the direct subtraction and the carry in the
algorithm using two’s complement addition.

198 — 87, with eight bits.

56 — 115, with eight bits.

38496 — 6175, with sixteen bits.
1904 — 876, with sixteen bits.
2659 — 14318, with sixteen bits.

o0 op
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2.18

2.19

2.20

221

222

2.23
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Encode the following decimal numbers in (a) BCD and in (b) 127 biased binary
code.

10
28
40
64
156
244

-0 0 o

What is the minimum number of bits required to represent all integers in the
closed interval [180, 307]? What is the bias needed to represent those integers
in the interval using the minimum number of bits?

Encode the following negative numbers using 2’s complement representation
in the binary and hexadecimal number systems using 8 and 16 bits.

a. —12
b. —68
c. —128

Find the corresponding decimal numbers for each of the following words
encoded as 2’s complement signed numbers.

1000b
1111b
11000110b
10111110b
01010101b
A2h

7Ch

43h

BEh
62AFh
CCCCh
3333h

— R PR oo e o

Demonstrate the sign extension principle. Namely, show that if an n-bit word
is converted into an (n + h)-bit word by appending the % bits to the left equal
to the original sign bit, the signed decimal equivalent remains the same. (Hint:
use expansion (2.8) with the extended word, and reduce it to the equivalent of
the n-bit one)

Code the following decimal signed numbers in the best approximation using
fixed point formats F4.5 and F4.7. Find the absolute and relative errors in each
case when the result is interpreted again as decimal equivalent.

a. —5.125
b. 7.312
c. —0.772
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2.24

2.25

2.26

227

2.28

d. 6.219
e. —3.856
f. 2.687

One disadvantage of floating point representations is that the steps are not
uniform, but depend on the range in which the number is. To see this, find the
decimal equivalent of the two consecutive numbers in single precision, hex
notation, 41A34000 and 41A34001. Do the same thing for 4DA34000 and
4DA34001. How do the steps in consecutive numbers compare?

Using the ASCII code find the binary streams represented by following char-
acter strings.

abcd

ABCD

123aB

ASCII

Microprocesors and Microcontrollers
YoUr nAMe

-0 a0 o

Convert the following binary streams into their equivalent character strings
using the ASCII code.

a. “How Dy”
b. “university”
c. “012abCD”

d. “blank space”

In order for a computer or host to be able to connect to the Internet it must
have a “logical address” known as “IP address”. IP addresses are expressed
using the dotted decimal notation where the decimal equivalent of each byte
is separated from the following using a dot (.). Thus, when using the IPv4
version of the Internet Protocol (IP) a 32-bit IP address is expressed as four
(4) decimal numbers separated by dots. For example, IP address 127.0.0.1,
known as the loopback or local host IP address, would be expressed in binary
as 01111111.00000000.00000000.00000001. Express each of the following
IPv4 TP addresses as four (4) binary numbers separated by dots and viceversa.

240.0.0.1

10.240.68.11

192.168.40.163
I1111111.11111111.11110000.00000000
00001010.00000000.00000000.00000001
10101100.10110010.00001111.11111111

-0 0 o

Convert the following single-precision numbers to decimal.

a. AB1C3204
b. 01798642
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2.29 Obtain the single-precision floating point representation for the following num-
bers:

a. 641.13
b. —1253.462

2.30 Find the dynamic range (smallest and largest positive and negative numbers)
that can be expressed using 32-bits using with a floating point notation and
with an integer notation.

2.31 A voltage takes values between 0 and 3 V. Conversion is done with 4-bit
resolution. Specify the intervals and assignments.



Chapter 3
Microcomputer Organization

The minimal set of components required to establish a computing system is denom-
inated a Microcomputer. The basic structural description of an embedded system
introduced in Chap. 1 showed us the integration between hardware and software com-
ponents. This chapter discusses the basic hardware and software elements required
to establish a computer system and how they interact to provide the operation of a
stored program computer.

3.1 Base Microcomputer Structure

The minimal hardware configuration of a microcomputer system is composed of three
fundamental components: a Central Processing Unit (CPU), the system memory, and
some form of Input/Output (I/O) Interface. These components are interconnected by
multiple sets of lines grouped according to their functions, and globally denominated
the system buses. An additional set of components provide the necessary power and
timing synchronization for system operation. Figure 3.1 illustrates the integration of
such a basic structure.

The components of a microcomputer can be implemented in diverse ways. They
could be deployed with multiple chips on a board-level microcomputer or integrated
into a single chip, in a structure named a microcomputer-on-a-chip, or simply a
Microcontroller. Nowadays most embedded systems are developed around micro-
controllers.

Regardless of the implementation style, each component of a microcomputer has
the same specific function, as described below.

Central Processing Unit (CPU): The CPU forms the heart of the microcontroller
system. It retrieves instructions from program memory, decodes them, and accord-
ingly operates on data and/or on peripherals devices in the Input-Output subsystem
to give functionality to the system.

M. Jiménez et al., Introduction to Embedded Systems, 81
DOI: 10.1007/978-1-4614-3143-5_3,
© Springer Science+Business Media New York 2014
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Fig. 3.1 General architecture
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System Memory: The place where programs and data are stored to be accessed by
the CPU is the system memory. Two types of memory elements are identified
within the system: Program Memory and Data Memory. Program memory stores
programs in the form of a sequence of instructions. Programs dictate the system’s
operation. Data Memory stores data to be operated on by programs.

Input/Output subsystem The 1/O subsystem, also called Peripheral Subsystem
includes all the components or peripherals that allow the CPU to exchange infor-
mation with other devices, systems, or the external world. As was introduced in
Chap. 1, the I/O Subsystem includes all the components that complement the CPU
and memory to form a computer system.

System Buses The set of lines interconnecting CPU, Memory, and I/O Subsystem
are denominated the system buses. Groups of lines in the system buses perform
different functions. Based on their function the system bus lines are sub-divided
into address bus, data bus, and control bus.

Looking back at the hardware structure of an embedded system as was introduced
in Sect.1.2.1, we can notice that all the hardware components of Fig. 1.8, other
than CPU and Memory, were condensed, in Fig. 3.1 into the block representing the
Input/Output subsystem. This allows us to see that both diagrams are equivalent,
confirming our asseveration that embedded systems are indeed microcomputers.

3.2 Microcontrollers Versus Microprocessors

Before we delve any deeper into the structure of the different components of
a microcomputer system, let’s first establish the fundamental difference between
microprocessors and microcontrollers.


http://dx.doi.org/10.1007/978-1-4614-3143-5_1
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3.2.1 Microprocessor Units

A Microprocessor Unit, commonly abbreviated MPU, fundamentally contains a gen-
eral purpose CPU in its die. To develop a basic system using an MPU, all components
depicted in Fig. 1.8 other than the CPU, i.e., the buses, memory, and I/O interfaces,
are implemented externally.! Other characteristics of MPUs include an optimized
architecture to move code and data from external memory into the chip such as
queues and caches, and the inclusion of architectural elements to accelerate process-
ing such as multiple functional units, ability to issue multiple instructions at once,
and other features such as branch prediction units and numeric co-processors. The
general discussion of these features fall beyond the scope of this book. Yet, whenever
appropriate, we may introduce some related concepts.

The most common examples of systems designed around an MPUs are personal
computers and mainframes. But these are not the only ones. There are many other sys-
tems developed around traditional MPUs. Manufacturers of MPU’s include INTEL,
Freescale, Zilog, Fujitsu, Siemens, and many others. Microprocessor design has
advanced from the initial models in the early 1970s to present day technology. Intel’s
initial 4004 in 1971 was built using 10 pwm technology, ran at 400 kHz and contained
2,250 transistors. Intel’s Xeon E7 MPU, released in 2011, was built using 32nm
technology, runs at 2GHz and contains 2.6x 10° transistors. MPUs indeed, repre-
sent the most powerful type of processing components available to implement a
microcomputer.

Most small embedded systems, however, do not need the large computational
and processing power that characterize microprocessors, and hence the orientation
to microcontrollers for these tasks.

3.2.2 Microcontroller Units

A microcontroller unit, abbreviated MCU, is developed using a microprocessor core
or central processing unit (CPU), usually less complex than that of an MPU. This
basic CPU is then surrounded with memory of both types (program and data) and
several types of peripherals, all of them embedded into a single integrated circuit, or
chip. This blending of CPU, memory, and I/O within a single chip is what we call a
microcontroller.

The assortment of components embedded into a microcontroller allows for imple-
menting complete applications requiring only a minimal number of external compo-
nents or in many cases solely using the MCU chip. Peripheral timers, input/output
(I/0) ports, interrupt handlers, and data converters are among those commonly found
in most microcontrollers. The provision of such an assortment of resources inside
the same chip is what has gained them the denomination of computers-on-a-chip.
Figure 3.2 shows a typical microcontroller configuration.

! Hence, the name peripheral.
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Fig. 3.2 Structure of a typical microcontroller

Microcontrollers share a number of characteristics with general purpose micro-
processors. Yet, the core architectural components in a typical MCU are less complex
and more application oriented than those in a general purpose microprocessor.

Microcontrollers are usually marketed as family members. Each family is devel-
oped around a basic architecture which defines the common characteristics of all
members. These include, among others, the data and program path widths, architec-
tural style, register structure, base instruction set, and addressing modes. Features
differentiating family members include the amount of on-chip data and program
memory and the assortment of on-chip peripherals.

There are literally hundreds, perhaps thousands, of microprocessors and micro-
controllers on the market. Table 3.1 shows a very small sample of microcontroller
family models of different sizes from six companies. We will concentrate on the
MSP430 family for practical hands on introduction.

3.2.3 RISC Versus CISC Architectures

As we have already emphasized, microcomputer systems run with software which
is supported by its hardware architecture. These systems are designed according to
which of the two components, hardware or software, should be optimized. Under
this point of view, we speak of CISC and RISC architectures.
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Table 3.1 A sample of MCU families/series

Company 4-bits 8-bits 16-bits 32-bits

EM Microelectronic EM6807 EM6819

Samsung S3P7xx S3F9xxx S3FCxx S3FN23BXZZ

Freescale semiconductor 68HCI11 68HC12

Toshiba TLCS-870 TLCS-900/L1 TLCS-900/H1

Texas instruments MSP430 TMS320C28X
TMS320C24X Stellaris line

Microchip PICIX PIC2x PIC32

CISC (Complex Instruction Set Computing) machines are characterized by vari-
able length instruction words, i.e., with different number of bits, small code sizes, and
multiple clocked-complex instructions at machine level. CISC architecture focuses
in accomplishing as much as possible with each instruction, in order to generate sim-
ple programs. This focus helps the programmer’s task while augmenting hardware
complexity.

RISC (Reduced Instruction Set Computing) machines, on the other hand, are
designed with focus on simple instructions, even if that results in longer programs.
This orientation simplifies the hardware structure. The design expects that any sin-
gle instruction execution is reduced—at most a single data memory cycle—when
compared to the “complex instructions” of a CISC system.

It is usually accepted that RISC microcontrollers are faster, although this may not
be necessarily true for all instructions.?

3.2.4 Programmer and Hardware Model

Most readers might already have programming experience with some high level
language such as Java, C, or some other language. Most probably, the experience
did not require knowledge of the hardware system supporting the execution of the
program.

Embedded systems programmers need to go one step forward and consider both
the hardware and software issues. Hence, they need to look at the system both from
a hardware point of view, the hardware model, as well as a software point of view,
the programmer’s model.

In the hardware model, the user focuses on the hardware characteristics and sub-
systems that support the instructions and the interactions with the outer world. This
knowledge is indispensable from the beginning especially because of the intimate
relationship with the programming possibilities. In this model we speak of hardware

2 Since speed has become an important feature to consider in applications, the term “RISC” has
become almost a buzzword in the microcontroller market. The designer should check the truth of
such labeling when selecting a microcontroller.
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subsystems, characteristics of peripherals, interfacing with memory, peripherals and
outer world, timing, and so on. The hardware supports the programmer’s model.

In the programmer’s model, we focus on the instruction set and syntaxis, address-
ing modes, the memory map, transfers and execution time, and so on. Very often,
when a microcontroller is designed from scratch, the process starts with the desired
instruction set.

This chapter focuses first on a general system view of the hardware architecture,
and then the software characteristics.

3.3 Central Processing Unit

The Central Processing Unit (CPU) in a microcomputer system is typically a micro-
processor unit (MPU) or core. The CPU is where instructions become signals and
hardware actions that command the microcomputer operation. The minimal list of
components that define the architecture of a CPU include the following:

e Hardware Components:

— An Arithmetic Logic Unit (ALU)
— A Control Unit (CU)

— A Set of Registers

— Bus Interface Logic (BIL)

e Software Components:

— Instruction Set
— Addressing Modes

The instructions and addressing modes will be defined by the specifics of the hardware
ALU and CU units. In this section we concentrate on the hardware components.
Instructions and addressing modes are considered in Sect.3.7.

Figure 3.3 illustrates a simplified model view of the CPU with its internal hard-
ware components. These components allow the CPU to access programs and data
stored somewhere in memory or input/output subsystem, and to operate as a stored
program computer. The sequence of instructions that make a program are chosen
from the processor’s instruction set. A memory stored program dictates the sequence
of operations to be performed by the system. In the processing of data, each CPU
component plays a necessary role that complements those of the others.

The collection of hardware components within the CPU performing data opera-
tions is called the processor’s datapath. The CPU datapath includes the ALU, the
internal data bus, and other functional components such as floating-point units, hard-
ware multipliers, and so on. The hardware components performing system control
operations are designated Control Path. The control unit is at the heart of the CPU
control path. The bus control unit and all timing and synchronization hardware com-
ponents are also considered part of the control path.
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Fig. 3.3 Minimal architectural components in a simple CPU

3.3.1 Control Unit

The control unit (CU) governs the CPU operation working like a finite state machine
that cycles forever through three states: fetch, decode, and execute, as illustrated in
Fig. 3.4. This fetch-decode-execute cycle is also known as instruction cycle or CPU
cycle. The complete cycle will generally take several clock cycles, depending on the
instruction and operands. It is usually assumed as a rule of the thumb that it takes
at least four clock cycles.? Since the instruction may contain several words, or may
require several intermediate steps, the actual termination of the execution process
may require more than one instruction cycle.

3 Often, CPU have internal clocks that run faster than system clocks, at least four times. Thus, in
literature we may see that an instruction takes only one clock cycle. This is true with respect to
the system cycle, but the process was driven by the internal CPU clock which actually took several
cycles.
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Fig. 3.4 States in control unit
operation: fetch, decode, and
execute

Reset

"

Several CPU blocks participate in the fetch-decode-execute process, among which
we find special purpose registers PC and IR (see Fig. 3.3). The cycle can be described
as follows:

1. Fetch State: During the fetch state a new instruction is brought from memory
into the CPU through the bus interface logic (BIL). The program counter (PC)
provides the address of the instruction to be fetched from memory. The newly
fetched instruction is read along the data bus and then stored in the instruction
register (IR).

2. Decoding State: After fetching the instruction, the CU goes into a decoding
state, where the instruction meaning is deciphered. The decoded information is
used to send signals to the appropriate CPU components to execute the actions
specified by the instruction.

3. Execution State: In the execution state, the CU commands the corresponding
CPU functional units to perform the actions specified by the instruction. At the
end of the execution phase, the PC has been incremented to point to the address
of the next instruction in memory.

After the execution phase, the CU commands the BIL to use the information in the
program counter to fetch the next instruction from memory, initiating the cycle again.

The cycle may require intermediate cycles similar to this one whenever the decod-
ing phase requires reading (fetching) other values from memory. This is dictated by
the addressing mode use in the instruction, as it will be explained later.

Being the CU a finite state machine, it needs a Reset signal to initiate the cycle
for the first time. The program counter is hardwired to, upon reset, load the mem-
ory address of the first instruction to be fetched. That is how the first cycle begins
operation. The address of this first instruction is called reset vector.

3.3.2 Arithmetic Logic Unit

The arithmetic logic unit (ALU) is the CPU component where all logic and arith-
metic operations supported by the system are performed. Basic arithmetic operations
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such as addition, subtraction, and complement, are supported by most ALUs. Some
may also include hardware for more complex operations such as multiplication and
division, although in many cases these operations are supported via software or by
other peripherals, such as a hardware multiplier.

Logic operations performed in the ALU may include bitwise logic operations
AND, OR, NOT, and XOR, as well as register operations like SHIFT and ROTATE.
Bitwise operations are an important tool for manipulating individual bits of a register
without affecting the other ones. This is possible by exploiting the properties of logic
Boolean operations.

The CU governs the ALU by specifying which particular operation is to be per-
formed, the source operands, and the destination of the result. The width of the
operands accepted by the ALU of a particular CPU (datapath width) is typically
used as an indicator of the CPU computational capacity. When for example, a micro-
processor is referred to as a 16-bit unit, its ALU has the capability of operating on
16-bit data. The ALU data width shapes the CPU datapath architecture establishing
the width of data bus and data registers.

3.3.3 Bus Interface Logic

The Bus Interface Logic (BIL) refers to the CPU structures that coordinate the inter-
action between the internal buses and the system buses. The BIL defines how the
external address, data, and control buses operate. In small embedded systems the BIL
is totally contained within the CPU and transparent to the designer. In distributed
and high performance systems the BIL may include dedicated peripherals devoted
to establish the CPU interface to the system bus. Examples of such extensions are
bus control peripherals, bridges, and bus arbitration hardware included in the chip
set of contemporary microprocessor systems.

3.3.4 Registers

CPU registers provide temporary storage for data, memory addresses, and control
information in a way that can be quickly accessed. They are the fastest form of infor-
mation storage in a computer system, while at the same time they are the smallest
in capacity. Register contents is volatile, meaning that it is lost when the CPU is
de-energized. CPU registers can be broadly classified as general purpose and spe-
cialized.

General purpose registers (GPR) are those not tied to specific processor functions
and may be used to hold data, variables, or address pointers as needed. Based on this
usage, some authors classify them also as data or address registers. Depending on
the processor architecture, a CPU can contain from as few as two to several dozen
GPRs.
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Special purpose registers perform specific functions that give functionality to the
CPU. The most basic CPU structure includes the following four specialized registers:

Instruction Register (IR)

Program Counter (PC), also called Instruction Pointer (IP)
Stack Pointer (SP)

Status Register (SR)

Instruction Register (IR)

This register holds the instruction that is being currently decoded and executed in
the CPU. The action of transferring an instruction from memory into the IR is called
instruction fetch. In many small embedded systems, the IR holds one instruction
at a time. CPUs used in distributed and high-performance systems usually have
multiple instruction registers arranged in a queue, allowing for concurrently issuing*
instructions to multiple functional units. In these architectures the IR is commonly
called an instruction queue.

Program Counter (PC)

This register holds the address of the instruction to be fetched from memory by
the CPU. It is sometimes also called the instruction pointer (IP). Every time an
instruction is fetched and decoded, the control unit increments the value of the PC to
point to the next instruction in memory. This behavior may be altered, among others,
by jump instructions which, when executed, replace the contents of the PC with a
new address. Being the PC an address register, its width may also determine the size
of the largest program memory space directly addressable by the CPU.

The PC is usually not meant to be directly manipulated by programs. This rule
is enforced in many traditional architectures by making the PC not accessible as an
operand to general instructions. Newer RISC architectures have relaxed this rule in
an attempt to make programming more flexible. Nevertheless, this flexibility has to
be used with caution to maintain a correct program flow.

Stack Pointer (SP)

The stack is a specialized memory segment used for temporarily storing data items
in a particular sequence. The operations of storing and retrieving the items according
to this sequence is managed by the CPU with the stack pointer register (SP). Few
MCU’s models have the stack hardwired defined. Most models, however, allow the

4 Instruction issue is a term frequently used in high-performance computer architectures to denote
the transfer of decoded instruction information to a functional unit like an ALU, for execution.
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user to define the stack within the RAM section, or else it is automatically defined
during the compiling process.

The SP contents is referred to as the Top of Stack (TOS). This one tells the CPU
where a new data is stored (push operation) or read (pull operation or pop operation).
A detailed explanation of how SP works with these operations is given in Sect. 3.7.4.

Status Register (SR)

The status register, also called the Processor Status Word (PSW), or Flag Register
contains a set of indicator bits called flags, as well as other bits pertaining to or
controlling the CPU status. A flag is a single bit that indicates the occurrence of a
particular condition.

The number of flags and conditions indicated by a status register depends on
the MCU model. Most flags in the SR reflect the situation just after an operation is
executed by the ALU, although in general they can also be manipulated by software.
This dependence is emphasized in Fig. 3.3 by the position of the SR.

The status of the flags depends also on the size of the ALU operands. Generally,
both operands will have the same size, n bits, while the ALU operation may produce
n + 1 bits. By “ALU result” we mean then the n least significant bits while the most
significant bit is the Carry Flag. This remark is clarified Example 3.1 below, but let
us first identify the most common flags to be found in almost all MCUs. These are

e Zero Flag (ZF). Also called the zero bit. It is set when the result of an ALU
operation is zero, and cleared otherwise. It may also be tied to other instructions.

e Carry Flag (CF): This flag is set when an arithmetic ALU operation produces a
carry. Some non arithmetic operations may affect the carry without having a direct
relation to it.

e Negative or sign flag (NF): This flag is set if the result of an ALU operation is
negative and cleared otherwise. This flag in fact reflects the most significant bit of
the result.

e Overflow Flag (VF): This flag signals overflow in addition or subtraction with
signed numbers (see Sect.2.8.1). The flag is set if the operation produces an over-
flow, and cleared otherwise.’

e Interrupt Flag (IF): This flag, also called General Interrupt Enable (GIE), is not
associated to the ALU. It indicates whether a program can be interrupted by an
external event (interrupt) or not. Interrupts blocked by the IF are called maskable.
Section 3.9 discusses the subject of interrupts in microprocessor based systems.

MCUs may have more flags than the one mentioned. The user must consult the
specifications of the microcontroller or microprocessor being used to check available
flags and other bits included in the SR. The following example shows how the ALU
affects flags after an addition.

5 There are other types of overflow, like when the result of an arithmetic operation exceeds the
number of bits allocated for its result. This condition however is not signaled by this flag, although
particular CPUs may have another flag for this purpose.


http://dx.doi.org/10.1007/978-1-4614-3143-5_2

92 3 Microcomputer Organization

Example 3.1 The following operations are additions performed by the ALU using
8-bit data. For each one, determine the Carry, Zero, Negative, and Overflow flags.

01001010 + 10110100 + 10011010 + 11001010 +
01111001 = 01001100 = 10111001 = 00011011 =
0 11000011 1 00000000 1 01010011 0 11100101
T T T T
CN CN CN CN

Solution: The operands have eight bits, so this length is our reference for the
flags when we look at the result. The most significant bit in this group is flag N. The
bit to the left is C. In hex form, these additions are, respectively, 4Ah 4+ 79h = C3h;
B4h + 4Ch = 100h; 9Ah + BSh = 153h; and CAh + 1Bh = E5h. The zero flag is
set if the result is 0, discarding the carry, and the overflow flag is set if the addition
of numbers of the same sign (that is, with equal most significant bit) yield a result of
different sign (signaled by N). With this information we have then:

Operation4Ah +79h =C3h: C=0, N=1,Z=0and V = 1.
OperationB4h+4Ch =100h: C=1, N=0, Z=1and V =0.
Operation 9Ah +B%h = 153h: C=1, N=0, Z=0and V = 1.
Operation CAh+ 1Bh =E5h: C=0, N=1, Z=0and V =0.

Notice that there is no overflow whenever both operands in an addition are of
different sign%; that is, when their most significant bits are different. When both
operands are negative and yield a positive result, as in the third case of the above
example, we say that an underflow has happened. The term overflow is generic,
though, and can be used in any situation.

Although the interpretation of what a flag means depends ultimately on the pro-
grammer, the meaning of the N, Z, and V flags is, we think, clear. The N and V flags
are mainly related to the use of signed numbers in arithmetic operations of subtrac-
tion and addition. The Z flag tells us if the result is O or not, no matter the operation,
arithmetic or logic or any of other type. The C flag needs however further remarks.

The Carry Flag

The Carry flag may be of interest in several operations besides addition and subtrac-
tion. Let us first discuss these two operations.

When an addition is performed, the C flag may or may not be considered part
of the result. In the first case, it also provides a sign extension when working with
signed numbers, as it can be appreciated in the previous example. Or it can also be
used to work with numbers larger than the ALU capacity. When it is not part of the
addition result, then its meaning will depend on the programmer’s intention.

6 One can visualize this with the full interval in a numerical line. Starting at the midpoint, two
consecutive walks in opposite directions, neither greater than half the interval length, will keep you
inside the interval.
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Table 3.2 Flags and number comparison with A — B

Comparison Unsigned Numbers Signed numbers
A=B Z=1 Z=1

A#B 7=0 7=0

A>B c=1! N=V

A>B C=1landZ=0 N=VandZ=0
A<B C=0 N#V

A<B C=0o0orZ=1 N#VorZ=1

Remember: C = 1 no borrow needed, C = 0 borrow is needed

On the other hand, in subtraction we are more interested in knowing if there has
been a borrow or not. Some CPU’s may have another flag to work with borrow. But it
is also normal to use the Carry flag in a dual role to signal a carry in addition operations
and a borrow in subtraction operations. Since subtraction is usually hardware realized
with addition of two’s complement, two standpoints have been adopted:

(1) The Cisset(C = 1) after a subtraction if no borrow is generated. This mechanism
is adopted in some families like PIC, Atmel, and INTEL microcontrollers.

(2) C is reset (C = 0) if the subtraction needs a borrow. This is usual in RISC
microcontrollers, including the MSP430, since it needs less hardware realization.

We adopt hereafter the second option, following our choice of MCU for practical
introduction, the MSP430.

The C flag is associated to other instructions, depending on the CPU. A common
application is to use it as a mid step for bits in shifting and rotation operations, con-
necting different registers. Other instructions depend on the microcontroller selected
by the user and should be consulted in the proper documentation. For the MSP430,
these instructions will be introduced as we study them.

SR Flags and Number Comparison

A very useful characteristic of the flags is the information they provide when com-
paring numbers. In particular, this feature is used by the CPU to decide actions to take
in conditional jumps, thereby making it possible to write non sequential programs.

When comparing two numbers by subtraction, A — B, the status of the flags
allows us—and the CPU—to decide the relationship between the two numbers, as
illustrated in Table 3.2. This table assumes that subtraction is carried out by two’s
complement addition, which is the case in the majority of CPU’s.

Let us explain briefly why the above interpretations. Remember that all sub-
tractions are made with binary words, whose interpretation as signed or unsigned
numbers pertains to the user, not to the machine.

The first two lines in the table are obvious, since A-B = 0 if and only if A = B.
For the inequalities, let us consider the unsigned and signed cases separately.
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For unsigned cases, the sign and overflow flags are meaningless. However, we
know that the presence of a carry in a subtraction done with two’s complement
addition means that the result is not negative (See remark on Sect.2.5.3). That is,
A—B > (ifand only if there is a carry, (C = 1). Strict inequality requires the result to
be non-zero, i.e., Z = 0. This proves the third and fourth lines, respectively. The other
two lines are just the opposite of the previous cases—A < B means not(A > B) and
A < B means not(A > B) —.

Now, consider the case for signed numbers. The sign flag N, which reflects the most
significant bit of the result, has sense only when subtraction is correctly performed,
meaning by this that V = 0. In this case: (a) N = 0 means that the difference A-B is
not negative, so A > B iff N =V =0, and (b) N = 1 means that the difference is
negative, so A < B iff N =1 # V = 0, where iff means if and only if.

On the other hand, overflow occurs in the subtraction when A and B have different
sign, but A-B has the same sign as B, triggering V = 1. In this case consider the
following: (a) If B < 0, we cansay that A > 0 > B,and V=1=N = 1. (b) if
B>0thenA < BandN=0#V=1.

The two paragraphs above prove then the third and fifth lines for signed numbers.
Strict > inequality requires Z = 0 because the subtraction cannot yield 0. The last
case is the opposite of this strict inequality.

Example 3.2 Consider the following bytes: X = 3Ch, Y = 74h, W = A2h, and
Z = 8%.

(a) Write down the correct relationships (excluding #) substituting the question
mark sign in the following expressions when the bytes represent unsigned num-
bers, and when they represent signed numbers. Do it intuitively.

(b) Verify that the flags provide the same information as in (a) when comparing the
numbers by subtraction using two’s complement addition.

XY YW W?Z Z?X
Solution: (a) For easier analysis, let us translate the given bytes into their decimal
equivalents.

Unsigned case: X = 60; Y = 116; W = 162; Z = 137. Hence,

X <Y@soX <Y); Y <Wl(alsoY < W),
W > Z(alsoW > Z); Z > X(alsoZ > X)

Signed case: X = 60; Y = 116; W = —94; Z = —119. Therefore,

X <Y(alsoX <Y); Y > W(alsoY > W);
W > Z(alsoW > Z);, Z < X(alsoZ < X)

(b) To subtract, we use the two’s complements of the given bytes: X' = C4h;
Y =8Ch; W =5Eh; Z' = 97h in the following table:
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Subtraction Operation Unsigned numbers Signed numbers
Flags Relation Flags Relation
XY 3Ch + 8Ch = C8h Cc=0 X<Y V=0,N=1 X<Y
(Z=0) X<Y (Z=0) X<Y
Y -W 74h + SEh = D2h C=0 Y<W V=I1,N= Y>W
(Z =0) Y<W &7 =0 Y>W
wW—-2Z A2h + 77h = 11%h C=1 wW>7Z V=0,N=0 W=>z
&7Z=0 W>7Z &&Z72Z=0 W>Z
Z—-X 8%h + C4h = 14Dh C=1 Z>X V=1,N=0 Z<X
&7 =0 Z>X & (Z=0) Z<X

In the case of or decisions, the second flag to consider was put in paren-
thesis. Thus (Z = 0) should be considered part of the process of verifying
C = 0or Z =1, which in the shown cases was valid because of the C = 0
compliance.

3.3.5 MSP430 CPU Basic Hardware Structure

The MSP430 family is based on a 16-bit CPU which was introduced in the early
models of the series 3xx. Later on the architecture was extended to 20-bits, the CPUX,
keeping full compatibility with the original 16-bit CPU. Thus, the instruction set of
the CPU is fully supported by the CPUX, which works like a 16-bit CPU for these
operations. There are special instructions proper to the CPUX targeting 20-bit data.
In this book, hands on programming is focused on the MSP430 16-bit CPU.
Accordingly, this section provides a quick overview on its characteristics. An expla-
nation for the MSP430X control processing unit CPUX is given in Appendix D.

MSP430 registers: There are sixteen 16-bit registers in the MSP430 CPU named
RO,R1...,R15. Registers R4 to R15 are of the general purpose type. The specialized
purpose registers are:

e Program Counter register, named RO or PC.

Stack Pointer Register, named R1 or SP.

Status Register, with a dual function also as Constant Generator. It is named R2,
SR or CGI.

Constant Generator, named CG2.

Register R3 is exclusively used as a constant generator supplying instruction
constants, and is not used for data storage. Its function is normally transparent to the
user. This is explained in Chap. 4.

The PC and SP registers always point to an even address and have the least
significant bit hardwired to 0. A particular feature in the MSP430 family is that
these two registers can be used as operands in instructions, allowing programmers
to develop applications with simpler software algorithms.
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Status Register The SR register has the common flags of Carry (C), Zero (Z), Sign
or Negative (N), overflow (V) and general interrupt enable (GIE). It contains in
addition a set of bits, CPUOFF, OSCOFF, SCG1 and SCGO, used to configure the
CPU, oscillator and power mode operations. These bits are explained in later sections
and chapters. The bit distribution in the SR is shown in Fig.3.5.

Arithmetic-Logic Unit: The MSP430 CPU ALU has a 16-bit operand capacity; the
CPUX has 16- or 20-bit operand capacity. It handles the arithmetic operations of
addition with and without carry, decimal addition with carry (BCD addition—see
Sect.2.7.3), subtraction with and without carry. These operations affect the overflow,
zero, negative, and carry flags. The logical operations AND and XOR affect the flags,
but other ones do not, like the Bit Set (OR) or Bit Clear.

Like many microcontrollers, the MSP430 ALU does not handle multiplications or
divisions, which may be programmed. Several models contain a hardware multiplier
peripheral for faster operation.

3.4 System Buses

Memory and I/O devices are accessed by the CPU through the system buses. A bus
is simply a group of lines that perform a similar function. Each line carries a bit of
information and the group of bits may be interpreted as a whole. The system buses
are grouped in three clases: address, data, and control buses. These are described
next.

3.4.1 Data Bus

The set of lines carrying data and instructions to or from the CPU is called the data
bus. A read operation occurs when information is being transferred into the CPU. A
data bus transfer out from the CPU into memory or into a peripheral device, is called
a write operation. Note that the designation of a transfer on the data bus as read or
write is always made with respect to the CPU. This convention holds for every system
component. Data bus lines are generally bi-directional because the same set of lines
allows us to carry information to or from the CPU. One transfer of information is
referred to as data bus transaction.

b15 b9 b8 b7 b6 b5 b4 b3 b2 b1 b0
0SC | CPU
Reserved vV |SCG1|SCGO oFf | oFfF GIE N z C

Fig. 3.5 MSP430 status register
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The number of lines in the data bus determines the maximum data width the
CPU can handle in a single transaction; wider data transfers are possible, but require
multiple data bus transactions. For example, an 8-bit data bus can transfer at most one
byte (or two nibbles) in a single transaction, and a 16-bit transaction would require
two data bus transactions. Similarly, a 16-bit data bus would be able to transfer at
most, two bytes per transaction; transferring more than 16 bits would require multiple
transactions.

3.4.2 Address Bus

The CPU interacts with only one memory register or peripheral device at a time.
Each register, either in memory or a peripheral device, is uniquely identified with
an identifier called address. The set of lines transporting this address information
form the address bus. These lines are usually unidirectional and coming out from
the CPU. Addresses are usually named in hexadecimal notation.

The width of the address bus determines the size of the largest memory space that
the CPU can address. An address bus of m bits will be able to address at most 2
different memory locations, which are referred to by hex notation. For example, with
a 16-bit address bus, the CPU can access up to 216 — 64K locations named 0x0000,
0x0001, ..., OxFFFF. Notice that the bits of the address bus lines work as a group,
called address word, and are not considered meaningful individually.

Example 3.3 Determine how many different memory locations can be accessed and
the address range (i.e., initial and final addresses) in hex notation with an address
bus of (a) 12 bits, and (b) 22 bits. Justify your answer.

Solution: (a) For 12 bits, there are 212 = 2% x 210 = 4 K different locations that
can be addressed. In binary terms, we think of them as the integer representations
of 0000 0000 0000B to 1111 1111 1111B, which in hex notation become 0x000 to
OXFFF. (b) Working similarly, for 22 bits there are 2% = 2% x 220 = 4 M locations.
Yet, since there are 22 bits and hex integers represent only four bits, the largest
number with the two most significant bits is 3, so the address range is 0x000000 to
0x3FFFFF.

Example 3.4 A certain system has a memory size of 32 K memory words. What is
the minimum number of lines required for the address bus?

In powers of 2, 32 K = 25 x 210 = 215 Therefore, the address bus must contain
at least 15 lines, one per bit. (The answer could have been also expressed as n =
log,(32 % 1024) =54 10 = 195).



98 3 Microcomputer Organization

3.4.3 Control Bus

The control bus groups all the lines carrying the signals that regulate the system
activity. Unlike the address and data buses lines which are usually interpreted as a
group (address or data), the control bus signals usually work and are interpreted sep-
arately. Control signals include those used to indicate whether the CPU is performing
a read or write access, those that synchronize transfers saying when the transaction
begins and ends, those requesting services to the CPU, and other tasks. Most control
lines are unidirectional and enter or leave the CPU, depending on their function. The
number and function of the lines in a control bus will vary depending on the CPU
architecture and capabilities.

3.5 Memory Organization

The memory subsystem stores instructions and data. Memory consists of a large
number of hardware components which can store one bit each. These bits are orga-
nized in n-bit words, working as a register, usually referred to as cell or location. The
contents of cells is a basic unit of information called memory word. In addition, each
memory location is identified by a unique identifier, its memory address, which is
used by the CPU to either read or write over the memory word stored at the location.
In general, a memory unit consisting of m cells of n bits each is referred to as an
m x n memory; forn = 1 and n = 8 itis customary to indicate a number followed by
b or B, respectively. Thus, we speak of 1Mb (one Mega Bits) and 1 MB (one Mega
Bytes) memories to refer to 1M x 1 and 1M x 8 cases.

Usually, addresses are sequentially numbered as illustrated in Fig. 3.6. However, in
a specific MCU model some addresses may not be present. The example in the figure
shows a memory module of 64K cells, each storing an 8-bit word (byte), forming
a 64 kilo-byte (64 KB) memory. In the illustration, for example, the cell at address

Fig. 3.6 Memory structure Memory Memory
Address\ Memory Cell
pyT—— FFFF| B6 A4
ress Bus
oL FFFE| 27
: : Memory
CpPU Control Bus S ° Word
0002| 4A
— FF
Data Bus 0001
— i: 0000 18
System

Buses
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OFFFEh contains the value 27 h. The CPU uses the address bus to select only the cell
with which it will interact. The interaction with the contents is realized through the
data bus. In a write operation, the CPU modifies the information contained in the
cell, while in a read operation it retrieves this word without changing the contents.
The CPU uses control bus signals to determine the type of operation to be realized,
as well the direction in which the data bus will operate—remember that the data bus
lines are bidirectional.

Remark on notation: Hereafter, to simplify writing, memory addresses and contents
will be written with notations such as [address] = contents, or address: contents. In
figures, the contents of memory is shown always in hexadecimal notation without
suffix or prefix. Taking as reference Fig. 3.6 for an example, [0002h] = 0x4A.

3.5.1 Memory Types

Hardware memory is classified according to two main criteria: storage permanence
and write ability. The first criterion refers to the ability of memory to hold its bits
after these have been written. Write ability, on the other hand, refers on how easily
the contents of memory can be written by the embedded system itself. All memory
is readable, since otherwise it would be useless.

From the storage permanence point of view, the two basic subcategories are the
nonvolatile and volatile groups. The first group encompasses those memories that
can hold the data after power is no longer supplied. Volatile memory, on the other
hand, looses its contents when power is removed.

The nonvolatile category includes the different read only memory (ROM) struc-
tures as well as Ferro electric RAM (FRAM or FeRAM). Another special one is
the nonvolatile RAM (NVRAM) which is in fact a volatile memory with a battery
backup; for this reason, NVRAMs are not used in microcontrollers. The volatile
group includes the static RAM (SRAM) and the dynamic RAM(DRAM).

From the write ability point of view, memory is classified into write/read or
in-system programmable and read only memories. The first group refers to those
memories that can be written to by the processor in the embedded system using
the memory. Most volatile memories, SRAM and DRAM, can be written to during
program execution, and therefore these memory sections are useful for temporary
data or data that will be generated or modified by the program. The FRAM memory is
non-volatile, but the writing speed is faster than the DRAM. Hence, microcontrollers
with FRAM memory are very convenient in this aspect.

Most in-system programmable nonvolatile memories are written only when load-
ing the program, but not during execution. One reason is the writing speed, too slow
for the program. Another aspect of Flash memory and EEROM is the fact that writing
requires higher voltages than the ones used during the program execution, thereby
consuming power and requiring special power electronics hardware to increase
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Storage Memory In-system | Comments
‘Writable
Masked ROM No Non programmable
OTPROM No One time programmable
with programming device
EPROM No Erasable and programmable
Nonvolatile with external device

Slow to erase/write.
Not advisable to write

EEPROM Yes during program execution.
Requires higher voltage.
Flash Yes Similar to EEPROM
FRAM Yes Fast to write at low voltage
Static RAM Yes Fastest to write/read
Volatile :
DRAM Yes Fast to write/read

Fig. 3.7 Memory types

voltage levels. The FRAM, on the other side, is writable at the program execution
voltage levels.

The FRAM, is both nonvolatile and writable with speeds comparable to DRAMS
and at operational voltage levels. Moreover, unlike the Flash or DRAM, consumes
power only during writing and reading operations, making it a very low power device.
One disadvantage at this moment is that the temperature ranges of operation are
limited, so their application must be in environments where temperature is not so
variable. Further research is being done to solve this limitation. Table in Fig.3.7
summarizes this discussion.

As a marginal note, for historical reasons, in the embedded community volatile
read/write memories are referred to as RAM (random access memories)’ while the
ROM term is used for non volatile memory. This convention is hereafter adopted
unless specific details are needed.

3.5.2 Data Address: Little and Big Endian Conventions

Most hardware memory words nowadays are one byte length. As explained above,
each memory word has an address attached to it, referred to as its physical address,
which is encoded by the group of the MCU address bus bits. Memory blocks one

7 RAM, an acronym for “Random Access Memory”, is a term coined in the 1950s to refer to solid
state memories in which data could be accessed randomly, as opposed to other memory devices such
as magnetic tapes and discs. Under this definition, semiconductor ROM devices are random access
ones also, but the DRAM is not. But the terms are already stuck and understood by the embedded
community.
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Fig. 3.8 Example of bank connection

byte length are called banks. For data buses wider than a byte, two or more banks
are needed to connect all the data bus lines, as illustrated in Fig. 3.8 for a 16-bit data
bus. In this figure, physical address refers to the address seen by the CPU with the
address bus, while the internal addresses are the addresses proper to the bank. In the
case of 8-bit data bus MCU’s, these two sets may be identical for an example like
this one.

Here, two 2 KB hardware memory banks are connected to the 16-bit data bus
forming a 4 KB memory segment starting at 0x0000. A memory segment is a set of
memory words with continuous addresses. One of the banks, called low bank has
only even addresses attached to its memory words while the other one, the high bank
has odd addresses. For that reason, they are also known as even address bank and
odd address bank, respectively. The data bus bits D15, D14, ..., D1, DO are divided
in two byte groups, which are connected to the banks.

On the other hand, instructions and data may be longer than a byte, which means
that they cannot be stored in one memory cell, but need to be broken into one byte
pieces, which are stored in consecutive memory locations. In this case, use the terms
instruction address and data address using the lowest of the set of physical addresses
containing the bytes, with the understanding that this number encompasses all the
physical addresses of the set. For example, if the data is 23 AFh with address F804h,
than the physical addresses covered in this case are F804h and F805h, one per byte.
Similarly, if the instruction of three words “40Bf 003A 0120 has the address FSAAh,
this means that the physical addresses covered are FSAAh to FSAFh.

In particular, if there is a reference to the size of the data, the terms become
word address for 16-bit long data, double word address for 32-bit long data, and
so on. Thus, a word address includes two physical addresses and a double word
address covers four physical addresses. The physical addresses of the individual
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Fig.3.9 BigandLittle Endian
. 0x4304 | XX 0x4304 | XX
conventions for (a) a word
([4300h = 3428h]) and (b) 0x4303 | 9Ah 0x4303 | Fon
a double-word ([4300h] = 0x4302 | XX | 0xd302 | XX 0x4302 | 26h | Ox4302 | 7EN
[9A267EFOh])
0x4301 | 34h 0x4301 | 2Bh 0x4301 | 7Eh 0x4301 | 26h
0x4300 | 2Bh 0x4300 | 34h 0x4300 | FOh 0x4300 | 9Ah
Ox42FF | XX Ox42FF | XX Ox42FF XX OX42FF XX
LITTLE BIG LITTLE BIG
ENDIAN ENDIAN ENDIAN ENDIAN

Address: 0x4300

Address: 0x4300
Word: 342Bh

Double Word: 9A267EFOh

(a) (b)

bytes comprising the word or double word depend on the convention used to store
them: big endian or little endian.

Big Endian: In the big endian convention, data is stored with the most significant
byte in the lowest address and the least significant byte in the highest address.
Little Endian: In the little endian convention, data is stored with the least significant
byte in the lowest address and the most significant byte in the highest address.

Second Remark on Notation: Hereafter, all data addresses and contents will also
be written using the same notation as for memory contents introduced on (3.5),
that is, [address] = contents, or address: contents. For example, 3840:23A2 is for
the address 3840h of the word 23A2h. The same information is written as [3840h]
= 23A2h. The addresses for individual bytes will follow depending on the endian
convention used by the specific microcontroller.

Figure 3.9 illustrates the endian conventions for word (16-bit word) and double
word (32-bit word) cases. The XX in this figure are “don’t cares”, irrelevant for the
example.

It is convenient to have word-sized and double word-sized data at even addresses
when the data bus is 16-bits wide. Similarly, if the data bus has 32 bits, then we
should have double word-sized data at addresses multiples of 4. The reason may be
understood taking a closer look at Fig.3.8. The physical addresses of both banks
differ only by bit AO of the address bus: it is O for all bytes in the low bank, and 1 for
those in the high bank. Since these are 2K cells, we can use A1l A10 A9 ... A2 Al
to access the internal cells in the banks. Thus, two consecutive physical addresses
with the smaller one being even will catch in both banks cells with identical internal
addresses. For example, the physical addresses pair 0x0301 — 0x0300 (0000 0011
0000 0001 and 0000 0011 0000 0000 in binary) will access the same internal address
in both banks: 001 1000 0000, or 180h. Hence, when the word address is even, a
single data bus transaction is needed for any transfer, since the bytes in two contiguous
physical addresses corresponding to the two data bytes are accessed simultaneously.
This is not possible if the word address is odd.
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Associated with the data address, the term word boundary, refers to an even
address, and double word boundaries which refers to addresses which are multiple
of 4; in hex notation, the latter means any number ending in 0, 4, 8, C.

By the way, the connection of banks illustrated in Fig. 3.8 corresponds to a little
endian convention; for a big endian case, the high bank has the even addresses.

Example 3.5 The debugger of a certain microcontroller presents memory informa-
tion in chunks of words in the list form shown below, where the first column is the
address of the word in the second column. Following the debuggers’conventions, all
numbers are in hex system. If more than one word is on the line, the address is for
the first word only. Assuming that all data is effectively 16-bit wide, break the infor-
mation into bytes with the respective address, (a) assuming little endian convention,
and (b) assuming big endian convention.

F81E: EOF2 0041 0021
F824: 403F 5000
F828: 831F

Solution: According to instructions, FS8IE is the address of word EOF2, F820 that
of the second word 0041 and so on. With this in mind, we can break the memory
information in byte chunks as follows:

Little endian Big endian
FS81E:F2  F824:3F F81E: EO  F824: 40
F81F: E0O  F825: 40 F81F: F2  F825:3F
F820:41  F826: 00 F820: 00  F826: 50
F821: 00  F827:50 F821:41  F827:00
F822:21  F828: 1F F822: 00  F828:83
F823: 00  F829:83 F823:21  F829: IF

3.5.3 Program and Data Memory

The previous section focused on address aspects of memory. With respect to the con-
tents, the structure of a microcomputer includes two differentiable types of mem-
ory depending on the kind of information they store: Program Memory and Data
Memory.

Program memory, as inferred by its name, refers to the portion of memory that
stores the system programs in a form directly accessible by the CPU. A program is a
logical sequence of instructions that describe the functionality of a computer system.

In embedded systems, programs are fixed and must always be accessible to the
CPU to allow the system to operate correctly. Thus, when power is removed from the
system and later restored, programs must still be there to allow the system to function
properly. This implies that program is usually stored in nonvolatile memory. Program
memory capacity in typical embedded systems is in the order of kilo-words. Some
microcontroller models may run a program from the RAM portion while others
enforce using only ROM sections.
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Fig. 3.10 Topological dif- (a) (b)
ference between (a) von Program and Program Data
Neumann and (b) Harvard Data Memory Memory Memory
architectures
Common
Separate
Bus @ @ Buses
CPU CPU

Data memory is used for storing variables and data expected to change during
program execution. Therefore, this type of memory should allow for easily modifying
its contents. Most embedded systems implement data memory in RAM (Random-
Access Memory). Since data memory is meant to hold temporary information, like
operation results or measurements for making decisions, the volatility of RAM is not
an inconvenience for system functionality. The average amount of RAM needed in
most embedded applications is relatively small. For this reason it is quite common to
find embedded systems with data memory capacity measured in only a few hundreds
words.

Particularly important data which cannot be lost when the system is de-energized,
must be stored in the ROM section. Some microcontroller families may access these
data directly from there, although they cannot change data during program execu-
tion. Other models always copy the data into the RAM section and enforce data
manipulation only from these volatile segments.

3.5.4 Von Neumann and Harvard Architectures

Program and data memories may share the same system buses or not, depending on
the MCU architecture. Systems with a single set of buses for accessing both programs
and data are said to have a Von Neumann architecture or Princeton architecture.®

An alternate organization is offered by the Harvard Architecture. This topology
has physically separate address spaces for programs and data, and therefore uses
separate buses for accessing each. Data and address buses may be of different width
for both subsystems.

Figure3.10 graphically depicts the topological differences between a Von
Neumann and a Harvard architecture.

Numerous arguments can be brought in favor of either of these architectural styles.
Both are present in embedded systems. Texas Instruments MSP430 series uses a Von
Neumann architecture while Microchip PIC and Intel’s 8051 utilize Harvard archic-

8 In the early days of computing, much of the work that defined the von Neumann architecture was
developed by Princeton professor John von Neumann, after whom its named. Due to this affiliation,
the von Neumann architecture is also called Princeton architecture.
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Fig. 3.11 CPU to memory connection: a conceptual scheme

tectures. Without any preference in this respect, for most aspects of our discussion
we will assume a Von Neumann architecture.

The IR and PC register widths will depend on the architecture. In Von Neumman
models, they have the same widths as the other CPU registers that may hold addresses,
while in Harvard architecture models they are independent of the other registers, since
the buses do not have to be of the same size.

3.5.5 Memory and CPU Data Exchange: An Example

To illustrate the process by which the CPU and memory interact, let us utilize a sim-
plified example of a static RAM memory interface. Figure3.11 shows a conceptual
connection scheme between the CPU and this RAM.

The RAM terminals can be divided in three groups: (a) the data Input/Output
terminals QO, QI, ...; (b) The (internal) address terminals A0, A1, ...used to select
a specific word cell inside the block; and (c) the select (CS) and control terminals
(ReadEnable and WriteEnable) used to operate with the memory. The CS terminal
is used to activate the block, i.e. make it accessible, while the other two determine
the type of operation to be performed.

The Data Bus lines are connected to the data Input/Output terminals. Internal to
the block, these terminals are connected via three state buffers. These buffers allow to
set the direction of data flow (read or write) and also set high impedance to disconnect
from the Data Bus when the RAM is not activated. The read and write transactions
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Fig. 3.12 256B memory bank example

are controlled by the CPU with signals that go through the control bus. The figure is
by no means exhaustive and other control lines may intervene.

The n address bus lines leaving the CPU are separated in two groups: a set of lines
that are directly connected to the memory block internal address lines, and another
set to an decoder used to activate the memory block. In the example figure, lines
Al to A7 connect directly to the decoder selectors in the RAM while the rest of the
address bus lines go to a decoder that will activate the RAM block. The address of a
memory location is then the word formed with the address bus bits that activate the
RAM and those selecting the word line for the internal location.

Example 3.6 Figure3.12 illustrates an example of the connection illustrated by
Fig.3.8. It shows two 128B memory modules connected to a 16-bit data bus and
driven by a 16-bit address bus and a control signal W/B’. Since each block has only
eight I/O terminals, two of them are required to cover the data bus lines. The control
signal W/B’ indicates if the CPU is reading or writing a word (W/B’ = 1) or a
byte (W/B’ = 0). Determine the range of addresses for this memory bank, and what
addresses are for each block.

Solution: The blocks are activated when a low signal appears at the CS terminal,
which are connected to OR outputs of the encoder subsystem. If the output of the
eight input OR is high, the system is disconnected from the data bus. Hence, we need
AlS =Al4 =A13=A12=A11 =Al0=0, A9 = 1, and A8 = 0 to ensure that
the blocks can be activated. The address lines A7 to Al activate the internal address
lines of the activated RAM block.

Now, if signal W/B’ = I then both blocks are enabled, irrespectively of AO’s value.
If W/B’ = 0 then AO = 0 activates the low bank RAM and AO = 1 the high bank
RAM. Therefore, the range of addresses covered by the memory bank is as follows:
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(a)
Address(Hex)
OFFFFh
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(0] =e]0]0];]
ODFFFh
(b)
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00300h 00100h Parallel Port A
002FFh 000FFh
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00200h y 00080h Serial Controller
001FFh 0007ER ;
/O Peripherals 00020h Display Controller
0001Fh
oooton Analog-to-digital Converter
0000Fh - : 00010h
Function Registers
00000h —

Fig. 3.13 Example memory map for a microcomputer with a 16-bit address bus. a Global memory
gap, b Partial memory map

Range: From 0000 0010 0000 0000B to 0000 0010 1111 1111B, i.e., 0200h to
02FFh.

Low bank: Activated when AO = 0, meaning even addresses in the range, that is:
0200h, 0202h, 0204h ..., 02FEh.

High bank: Activated when AO = 1, meaning odd addresses in range: 0201h,
0203, ..., 02FFh.

3.5.6 Memory Map

A memory map is a model representation of the usage given to the addressable space
of a microprocessor based system. It is an important tool for program planning and
for selecting the convenient microcontroller for our application. As implied by its
name, the memory map of a microcomputer provides the location in memory of
important system addresses. Figure 3.13a illustrates a pictorial representation of the
memory map of an example computer system with a 16-bit address bus, with an
addressable memory space of 64K words for a Von Neumann model. In the map,
memory is organized as a single flat array.
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In this particular case, I/O device addresses and function registers are also mapped
as part of the same memory array (see Sect.3.6). This example is just one of the
possible ways of arranging the address space of a microcomputer. In this particular
example, the first 16 memory words (addresses Oh through OFh) are allocated for
function registers. The next 496 locations are assigned to input-output peripheral
devices, and only 256 words are reserved for data memory (addresses from 0200h
through 02FFh). Program memory is located at the end of the addressable space
with 8 K words in addresses from OEOOOh through OFFFFh. Addresses from 00300h
through ODFFFh correspond to unused memory space, that could be used for system
expansion.

Memory maps can be global or partial. A global memory map depicts the entire
addressable space, as illustrated in Fig.3.13a. A partial map provides detail of only
a portion of the addressable space, allowing for more insight in that portion of the
global map. Figure 3.13b illustrates a partial map of a possible distribution of the [/O
peripheral addresses.

3.5.7 MSP430 Memory Organization

The MSP430 has a Von-Neumann architecture with a little endian data address orga-
nization. Since it also works with an I/O mapped architecture, a concept discussed
later in Sect. 3.6, the memory address space is shared with special function registers
(SFRs), peripherals and ports. The address bus width depends on the microcontroller
model. All models are based on the original 16-bit address bus with an address space
of 64 K bytes, called simply the MSP430 architecture. The extended MSP430X archi-
tecture has a 20-bit address bus with an address space of 1 M byte. However, the first
64K addresses in this case have the same map to provide complete compatibility.
Figure 3.14 shows the basic global memory map for both models. Models with a rel-
atively large RAM capacity, like those of the family 5xx may be somewhat different.
See the device-specific data sheets for specific global and partial memory maps.

The amount of RAM and Flash or ROM depends on the model. RAM memory,
which may start with only 128 bytes of capacity, usually starts at address 0200h, and
ends depending on the model. Similarly, in the 16-bit model, the Flash/ROM memory
ends at address OFFFFh but the start depends on the capacity. Later models may differ
because of capacity needs, but are nevertheless compatible. That is, although RAM
may not start at 0200h, this address is still contained in the RAM section so programs
written for other models may run.

The interrupt vector table, which is explained later, is mapped into the upper 16
words of Flash/ROM address space, with the highest priority interrupt vector at the
highest Flash/ROM word address (OFFFEh). Some models have the possibility of
other interrupts besides the basic sixteen original ones, and provide larger tables.
See specific data sheets for more information. In addition, some models contain
specialized modules such as Direct Memory Access (DMA), flash controllers, or
RAM controllers, to optimize power and access time.
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Fig. 3.14 MSP430 global memory maps (Courtesy of Texas Instruments, Inc). a 16-bit address bus
memory map, b 20-bit address bus memory map

Data and Program Memory Basically, we should expect to have the program in
the flash/ROM section and data in the RAM section. This is the way in which assem-
blers organize memory unless otherwise instructed. The MSP430 has however an
important feature. Since only one 16-bit memory data bus is used for any memory
access, programs can be run from the RAM section and data accessed from the
Flash/ROM section. This unique feature gives the MSP430 an advantage over some
microcontrollers, because the data tables do not have to be copied to RAM for usage.
Instruction fetches from program memory are always 16-bit accesses, whereas data
memory can be accessed using word (16-bit) or byte (8-bit) instructions.

Important Remark: Attempts to access non existent addresses (vacant space) result
in errors that reset the system.

3.6 1/0 Subsystem Organization

The I/0 subsystem is composed by all the devices (peripherals) connected to the sys-
tem buses, other than memory and CPU. The I/O designation is collectively given to
devices that serve as either input, output, or both in a microprocessor-based system,
and also includes special registers or devices used to manage the system operation
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without external signals. Like in the read/write convention, the CPU is used as the
reference to designate a device as either input or output. An input transaction moves
information into the CPU from a peripheral device making it an input peripheral. Out-
put transactions send information out from the CPU to external devices, making these
output devices. Examples of input devices include switches and keyboards, bar-code
readers, position encoders, and analog-to-digital converters. Output devices include
LEDs, displays, buzzers, motor interfaces, and digital-to-analog converters. Some
devices can perform both input and output transactions. Representative examples
include communication interfaces such as serial interfaces, bi-directional parallel
port adapters, and mass storage devices such as flash memory cards and hard disk
interfaces.

Without giving an exhaustive list, common peripherals to be found in most embed-
ded microcomputer systems include those listed below. Detailed discussion of these
and other peripherals is found in Chaps. 6 and 7.

Timers These peripherals can be programmed for any use prescribing time intervals.
For example, to measure time intervals between two events, generate events at
specified time intervals, or generate signals at a specified frequency, as it is the
case of pulse width modulators, and many others.

Watchdog Timer (WDT) This is a special type of timer, used as a safety device. It
resets if it does not receive a signal generated by the program every X time units,
a feature useful in several applications. It may also be configured to generate
interrupt signals by itself at regular intervals of time.

Communication interfaces Used to exchange information with another IC or sys-
tem. They use different protocols such as serial peripheral interface (SPI), univer-
sal serial bus (USB), and many others.

Analog-to-Digital Converter (ADC) Very common since many input variables
from the real world vary continuously, that is, they are analog.

Digital-to-Analog Converter (DAC) It performs an opposite function to the ADC,
delivering analog output signals.

Development peripherals These are used during development to download the pro-
gram into the MCU and for debugging. They include the monitor, background
debugger, and an embedded emulator.

The I/0 subsystem organization resembles the organization of memory. Each
I/O device requires an I/O interface to communicate with the CPU, as illustrated in
Fig.3.15. The interface serves as a bridge between the I/O device and the system
buses. Each I/O interface contains one or several registers that allow for exchanging
data, control, and status information between the CPU and the device. As a con-
sequence, as far as it concerns the CPU, the I/O device “looks” very much alike
hardware memory, with I/O interface registers connected to data bus and selected
with the address bus. In the case illustrated in Fig. 3.15, the interface contains eight
registers, accessible at addresses 0100h through 0107h.

An I/O interface, like in the case of memory system, may also contain address
decoders to decode the addresses assigned to each particular device, buffers, latches,
and drivers, depending on the application.
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Fig. 3.15 Structure of an input/output (I/O) interface

Microprocessors like the Intel 80x86 family and Zilog Z80 have separate address
spaces for memory and I/O devices, requiring specific input and output instructions to
access peripherals in such a space. This strategy, called Standard /0 or I/O-mapped
I/0, requires special instructions and control signals to indicate when an address is
intended to the memory or to the I/O system.

An alternative is to include the I/O devices inside the memory space; this scheme
is named memory-mapped I/0. This is normal since I/O registers are seen just as other
memory locations by the CPU. This has become the dominant scheme in embedded
systems, making I/O and memory locations equally accessible from a programmer’s
point of view. The memory map illustrated in Fig. 3.13 shows an example of memory
assignments to the I/O peripherals (00000h to 001FFh) with more details in the partial
map (b).

Other Registers and Peripherals

Besides the I/O peripherals, the system may include other registers and devices which
are not intended to connect to the external world or to be used as memory. This set
includes special function registers, timers, and other devices whose function are
related to the functionality of the system, power management, and so on. The CPU
communicates with these registers and devices just as it does with the rest of the
system, using the system buses. Figure 3.13 illustrates inclusion of special function
registers in the memory map.

3.6.1 Anatomy of an I/0 Interface

The most general view of an I/O interface includes lines to connect to the address,
data, and control buses of the system, I/O device connection lines, and a set of internal
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Fig. 3.16 Anatomy of an input/output (I/O) interface

registers. Figure 3.16 illustrates such an organization. A few least significant address
lines are used to select the internal interface registers. The upper address lines are
usually connected to an off-interface address decoder to generate select signals for
multiple devices. Data lines in the designated data bus width (8- or 16-bit in most
cases) are used to carry data to and from the internal registers. At least two control
lines are used to indicate read (input) or write (output) operations and synchronize
transfers. The device side includes dedicated lines to connect with the actual I/O
device. The number and functions of such lines change with the device itself.

Internal registers in the I/O interface may be read-only, write-only, or write-and-
read type from the CPU viewpoint, depending on the register type, the interface
model, and the MCU model. Please refer to the appropriate user guide or data sheet.
Three types of internal registers can be found in any interface:

Control Registers: Allow for configuring the operation of the device and the inter-
face itself. One or several control registers can be provided depending on the
complexity of the interface. Sometimes this type of register is called Mode or
Configuration Register.

Status Register: Allow for inquiring about the device and interface status. Flags
inside these registers indicate specific conditions such as device ready, error, or
other condition.

Data Registers: Allow for exchanging data with the device itself. Unidirectional
devices might have only one data register (Data-in for input devices or Data-out
for output devices). Bi-directional I/O interfaces include both types.

Further and more detailed discussion on IO interfaces is found in Chaps. 6 and 7.
Let us for the moment use the following examples to illustrate the above concepts.

Example 3.7 Consider a hypothetical printer interface as an example of an output
device. This interface contains three 8-bit internal registers: control, status, and
Data-out registers. The control register allows the CPU to control how the printer
operates while the status register contains information about the status of the printer.
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Table 3.3 Internal addresses

N . . Al A0 Register
for sample printer interface
0 0 Control
0 1 Status
1 0 Data-out
1 1 Not used

The data-out register is an 8-bit write-only location, accepting the characters to be
printed.

Since there are three registers, at least two address lines, Al and A0, are needed to
internally select each of them. Assume the internal addresses are assigned as shown
in Table 3.3.

The address bus interface in this case will connect the two least significant address
lines: Al and AO to the respective address signals in the printer interface. An external
address decoder uses lines Al5 to A2 to set the interface base address at 0100h.
Thus, the addresses of the control, status, and Data-out registers will then be 0100h,
0101h, and 0102h, respectively. Address 0103h will be unused since that address is
not assigned to any register and cannot be redirected because the select signal is
controlled by address lines A2, A3, ... Al5. Figure3.17 shows a diagram of how the
interface would connect to the CPU buses and to the printer.

Let’s assume the status and control register bits have the meaning shown in
Fig.3.18.

Using address 0100h, the CPU may then write on the control register a word that
tells the printer how the character will be printed (normal, bold, etc.) or if the paper
should be ejected, and so on. If a character is to be printed, the CPU then writes on
the Data-out register, with address 0102h, the code of the desired character. Reading
the status register, on memory address 0101h, the CPU can check if the printer is
ready to receive a character, or if it has problems and what type of problem, and so on.

Thus, by issuing the corresponding transfer instructions, the operation of this
printer interface can be easily managed by the CPU and have a document printed
by sending one character at a time.

A15-A0
Printer Interface
% Contr m
0100n[ b, [ .. [b, by |
o7 [/
A15-A2 Data Bus : Status I
DO
__ototh[b [ . b [b |
Read——Q RD 0 Printer Printer
Write WR ata-out Lines
Address 0 y
Decoder @——Q CS Omh
o CS at0100h - 0103h

Fig. 3.17 Connection of printer interface to CPU buses and printer itself
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Let us now consider the I/O port registers for the MSP430 microcontrollers as
an actual interface example of interest for us. In general, MCU I/O ports work as
blocks, half blocks, or single lines. For example, if a port has eight bits, all eight bits
could work as input or output terminals. Sometimes they can be configured part as
output and part as input. MSP430 I/O ports have all pins independently configurable.
Hence, even if all the set is associated with one register, the individual bits in the
register may be working each one independent of the others. The following example
gives an introduction to the digital I/O ports of the MSP30 architecture. A detailed
discussion of I/O ports is provided in Chap. 6.

Ports in the MSP430 are named as Px, where x may go from 1 to 10. The pins
in a port (Px) are identified as Px.n, where n goes from 0 to 7. Not all ten ports are
present in all MSP430 microcontrollers.

Example 3.8 The MSP430 I/0 port pins work independently. They can function
either as input or output pins. That flexibility makes necessary at least three registers
associated to the port: one for configuring the flow of information, one for input
data, and one for output data. In addition, to optimize resources, many MCU pins
are shared by two or more internal devices. This makes sense because it is very
rare to use all of them in one application. Hence, one more register is necessary to
select between the 1/O or the other modules. The registers are listed next and their
application as indicated in Fig. 3.19a.

Direction Register (PxDIR): Selects in or out direction function for pin, with 1 for
output direction and 0 for input direction.

Input Register (PxIN): This is a read-only register. The value changes automati-
cally when the input itself changes.

Output Register (PxOUT): ro write signal to output. This is a read-and-write reg-
ister.

Function Select Register (PxSEL): Used to select between 1/O port or peripheral
module function. With PxSEL.n = 0, pin Px.n operates as an 1/O pin port; with
PxSEL.n = 1, as a module pin.

Status Register Control Register
7 6 5 4 3 2 1 0 7 6 5 4 3 2 1 0
|- | - | LN ] Nk |ERR]uam | Ack RoY| (BD| 1T [BUT| - |EJC|LNT|RsT[sTB|
t tPrinter Ready At tStrobe
Acknowledgment Reset
Paper Jam Line Toggle
Internal Error Paper Eject
Low Ink Bold+ltalic
In-line Italic
Boldface

Fig. 3.18 Status and control registers in printer interface example
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Fig. 3.19 Basic 10 Pin hardware configuration: a Basic 1/O register’s functions; b pull-down
resistor for inputs; ¢ pull-up resistors

Let’s say for example, pins 7 to 3 of port 6 are to be used as output pins, and pin 2
for operating the module, then we should use appropriate CPU instructions to write
OxFS8 in the P6DIR register and 04h in the P6SEL register.

Since the input port goes through a three-state buffer, it is not advisable to leave
it floating when the pin operates in input mode. It is necessary to connect a pull-up
or a pull-down resistor, as shown in Figs.3.19b, c.

Additional configuration registers might be included as part of an I/O port. Exam-
ples include registers to configure interrupt capabilities in the port, or to use internal
pull-up/pull-down resistors, and other functions. Section8.1 in Chap. 6 provides a
detailed discussion of I/0 port capabilities in MSP430 microcontrollers.

3.6.2 Parallel Versus Serial 1/0 Interfaces

In microcomputer-on-a-chip systems, most peripherals are connected to the data bus
via a parallel interface, i.e., all bits composing a single word are communicated
simultaneously, requiring one wire per bit. But I/O ports interacting with devices
external to the system, may connect via parallel or serial interfaces. The ports are
then referred to as parallel 1/O ports and serial I/O ports. Serial interfaces require
only one wire to transfer the information, sending one bit at a time.

Serial interfaces were the first to be in use for inter-system communications,
especially the RS-232 used for devices requiring long distance connections. A reason
for preferring serial lines was the economy resulting of using only one wire (plus
ground). However, in early computer systems serial ports were slow, and for short
length, fast connections, parallel interfaces were preferred. Thus in early computer
systems, most printers, mass storage devices, and I/O sybsystems made broad use of
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parallel ports. Protocols like the ISA/EISA/PCI Buses, GPIB, SCSI, and Centronics’
are just a few examples of the myriad of parallel communications standards that
flourished in that era.

On the other side, parallel connections have their own problems as speeds get
higher and higher. In modern technology for example, wires can electromagneti-
cally interfere with each other; also, the timing of signals must be the same and
this becomes difficult with faster connections so now the pendulum is swinging
back toward highly-optimized serial channels even for short length interconnec-
tions. Improvements to the hardware and software process of dividing, labeling,
and reassembling packets have led to much faster serial connections. Nowadays we
encounter printers, scanners, hard disks, GPS receivers, display devices, and many
other peripherals that reside relatively close to the CPU using serial channels such
as USB, FireWire, and SATA. All forms of wireless communication are serial. Even
for board-level interconnections, standards like SPI, I2C, and at a higher note, PCle,
to mention just a few examples, are representative of the trend serializing most types
of inter- and intra-system communications.

3.6.3 1/0 and CPU Interaction

Two major operations are involved when operating with the I/O subsystem: one
is data transfer, i.e., sending or receiving data numbers, and the other is timing or
synchronizing. In the first category, input and output port registers are the major
players.

Input ports always transfers data toward the CPU. They may be of the buffered
input or the latched input type. In the first case, they do not hold input data and the
CPU can only read input present at that instant. Latched inputs do hold the data until
this is read by the CPU, after which they are usually cleared and ready for another
input.

Output port registers may be write-only or read-and-write registers, depending on
the hardware design. The output state is in most cases latched, allowing to hold the
output data at the pins until the next output operation is executed.

Timing or synchronizing is necessary when the nature of the peripheral or external
device is such that interaction with the MCU must wait until the device is ready. For
example, hard printing is a slower operation than electronic transfer. Hence, printers
usually receive the information in a buffer, from which the data is processed. A printer
cannot receive more data from the MCU once its buffer is full. Another example are
data converters, which must complete conversion before delivering the result to the
MCU.

Devices use a flag to indicate their readiness to receive or deliver data. A flagis a
flip flop output that is set or cleared by the device when it is ready to communicate

9 Centronics, although widely used in printers, never actually reached an official standard certifi-
cation.
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Fig. 3.20 Definitions of timing concepts. a Single signal timing convention, b Bus timing conven-
tion

with the MCU. Using this flag, two methods of synchronizing I/O devices are used:
polling and interrupt.

Polling tests or polls the flag repeatedly to determine when the device is ready.
The interrupt method continues with the normal program run and reacts to the flag
when the device is ready. When a system is programmed so that it will only react
to interrupts, it is said to be interrupt driven. Polling and interrupts are explained in
more detail in later sections.

3.6.4 Timing Diagrams

Data transfer or communication between the CPU and other hardware components
uses signals sent through the system buses. As explained earlier, data bus lines are
used to transfer data, the address bus to select which memory cell or other piece of
hardware the CPU works with, and signals from the control bus dictate what and
how the transfer takes place. A bus requires a protocol to work, that is, a set of rules
describing how to transfer data over them. This protocol includes information about
the times required for each step in the process, to allow settling of states, delays and
so on, as well as the order in which the signals are activated. The most common way
to define the protocols is with timing diagrams, whose basic definitions are shown
in Fig.3.20.

In a timing diagram time flows from left to right. For single bits, two states are
defined: high or low. Tri-state lines also include a third state called high impedance
or “High Z” for short. State changes occur within a finite time greater than zero,
as denoted by the oblique lines in Fig.3.20. For buses, where several bits are to be
considered, valid words are represented by parallel lines at high and low levels. High
impedance states for the bus are represented by a line that is neither high or low.

Figure3.21 shows a simplified example of time diagram protocols for write and
read transfers. In this particular example, only two bus control signals are assumed
to intervene: enable, an active low signal which activates the memory block and
marks the transfer time, and read/write which indicates the transfer direction.
When read/write is high, it enables reading, that is, transfer from memory to the
Data Bus to be retrieved by the CPU; and when low, enables writing from Data Bus
into memory. Actual timing diagrams provided in manuals are more elaborated and
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Fig. 3.21 Example of simplified write and read timings. a Read timing diagram, b Write timing
diagram

may include several signals from the control bus. Chapter 6 deals with more detail
on this topic.

3.6.5 MSP430 I/O Subsystem and Peripherals

The I/O and peripheral subsystem of the MSP430 family of microcontrollers is mem-
ory mapped, occupying addresses 0x0000 to OxO1FF. The operation of the different
MSP430 members is controlled mainly by the information stored in special function
registers (SFRs) located in the lower region of the address space, 0x0000 to OxO00F.
The SFRs enable interrupts, provide information about the status of interrupt flags,
and define operating modes of the peripherals. The ability of disabling peripherals not
needed during an operation is a low power feature since the total current consumption
can be reduced.

There is a wide selection of MSP430 microcontrollers models, even within one
generation, with diverse offerings in peripherals. A partial list of peripherals avail-
able in different models include internal and external oscillator options, 16-bit timers,
hardware for pulse width modulation (PWM), watchdog timer, USART, SPI, 12C,
10/12-bit ADCs, and brownout reset circuitry. Some family members include less
common features such as analog comparators, operational amplifiers, programmable
on-chip op-amps for signal conditioning, 12-bit DACs, LCD drivers, hardware mul-
tipliers, 16-bit sigma-delta ADCs, and multiple DMA channels. The user must see
the specific device data sheet for available peripherals and SFRs. Peripherals are
described later in this book.

Peripheral Map
Peripheral modules are mapped into the address space. SFRs occupy the space from

Oh to OFh, followed by the 8-bit peripheral modules from 010h to OFFh. These
modules should be accessed with byte instructions. Read access of byte modules
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using word instructions results in unpredictable data in the high byte. If word data
is written to a byte module only the low byte is written into the peripheral register,
ignoring the high byte.

The address space from 0100 to 01FFh is reserved for 16-bit peripheral modules.

1/0 Ports and Pinout

MSP430 microcontroller models, as most microcontrollers, usually have more
peripherals than necessary for a given application. Therefore, to minimize resources,
several modules may share pins. Figure 3.22 shows package pinout descriptions for
two models.

Inset (a) shows the MSP430G2331 pinout. We see here that, with the exception
of pin 5, which has only one port connection to bit 3 of port 1, P1.3, all other
port connections have more than one functions. It becomes therefore necessary to
configure the hardware so as to include the selection of the desired function. This is
yet another control register to be included in the port interface.

In the MSP430 families *1xx to ’4xx, I/O ports are 8-bit wide, and are numbered
PO to P8; not all ports are available in a chip. Later families *5xx and *6xx have 8-bit
ports P1 to P11, and may combine pairs to create 16-bit I/O ports named PA to PE.
For example, P1 and P2 together can formed one 16-bit port PA. The reader should
consult the specific device data sheet for further information.

3.7 CPU Instruction Set

The architecture and operation of a CPU are intimately related to how its instructions
are organized in the Instruction Set and how instructions access data operands, the
Addressing Modes. Instructions for the CPU are stored in memory just as any other
word. What makes it an instruction is the fact that it is going to be decoded by the
CPU during the instruction cycle, to find out what to do.

This section focuses on the software component of the CPU, that is, the instructions
and the addressing modes. As such, the focus is now turned to the programmer’s
model of the CPU while describing this software side of the architecture. Before
going into these details, let us first introduce useful notation to describe instructions,
operations, and their programmer’s model.

(a) F (b) TesT ]| 10 20 |0 p1.7mA2iTDOMDI
ovCe O 140 0VSS Veg O | 2 19 [T P1.&TALTOUTCLE
P1OTACLIWACLK O 13 [ XINIF2 GTAD.1 P25, |3 18 [T P1LSTAWTMS
P1.UTAD.0O 12 XOUTIP2.T Vag g:: 4 17 10 P1LASMCLKTCK
XOUT 5 16 FO P1.ATAZ
0 1 0 T K
b NI & XN CT | 6 15 0 P12TAl
P1.30 . ASTAMI ] | 7 14 [0 P1LUTAD
P1LAISMCLIUT CK 0 o [P1 S DUSDATDOTDI P2.O/ACLK T | & 12 ) P1OTACLK
P1.STAD.O/SCLK/TMS & [P 1.6TAD. USDO/'SCUTDITCLK P2ANNCLK ] | 0 12 [0 PRA/CAYTAZ
P22ICAOUTITAD £ | 10 1 [FO P2YCANTA

Fig. 3.22 Package pinout of two MSP430 microcontroller models: a MSPG2231 Pin description,
b MSP430x1xx Pin description (Courtesy of Texas Instruments, Inc.)
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3.7.1 Register Transfer Notation

For the programmer, the detailed description of hardware is not the main interest.
The concepts more important to know are what registers the CPU provide for data
transactions, what are the memory and I/O maps of the device, the instruction set, and
so on. Hardware details become important when fine tuning the program, optimizing,
debugging, and so on.

It is important for the programmer to have a notation available for operations in
MCU environments, independent of the specific MCU architecture but taking into
consideration the features of the systems. One such notation is the register transfer
notation (RTN).

After executing an instruction, the contents of a register or cells in memory may
be written upon with a new datum. In this case, the register or cell being modified
is called destination. The source causing the change at destination may be a datum
being transferred (copied) or the result of an operation. This process is denoted in
abstract form as

destination < source or source — destination 3.1)

In this book we adhere to the left hand notation. The notation in programmer’s
model for the different operands that may be used in RTN are as follows:

1. Constants: These are expressed by their value or by a predefined constant name,
for example 24, 0xF230, MyConstant. Constants cannot be used in destination.

2. Registers: These are referred to by their name. If it is in abstract form without
reference to a particular CPU, it is customary to use Rn, where n is a number or
letters.

3. Memory and I/O: These are referred to by the address in parenthesis, as in
(0x345E), which means “The data in memory at address 0x345E.” Notice that it
is data address, not physical address. If the address information is contained in
register Rn we write (Rn), meaning by that “The data in memory at address given
by Rn”. We also say that the register points to the data.

Operations are allowed in address expressions, as in (Rn + 24h). Addressing
modes can also be applied to RTN expressions, if there is no conflict in using them.
Alternate notation for memory addresses is using the letter M before the parenthesis,
as in M(0x345E), M(Rn + Offset).

When the size of an operand is not clear from notation, it must be explicitly stated
at least once, to avoid ambiguity. (0240h), the datum at address 0240h, may be a
byte, a 16-bit word, or a double word. If the size is not clear by the context, we write
for example byte(0240h) or word(0240h).

Observe that Rn and (Rn) are distinct operands. The first one refers to the contents
of register Rn, and also defines the data size. The second refers to the data in memory
or I/O register whose address is the contents of Rn and does not specify the data size.
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If the destination operand appears in the source too, the datum to be used in the
source is that before the operation, while in the destination goes the result of the
operation.

Example 3.9 The following transactions illustrate RTN for memory operands. For
these examples, let us assume word-size data at addresses before each transaction
as [0246h] = 32AFh and [028C] = 1B82h. Moreover, let us assume little endian
storage.

RTN Meaning Result

(0246h) < 028Ch Store 028Ch at data address 0246h [0246h] = 028Ch

Word(0246h) < (028Ch) Copy at memory location 0246h the [0246h] = IB82h
word at memory address 028Ch

Byte(0246h) < (028Ch) Copy at memory location 0246h the [0246h] = 3282h
byte at memory address 028Ch

(0246h) < (0246h) + 3847h Add 3847h to the current contents of  [0246h] = 6AF6h

memory location 0246h

Byte(028Dh) < (028Dh) — (0247h) Subtract the byte memory location [028Ch] = E982h
0247h from the byte at memory
address 028Dh

Observe that in the second, third, and fifth transactions the data size had to be
explicitly given, at least once, because otherwise the transaction become ambiguous.

The next example combines registers and memory locations.

Example 3.10 Assume two 16-bit registers, R6 and R7, with contents R6 = 4AB2h
and R7 = 354Fh, respectively. Moreover, assume words at addresses [4AB2h] =
02ACh, [4C26h] = 94DFh and [4AB8h] = 3F2Ch. Assume little endian convention
when necessary. The following examples illustrate more RTN expressions:

RTN Meaning Result

R6 « 3FAOh Load R6 with 3FAOh R6 = 3FAOh
R7 <~ R6 Copy in R7 the current contents of R6 R7 = 4AB2h
R7 < (R6) Copy in R7 the word whose memory R7 = 02ACh

address is stored in R6.
Also: Copy in R7 the word in
memory pointed at by R6.
byte(4C26h)<«— byte(4C26h) — Subtract from the byte at address [4C26h] = 9433h

(R6) 4C26h the byte whose address is
given by R6

(R6) < (R6) + R7 Add the contents of R7 to the word [4AB2h] = 37FBh
pointed at by R6.

R7 < (R6 + 6h) Copy in R7 the memory word whose R7 = 3F2Ch
address is given by R6 + 6h

byte(R6) < (R6) — 0x92 subtract 0x92 from the current [4AB2h] = 021Ah

memory byte at address given by
contents of R6.




122 3 Microcomputer Organization

Sometimes we may simplify notation by simply stating in words the objective.
For example, when comparing register contents arithmetically or testing register bits,
the destination is the status register flags, but we may simply state the comparison
or testing being done, and leave the SR implicit.

3.7.2 Machine Language and Assembly Instructions

As explained in Sect. 3.3.1, an instruction cycle starts by fetching a word from mem-
ory using the address stored at the Program Counter. This word is the instruction
word. The complete instruction may consist of more than one word, but only the
leading one is the instruction word. Depending on the number of words comprising
an instruction, as well as its type, the CU will require one or more instruction cycles
to complete the operation.

Since instructions are found in memory and loaded in registers, it is obvious that
they consist of 0’s and 1’s. We say that they are encoded in machine language.

Machine Language Instructions

The bits of an instruction word are grouped by fields. Usually, the most significant
one is the operating code (OpCode) which defines the operation to be performed.
Other fields contain information about the operands and the addressing mode. The
addressing mode is the way in which an operand defines the datum. For example, in
an RTN expression we may have Rn or (Rn). In both cases the operand is Rn, but
the datum is found in different places.

Following the OpCode, there might be information for zero, one or two operands,
depending on the instruction. Some MCU models include up to three operands. This
case is not considered in this book. The operands, together with addressing mode
and other fields, provide information about data needed to execute the operation.
Figure 3.23 shows four CPU instructions in the MSP430 machine language together
with the operations done shown in RTN.

Notice that the suffix “h” is not shown for the words in hex notation. This is not
an accident. By default, it is customary to consider the base for machine language
and addresses as hexadecimal.

Assembly Language Instructions

To avoid using binary or hexadecimal representation for instruction words, scientists
and engineers devised high level and assembly languages. Java, C, and Basic belong
to the first group. Instructions in assembly language, the first to appear, on the other
side, are the same as machine language. That is, each assembly instruction is associ-
ated with one, and only one, machine language instruction. But assembly language
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Fig. 3.23 Four machine language instructions for the MSP430
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Fig. 3.24 Basic assembly process

targets a more human-like notation. The left table below shows the MSP430 assem-
bly translations for the machine language instructions of Fig.3.23. The table on the
right shows examples of machine and assembly encoding for Freescale HC11.

Machine Assembly

language language

480D mov R8,R13

5079 006B add.b #0x6B,R9
23F1 jnz 0x3E2

1300 reti

Basic assembly process. The basic principles of the assembly process are illustrated
in Fig.3.24.
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Machine Assembly
language language
C834 EORB #$34
C0 07 LDD #7

7E 10 00 JMP $1000
5C INCB

Programmers write the program using a text processor to generate a source file.
This source contains the assembly instructions as well as directives, instructions,
comments, and macro directives. Directives are used to control the assembly process
and are not executed by the CPU. Macro directives allow to group a set of assembly
instructions into only one line; they serve to simplify the source from the human
point of view.

The source file is then fed to an assembler which expands the macros and translates
assembly instructions into machine language generating an object file and other files
useful for debugging. Interpreters are a special type of assemblers that interpret
assembly instructions in a program one line at a time.'°

The object file is sent to the linker, which combines if necessary the file with
previously assembled object files and libraries to generate the final executable file.
This is the one to be actually downloaded onto the microcontroller memory.

Directives allow to organize the memory allocation, to define constants, labels, and
introduce other features which facilitate the programmers work. Two pass assemblers
run more than once over the source text to properly identify labels and constants.

Assembly instructions syntax depends on the microcontroller family, but the
underlying principles are similar: a name for the OpCode, called Mnemonics, and
Operands, specified using special syntax for addressing modes. Similarly, each
assembler has its own directives, but again the underlying principles are very similar.

Chapter 4 is dedicated to assembly language programming for the MSP430 family.
We focus in one family to have a real world reference, but the principles are similar
for other MCU families, with the corresponding changes in syntax and adaptation to
the underlying hardware.

3.7.3 Types of Instructions

At the most basic level, the instruction set of any CPU is composed of three types of
instructions: data transfer, arithmetic-logic, and program control. The number and
format of specific machine code instructions in each of these groups can change
from one CPU architecture to another. However, in any case we expect a basic set of
operations that serve as the basis for developing assemblers and high-level language
compilers.

10" An interesting online interpreter for the MSP430 instructions is found at http:/mspgcc.
sourceforge.net/assemble.html.
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Data Transfer Instructions

Data transfer instructions, as implied by their name, move data information from one
source to a destination. In fact, they only copy the source in the destination without
modifying the source. The exception to this behavior is the instruction swap.

The execution of data transfer instructions involves the BIL and registers. Flags
in the status register SR are usually not affected by these instructions. Examples of
common data transfer operations/instructions include:

e move or load: Copies data from a source to a destination operand. In RTN,
dest < src.

e swap: Exchanges the contents of two operands. In RTN, dest < src.

e Stack operations push, and pop or pull: These are explained in Sect.3.7.4

e Port operations in and out: to read and write data from I/O ports in I/O mapped
architectures.

In early processors based on a load-store architecture, data transfer instructions
always involve a special data register called accumulator. Nowadays some families
continue with this tradition.

Port operations are required in I/O mapped architectures. /O memory mapped
devices use the same data transfer instructions for memory and I/O port operands.

The stack operations always involve the stack pointer. The importance of these
operations makes it worth a special section, Sect.3.7.4, and will be explained there.

Arithmetic-logic Instructions

Arithmetic-logic instructions are those devoted to perform arithmetic and/or logic
operations with data. They also include other operations with the contents of aregister
or memory word. Their execution uses the arithmetic logic unit, registers, and the
BIL. Instructions of this type usually affect the flags in the SR.

Most MCUs, especially RISC type, involve at most two operands in the instruc-
tions. Therefore, this type of instructions are of the format

destination < (DestinationOperand @ SourceOperand) (3.2)

where @ is an operation. Typical expected operations are addition, subtraction, and
logic bitwise operations such as AND, OR, and XOR. Multiplication and division
are not supported by all ALU’s.

The actual set supported by an MCU depends on the architecture design of the
CPU and ALU. Those operations not supported by it, usually have to be realized
with software when necessary.

Compare and Test Operations: These two types of instructions realize an operation,
usually subtraction or AND, without modifying any operand. The objective is to affect
flags in the status register, usually to make decisions.
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Rotate and Shift Operations: These type of instructions are not of the format shown
in (3.2). Instead, they displace the bits internal to the destination operand.

Load-store architectures restrict all arithmetic-logic instructions to use the accu-
mulator as one of the source operands and always as destination for storing the
result. This limitation is overcome in RISC architectures and orthogonal architec-
tural designs where virtually any GPR or memory location can be used as source or
destination.

Bitwise Operations When the operation in (3.2) is of the logic type, very often it is
bitwise. That is, the execution is realized bit-by-bit without one affecting the other,
in the form

dest_bit(0) < (dest_bit(0) @ src_bit(0),dest_bit(1) < (dest_bit(1) @ src_bit(1), ...

Bitwise logic instructions allow us to set, clear or modify specific bits in an operand
without affecting others, by exploiting the logic properties of the operation in the
way shown in Table 3.4 and illustrated in Fig.3.25. Also, we may test if a particular
bitis 1 or 0.

Program Control Instructions

Program control instructions allow us to modify the default flow of execution in a
program. By default, the address of the instruction to be fetched next follows right
after the one being currently executed. This address is automatically loaded into
the PC after the decode phase. When a program control instruction is executed, the
contents of the PC may be changed so the following instruction to be fetched is not
the default one. There are three types of program control instructions:

Unconditional Jump An unconditional jump always changes the program con-
trol flow to an address as indicated by the instruction. The action is PC <«
NewAddress.

Conditional Jump The PC contents will be changed only if some condition of the
status flags is met. That is : “If flag X =n, then PC < NewAddress”. Table 3.5
illustrates the basic conditional jumps using mnemonics for the notation.

Subroutine Calls and Returns These instructions allow the programmer to transfer
program flow to and from special sections of code called subroutines which are
outside the memory segment of the main code. The modus operandi of these
instructions is explained in Sect.3.7.4.

Jumps are also called Branches in literature. Table 3.5 does not show all conditional
jumps, only the basic ones depending on the common flags. Other conditional jumps
use combination or operations with flags. We can think of conditional jumps as the
instructions that will be associated to flowchart decision symbol, as illustrated in
Fig.3.26.

Common uses of the jnz instruction are in wait or delay loops and in iteration
loops where a process has to be repeated N times. This is illustrated in Fig.3.27.
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Table 3.4 Logic properties and applications

0.AND.X = 0; To clear specific bits in destination, the binary expression of the source
1.AND.X = X has 0 at the bit positions to clear and 1 elsewhere (Fig.3.25a)
0.0R.X = X; To set specific bits in destination, the binary expression of the source
1.0rR.X =1 has 1 at the bit positions to set and 0 elsewhere (Fig. 3.25b)
0.X0R.X = X; To toggle or invert specific bits in destination, the binary expression
1.XOR.X = X of the source has 1 at the bit positions to invert and O elsewhere
(Fig.3.25¢)
(a) (b) (c)
s [1][1]1]o[1]1]0]1] st [oJoJoJ1JoJoJ1o] s [oJoJoJ1]oJo]1]0]

MOy d b A R R xR

dest [ XIXTXIXTXTXTX]X]  dest [X[XTXTXXTXTX[X]  dest [X[X]XT1 [xxTo]x]

boavd v b e

dest [ X[X]xJo [x[xTo[x]  dest [X[X[XTt1]X[X[1]x] dest [X[Xx]xTo[x]x]1]x]

Fig. 3.25 Using logic properties to work with bits 1 and 5 only

Table 3.5 Conditional jumps

Mnemonics Meaning Mnemonics Meaning

jz Jump if zero (Z = 1) jn Jump if negative (N = 1)
jnz Jump if not zero (Z = 0) jp Jump if positive (N = 0)

jc Jump if carry (C = 1) jv Jump if overflow (V = 1)
jnc Jump if no carry (C = 0) jnv Jump if not overflow (V = 0)

Notice in the pseudo code presented the use of the label. A label is attached to an
instruction and it can be used in a jump instruction to indicate the address of which
instruction should result in the PC if the branch is executed. We will go over labels
later again.

3.7.4 The Stack and the Stack Pointer

The stack, a specialized volatile memory segment used for temporarily storing data,
is managed with the Stack Pointer (SP), both by programming or by the CPU itself.

(PC changed) (PC unchanged)

Fig. 3.26 Decision symbol associated to conditional jumps
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To store data in this segment using a stack transaction is fo push. Retrieving a datum
from the stack is to pop, or to pull. Any stack transaction makes implicit use of the
SP, which points to the address where the push or pop is to be realized.

The term ““stack” was coined in analogy with tray stacks,which operate in a natural
Last-In-First-Out (LIFO) fashion: the item on the top is the last one put there, and
the first to be pulled out from the stack. For this reason, the contents of the stack
pointer is usually called Top-of-stack (TOS). After each operation, the SP is updated
with the new TOS.

In most MCU architectures, the stack is user or compiler defined, and the stack
usually grows downward, not upwards.!! This means that the SP contents diminishes
each time a new item is pushed onto the stack and increases when an item is pulled.
The SP usually starts pushing at the top address of RAM, opposite to usual memory
operations which start storing at the bottom. Considering this, it makes sense for the
stack to grow downward.

On the other hand, the analogy with the term “top of stack” address should be
handled with care, since the memory address will depend on whether we are pushing
or popping a datum. Let us illustrate the stack process with an analogy to a rack for
DVDs, using Fig.3.28. Each shelf has a number attached to it: 10, 9, ..., 0. Let these
be the shelves’ addresses.

In (a), five DVD’s have been stored, starting at shelf 10. The last one in is occupying
shelf 6. If another DVD is pushed, the TOS address to consider is shelf 5, where this
DVD will go. If another item is pushed afterwards, it will go to TOS = 4. Now, if
we pull or pop the last item in, TOS = 6 as illustrated in (b). After this pop, the new
“last-in” item is in address 7, which becomes the TOS for popping.

Hereafter, we will simply use the term “top of stack” (TOS) for any case, unless it
becomes necessary to differentiate. Since SP is precisely related to the TOS address,
we refer to its contents as the TOS. The user, or the compiler, may define the stack
segment by initializing the SP register.

Initialize counter

(b)
......... - [ | e —

Decrement counter

counter-— delay
counter «— delay

Decrement counter

i label: [PROCESS]

(in2)

jnz  label

i
i
i

label:  counter <«— counter - 1 : No
i
; iz label
i

i
1

i
1

i
1
i i
; counter<— counter-1 i
! i
1

i
1

i
1

i
1

i

Fig. 3.27 Flow diagram and instruction skeleton associated to (a) delay loops and (b) iteration
loops

1T Just like the stacks of most graphic calculators and computer monitors, where new items appear
at the bottom and not at the top.
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(a) (b) (c)

10 [—= 10 [—= 10 [—=
9 [—— 9 [—— 9 [——
8 [— 8 [—— 8 [—
7 [— 7 [— 7 [—=
6 [—— 6 [—=]~<— 6

5 S 5 5

4 4 4

3 3 3

2 2 2

1 1 1

0 0 0

Fig. 3.28 Illustrating the stack operation. a TOS = 5 for pushing, b TOS = 6 for pulling, ¢ After
pulling, new TOS =7

Depending on the MCU, the SP will contain the TOS for pushing or the TOS
for pulling. The case will determine how the push and pop operations are physically
performed, and also how the programmer may read or change contents of previously
pushed items without going into a stack transaction.

CASE A: Pushing when SP points at TOS: CASE B: Popping with SP pointing at TOS.
The operations are performed as follows: The operations are performed as follows:
1. Pushing a source: 1. When pushing a source:
(SP) < src SP < SP—=N
SP <~ SP—N (SP) < src
That is, it first stores the source and then That is, it first updates SP and then stores the
updates SP. data.
2. Pulling into a destination: 2. When pulling into destination:
SP <~ SP+ N dst < (SP)
dst < (SP) SP <« SP+N
That is, it first updates SP, and then retrieves That is, it first retrieves the data and then
the data. updates the source.

The value of Nis 1, 2 or 4, depending on the MCU model. For 4 and 8-bit MCU’s,
N = 1. For 16-bit MCU’s, N = 2. For 32-bit MCU’s, N may be fixed to 4, or else N
=2 or 4, depending on the length of the manipulated data. Let us illustrate the stack
operation with two examples. The user should consult the MCU’s documentation to
know which case applies to the system being used. The MSP430, in particular, uses
the TOS for pop.

Example 3.11 This example illustrates the stack process in the 16-bit MSP430 fam-
ily using Fig. 3.29. In this family, register SP points to the last item pushed onto the
stack (next to be pulled). SP updating is done by adding/subtracting 2 to its contents.
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For simplicity, memory contents are expressed without the “h” suffix and refer to
word data, occupying two physical byte space locations. Word addresses are even.

Figure3.29a illustrates the push operation, with initial contents for registers SP
and R9 being 02TEh and 165A, respectively (Fig. 3.29a.1). Notice that SP is pointing
to the address 027Eh, which is the TOS. The push operation is executed in two steps:

Step 1: Update TOS: SP < (SP — 2), i.e., SP becomes 027Eh-2 = 027Ch

Step2: Copy the contents of R9 at the TOS, (SP) <— R9.

The result is shown in Fig. 3.29a.2.

Now consider the pop operation illustrated by (b), with similar initial conditions,
as shown in Fig. 3.29b.1. The pop operation is executed in two steps:

Step 1: Copy the contents of the TOS onto R9, R9 < (SP)

Step2: Update TOS: SP < (SP + 2), i.e., SP = 027Eh+2 = 0280h

The result is shown in Fig. 3.29b.2.

Example 3.12 Now let us illustrate the push and pop operations for the 8 bit HC11
microcontroller, where SP points to the address for the new item. Now N = I for SP
updating; the register being used in the example is named Accumulator A (ACCA).
Fig. 3.30 illustrate the operations.

Figure 3.30a illustrates the push operation. Assume that before the operation
the contents for registers SP and Accumulator A are 027Eh and 5Ah, respectively
(Fig.3.30a.1). Notice that SP is pointing to the address 027Eh, which is the TOS.
The push operation is executed in two steps:

Step 1: Copy the contents of Accumulator A at the TOS, (SP) <— ACCA.

Step2: Update TOS: SP < (SP — 1), i.e., SP becomes = 027Eh — 1 = 027Dh

The result is shown in Fig. 3.30a.2.

The pop operation illustrated by (b), with similar initial conditions, as shown in
Fig.3.30b.1. The pop operation is executed in two steps:

Step2: Update TOS: SP <— (SP + 1), i.e., SP = 027Eh + 1 = 027Fh

Step 1: Copy the contents of the TOS onto Accumulator A, ACCA < (SP)

The result is shown in Fig. 3.30b.2.

Observe in both examples that when a push is done, the original contents at the
memory location is lost but this does not happen when a pop occurs. However, the

(a) (b)
0280h | 2F45 0280h | 2Fas 0280h | 2F45 0280h | 2F45 | = SP
027En | 06AA |- SP  027Eh | 06AA 027En | 06AA |wff= SP  027Eh | 06AA
ozrch | 219 027ch | 1654 = SP ozrch | 3279 ozrch | 3219
027Ah | 800D 0278h | 900D 027Ah | 900D 027h | $00D
0278h | 3a87 0278h | 3487 0278h | aa87 0278h | 3487
SP=027Eh SP=027Ch SP = 027Eh SP=0280h
RS = 165Ah RS = 165Ah R = 165Ah RS = 06AAh
(@a.1) Before push (a.2) After push (b.1) Before pop (b.2) After pop

Fig. 3.29 The stack, SP register. a Push operation, b Pop operation
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(a) (b)
027Fh F 027Fh * 027Fh F 027Fh F |lemgp
027Eh 06 -|msgp 027ER 5A D27Eh 06 -|sgp 027Eh 06
027Dh 32 0270h 32 -sp 0270h 32 0270h 32
027TBCh 90 027BCh %0 027BCh %0 027BCh %0
0278h 3 027Bh 34 027Eh kT 027Bh 3
SP=027Eh SP=027Dh SP=027Eh SP = 027Fh
ACCA = 5Ah ACCA = 5Ah ACCA = 5Ah ACCA = 2Fh
{a.1) Before push (.2 ) After push (b.1) Before pop (b.2 ) After pop

Fig. 3.30 Another example: SP register. a Push operation, b Pop operation

PN
Return (3 )
A
:
H
@ :
=/ PC =Next: i
@ Call Subt T :
\ ~* E
(2) PC¥™ sui:
Main Program Subroutine

Fig. 3.31 Invoking a subroutine

same data cannot be retrieved twice with a stack operation, because of the dependence
on the pointer SP, which no longer refers to that location. Usually, other operations
are available for this end.

Hereafter, irrespectively of how SP operates, push and pop operations will be
denoted in RTN as “(TOS)<— source” and “dest <— (TOS)”, respectively.

Stack and Subroutines Even if the user does not utilize push and pop operations
explicitly, these may occur transparent to the programmer when dealing with sub-
routines and interrupts, which involves a special kind of subroutine called Interrupt
Service Routine (ISR). Subroutines are program modules logically separated and
independent of the main program, which are invoked to do a specific task and then
continue the main program with the instruction following the call or interrupt. The
process is illustrated in Fig.3.31 where a subroutine Subl is called from Main
Program.

When a program invokes (calls) a subroutine, the current contents of the PC is
pushed onto the stack. Observe that just before executing the call instruction, the
PC contains the address of the next instruction to be fetched, the one right after
the call. Therefore, by pushing the PC, the CPU is effectively storing in memory the
address of the instruction following the call. Returning from a subroutine causes the
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(a) (b) (c)

Oxxxxh +8 | ???? |<=SP Oxxxxh + 8| 2?7?77 Oxxxxh +8| ???? |<=SP
Oxxxxh + 6| ?2?22? Oxxxxh + 6| Next |<=SP Oxxxxh + 6| Next

Oxxxxh + 4 ?2?777? Oxxxxh + 4 2?2?? Oxxxxh + 4| ????

Oxxxxh +2| 7?7?27 Oxxxxh +2| 2?7?77 Oxxxxh +2| 2?7?27

0xxxxh 27?7 Oxxxxh 2777 0xxxxh 2?7?77

(1) PC = Next (2)PC = Subt (4) PC = Next

Fig. 3.32 Stack pointer use in the invocation and return of subroutines. a Stack before call, b Stack
after call, ¢ Stack after return

PC to be popped from the stack. This way program execution can always resume
at the instruction next to where the subroutine was invoked, no matter where in
the program the invocation occurs. Figure 3.32 illustrates the stack operations for
the previous figure. Just before the call, the SP is pointing at location Oxxxxh+8 as
illustrated by inset (a). The process is then as follows:

Step 1: After the CALL instruction is fetched and decoded, but still not executed,
the PC will point to the next instruction, at address Next.

Step 2: The execution of the invocation results in the current PC value being pushed
onto the stack and loaded with the start address of Subl, as depicted in
Fig.3.32b. Now the instruction to be fetched is the first one in the subroutine.

Step 3: The subroutine instructions are executed in sequence up to the Return
Instruction.

Step 4: When the Return instruction is executed, the PC is popped, restoring the
value Next, allowing the program execution to continue in the main program
at the instruction following the call. At this point, SP will be back at address
Oxxxxh+8 as shown in Fig. 3.32c.

Manipulating the SP in a program that uses subroutines requires caution to avoid
loosing the return addresses. Chapter 4 provides a more detailed explanation of the
use of the stack and push an pop operations.

3.7.5 Addressing Modes

Addressing modes can be defined as the way in which an operand is specified within
an instruction so as to indicate where to find the data with which the operation is
executed. The addressing mode is denoted using a specific syntax format, proper
of the microcontroller family. Instructions with implicit operands are said to use
Implicit Addressing Modes.

The machine language instruction contains information about the addressing mode
which, when decoded, directs the sequence of operations in the CU to achieve the
desired results. However, in some cases a strict disassembly of the machine language
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instruction, out of the context of a program, can yield a different result of what we
could expect. There are several reasons for this. For example, there are modes used in
the instruction fetching process which should not be of concern to the programmer,
but are necessary to consider in the hardware design. For our purposes, we focus on
the addressing modes used in assembly language.

Now, there are two different type of data we should consider. One associated with
program flow instructions, like jumps, in which the data information refers to how
the PC contents is to be modified. The second type is the one used in transfers and
general type of instructions manipulating data. We discuss first this second group.

In general, the data to be used or stored in a transfer or in an arithmetic or logic
instruction can be located in only one of the following possible places:

1. It may be explicitly given,

2. It may be stored in a CPU register,

3. It may be stored at a memory location, or

4. It may be stored in an I/O port or peripheral register.

In memory I/O mapped systems, the fourth and third options are equivalent. The
syntax used in the addressing mode in an assembly language instruction tells the
assembler which of these cases apply. Unfortunately, the syntax is not standard for
the different microcontroller families, so the user must learn which one applies to
the machine being used. Also, the names given to similar addressing modes is not
completely standard, although this one tends to be more uniform. In what follows,
the syntax used by the MSP430 family, which is shared by many other families, will
be used. But the reader must bear in mind that it is absolutely necessary to look at
the particular list of the family being used.

For the four cases listed above for the data location, the first two are almost standard
for the different processors: The most basic types of addressing modes supported by
almost all processors are listed next.

Immediate Mode—syntax: #Number. In this mode, the value of the operand Num-
ber is the datum.'? Immediate mode is reserved only for source operands, since a
number cannot be changed by an operation.

Register—Syntax: Rn. The operand is the CPU register Rn and the datum is con-
tained in Rn.

When the datum is found in memory, we need to indicate the address. The infor-
mation or mode is absolute if the address is given, and relative if it is expressed as
an offset with respect to a given address. The basic modes are the following

Absolute or Direct Mode—syntax: Number. “Number” is the address where the
datum is located. This mode is sometimes referred to as symbolic mode.

Indirect—syntax: @Rn. The datum is found in the memory location whose address
is given by the contents of register Rn. We say that the register points at the datum.
This mode is also called Indirect Register Mode.

12 1t receives the name “immediate” because at the machine level, the word containing the number
goes immediately after the instruction word.
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Table 3.6 Addressing modes examples

Assembly RTN Comment

mov src,dest dest < src Copy or load source to destination

add src,dest dest < dest + src Add source to destination

sub src,dest dest < dest — src Subtract source from destination

and src,dest dest < dest .AND. src Bitwise AND source to destination

xor src,dest dest <— dest .XOR. src Bitwise XOR source to destination

cmp src,dest dest — src Compare does not affect dest., only flags

Indexed—syntax: X(Rn). This mode specifies the datum address as the sum of
number X address plus the contents of register Rn. X is sometimes called base
and Rn is said to be used as an index; for this reason this mode is also named base
indexed mode.

Although the basic concepts may the same, remember that neither the nomencla-
ture nor the syntax are standard. Let us look now at the jumps.

Jump instructions can only have an address as an operand. Normally, but again not
always, the machine language form uses what is called Relative addressing mode,
which indicates an offset with respect to the current PC contents. The new PC contents
is the sum of the current PC contents and a two’s complement offset, (PC<« PC +
offset). Hence, the maximum jump is limited by the number of bits used in the offset.
In some processors, unconditional jumps use an absolute mode also in the machine
language form.

To make programmers’ life easier, the assembly form uses the absolute or direct
mode only and the assembler calculates the needed offset. When using two-pass
assemblers, labels can be used. A label is a symbolic name given by the programmer
to an address. The RTN codes of Fig.3.27 use labels.'?

Two-pass assemblers allow programmers to use custom defined constants, includ-
ing labels, thereby making the programmer’s task easier. They are called “two-pass”
because they need to go over the text more than once to identify and translate the
constants that have been defined.

Other addressing modes can also be supported by a particular processor, which
can enhance the flexibility of the instruction set. Also, remember that the syntax
mentioned above is not standard. A discussion of the addressing modes supported
by the MSP430 is offered in Chap.4. The following examples illustrate the above
addressing modes. For these examples we use some MSP430 assembly language
instructions, shown in Table 3.6. The examples show the syntax for the source and
destination to identify where the data is.

Example 3.13 This example illustrates the addressing modes mentioned before with
the help of Fig.3.33. This figure shows the contents of the 16-bit registers R6, RS

13 Some interpreters, which work line by line, require the offset to be directly specified, while others
accept the address and calculate the offset.
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(@) osen| 2a6r (b)  o2sen| 2468 () o2sen
025Ch| 0024 025ch| 0024 025¢h
025Ah| Ace7 025Ah| AC97 025Ah
0258h| 8238 0258h| 8238 0258h
0256h| 1224 0256h| 1234 0256h
0254h| 3645 0254h| 3645 0254h
0252h| 24BE 0252h| 2ABE ~ =>0252h
0250h| 0504 0250h| 0504 I 0250h
024eh| 8700 024eh| 8700 | 02aeh
R8: 0252 R8: 0252 ' = Ra:
R6: Re: | 0252 4 R6:
R10: 32FC R10: 32FC R10:
(d) (e) (f)
o025eh| 246F 025eh| 246F 025eh| 246F
025ch| 0024 025ch| 0024 025ch| 0024
025ah| Ace7 025Ah| AC97 , S025ah|_Acs7 L
0258h| 8238 0258h| 8238 . 0258h| 8238
—>0256h| 32FC €— 0256h| 1234 I o256h| 1234
0254h| 3645 0254h| 3645 | 02san| 3645
& 0252h| 2aeE 0252h| 2ABE I 0252h| 24BE
© 0250h| 0504 0250n| 0504 ! o2s0n| 0504
,  02a€n[ 8700 024Eh| 8700 | 024eh| 8700
1
| Re: 0252 RS: 0252 I RS: 0252
1
I .
- - Re: R6: 0200 I R6: 0200
|
R10: [ 32FC R10: I R10: [ Acor

Fig. 3.33 TIllustrating addressing modes. a Intial condition, b mov R8, R6, ¢ mov @R8, R6, d mov
R10, 56h(R6), e mov #0x025A, R10, f mov 0x025A, R10

and R10, and a memory segment of a 64 KB address space. Memory is shown in
word format, that is, only even addresses are presented and contents are shown for
a complete 16-bit word, four hex digits. Contents of registers and memory are in hex
notation without suffix.

Part (a) shows the contents before any instruction. Parts (b) to (f) illustrate
the addressing mode using data transfer instruction in format mov source,
destination. The solid arrows show the transfer and the dashed lines the address
pointers, the result is highlighted in each case. Now let us look into details.

(b)mov R8,R6,R6 <— R8in RTN, means “copy the contents of register RS onto
Register R6”. R6 = 0252h after this instruction.

(c)mov @R8,R6,R6 «—(R8)in RTN, means “copy the memory data word whose
address is given by register RS, onto Register R6”. Since R8 = 0252h, we search
for address 0252h in the memory space where we see (0252h) = 2ABEh. Therefore,
R6 = 2ABEDh after this instruction.
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(@) g25en[ 246r () gosen[ 2a6F | (©) o2sen| 2a6r
025ch| 0024 025ch| 0024 025ch| 0024
025Ah| Ace7 025Ah| Ace7 025Ah| Ace7
0258h| 8238 0258h| 8238 0258h| 8238
0256h| 1234 0256h| 1234 0256h| 1234
0254h| 3645 0254h| 3645 0254h| 3645
0252h| 2ABE 0252h| 2ABE 0252h| 2ABE
0250h| 0504 0250h| 0504 0250h| 0504
024eh| 8700 024eh| 8700 024eh| 8700
RS: 0252 RS: 0252 RS: 0252
R10: R10: R10:
(d) (e) 0
025eh|  246F 025eh|  246F 025en| 246F
025¢ch| 0024 025¢ch| 0024 025ch| 0024
025Ah| Ace7 025Ah| AcCe7 025Ah| ACe7
0258h| 8238 0258h| 8238 0258h| 8238
0256h| 208 0256h| 1234 0256h| 1234
0254h| 3645 0254h| 3645 0254h| 3645
0252h| 2ABE 0252h| 2ABE 0252h| 2ABE
0250h| 0504 0250h| 0504 0250h| 0504
024Eh| 8700 024Eh| 8700 024Eh| 8700
RS: 0252 RS: 0252 RS: 0252
R6: [ 0200 R6: [ 0200 R6: 0200
R10: R10: R10:

Fig. 3.34 Illustrating addressing modes with arithmetic-logic instructions

(d) mov R10,56h (R6), or (R6 + 56h) <—R10 in RTN, means “copy the con-
tents of register R10 onto the memory location whose address is found by adding 56h
to the contents of Register R6”. Since R10 = 32FCh, then (R6 4 56h) = (0256h) =
32FCh after this instruction.

(e) mov #0x025A, R10,or R10 <— 0x025A in RTN, means “Register RIO0 is
loaded with number 025Ah” Then R10 = 025Ah after this instruction.

(f)mov 0x025A, R10,or R10 < (025Ah) in RTN, means “Copy at Register
R10 the data in memory whose address is 025Ah” Looking at the memory space, we
find (025Ah) = AC97h. Then R10 = AC97h after this instruction.
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Let us now work with other instructions, combined with different addressing
modes. This is done in the following example.

Example 3.14 Using the same set of data shown in Fig.3.33a, let us now work
another set of operations, as shown in Fig. 3.34. As before, contents of registers and
memory are in hex notation and inset (a) shows the contents before any of the other
instructions.

(b) add R8,R6,R6 < R6 + R8 in RTN, means “add the contents of registers
RS and R6, and store the result in Register R6”. Since 0200h 4 0252h = 0452h, then
R6 = 0452h after this instruction.

(c) sub @R8,R6,R6 <~ R6 — (R8) in RTN, means “subtract from the contents
of R6 the data in memory located at the address provided by register RS, and store
result in Register R6”. Since R8 = 0252h, we search for address 0252h in the memory
space where we see [0252h] = 2ABEh. Now 0200h — 2ABEh = D742h. Therefore,
R6 = D742h after this instruction.

(d) xor R10,56h(R6), (R6 4+ 56h) <— R10.xor.(R6 + 56h) in RTN, means
“perform a bitwise XOR operation with the contents of register R10 and the content
of the memory location whose address is found by adding 56h to the contents of
register R6, and store the result in the same memory location”. Since R10 = 32FCh
and (R6 + 56h) = (0256h) = 1234h then the performed operation is as shown below.
Notice the toggling effect according to the source.

0001001000110100 .xor.
0011001011111100 =
0010000011001000

s0 (R6 4+ 56h) = 20C8h after this instruction.

(¢) and #0x025A, R10,R10 <« 0x025A .and. R10 in RTN, means “the con-
tents of Register R10 is bitwise AND-ded with number 025Ah, the result being stored
in R10” Since R10 = 32FCh, the operation is

0000001001011010.and.
0011001011111100 =
0000001001011000

so R10 = 0258 after this instruction.

(f) cmp 0x025A, R10, will take the difference between R10 and the data word
at memory address 0xX025A, that is R10 — (0x025A), without affecting any of the
operands, just the flags. Since (025Ah) = AC97h and R10 = 32FC, and subtraction
is done by two’s complement addition, then R10 — (0x025A) = 32FC + 5369 =
8665, with the flags being then C=0,Z=0,N=1,V = 1.
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3.7.6 Orthogonal CPU’s

A CPU is said to be orthogonal if all its registers and addressing modes can be used as
operands, except for the immediate mode as a destination. Very few microcontrollers
accept the immediate mode as destination operand, which make sense only for com-
pare and testing purposes but not for cases where the destination should store a result.

Orthogonality has several advantages, among which the ability to write compact
codes. Many designers prevent however the use of special registers as operands,
either source or destination, to prevent unexpected results. Orthogonality requires the
programmer to use some operands like the Program Counter register with great care.

3.8 MSP430 Instructions and Addressing Modes

The MSP430 CPU supports 27 machine language core instructions, that is, instruc-
tions that have unique opcodes decoded by the CPU. The length of the machine
language instructions are one to three words. There are 24 additional emulated
instructions supported by assemblers, introducing particular and more popular
mnemonics for easier program writing and reading. For example instruction “inv
R5” is emulated by the core instruction “xor #0xFFFF,R5”. It is easier for the
programmer to write the former when intending to invert the contents of R5. In a
certain sense, emulated instructions may be considered as standard macros.

The MSP430 supports seven addressing modes, including the ones mentioned
before, albeit with a slightly different notation. The instructions and addressing modes
for the MSP430 are discussed in Chap. 4, which is devoted to assembly programming.

Although advertised as orthogonal, MSP430 microcontrollers are not fully orthog-
onal since two of its non immediate addressing modes are invalid for destination.
This is a small price paid by the MSP430 designers to maintain all instruction words
of equal length.

3.9 Introduction to Interrupts

The topic of interrupts and resets involve both hardware and software subjects, but it
is also closely related to how a CPU operates. For this reason it becomes important to
provide an introductory discussion on the subject at this point. An in-depth discussion
of the hardware and software components for supporting a reset are offered in Chap. 6,
Sect.6.5. Moreover, Chap.7 offers a comprehensive discussion of hardware and
software components required for handling interrupts in general.


http://dx.doi.org/10.1007/978-1-4614-3143-5_4
http://dx.doi.org/10.1007/978-1-4614-3143-5_6
http://dx.doi.org/10.1007/978-1-4614-3143-5_6
http://dx.doi.org/10.1007/978-1-4614-3143-5_7

3.9 Introduction to Interrupts 139

3.9.1 Device Services: Polling Versus Interrupts

The CPU in a microcontroller or microprocessor is a sequential machine. The con-
trol unit sequentially fetches, decodes, and executes instructions from the program
memory according to the stored program. This implies that a single CPU can only
be executing one instruction at any given time. When it comes to a CPU servicing its
peripherals, the program execution needs to be taken to the specific set of instructions
that perform the task associated to servicing each device. Take for example the case
of serving a keypad.

A keypad can be visualized at its most basic level as an array of switches, one
per key, where software gives meaning to each key. The switches are organized in a
way that each key depressed yields a different code. For every keystroke, the CPU
needs to retrieve the associated key code. The action of retrieving the code of each
depressed key and passing them to a program for its interpretation, is what we call
servicing the keypad. Like the keypad in this example, the CPU might serve many
other peripherals, like a display by passing it the characters or data to be displayed, or
a communication channel by receiving or sending characters that make up a message,
etc.

When it comes to the CPU serving a device, one of two different approaches can
be followed: service by polling or service by interrupts. Let’s look at each approach
with some detail.

Service by Polling

In service by polling, the CPU continuously interrogates or polls the status of the
device to determine if service is needed. When the service conditions are identified,
the device is served. This action can be exemplified with a hypothetical case of real
life where you will act like a polling CPU:

Assume you are given the task of answering a phone to take messages. You don’t
know when calls will arrive, and you are given a phone that has no ringer, no
vibrator, or any other means of knowing that a call has arrived. Your only choice for
not missing a single call is by periodically picking-up the phone, placing it to your
ear and asking “Hello! Anybody there?” hoping someone will be in the other side
of the line. This would be quite an annoying job, particularly if you had other things
to do. However, if you don’t want to miss a single call you’ll have to put everything
else aside and devote yourself to continuously perform the polling sequence: pick-up
the phone, bring it to your ear, and hope someone is on the line. Since the line must
be available for calls to enter (sorry, no call-waiting service), you have to hang-up
and repeat the sequence over and over to catch every incoming call and taking the
messages. What a waste of time! Well, that is polling.
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Service by Interrupts

When a peripheral is served by interrupts, it sends a signal to the CPU notifying of
its need. This signal is called an interrupt request or IRQ. The CPU might be busy
performing other tasks, or even in sleep mode if there were no other tasks to perform,
and when the interrupt request arrives, if enabled, the CPU suspends the task it might
be performing to execute the specific set of instructions needed to serve the device.
This event is what we call an interrupt. The set of instructions executed to serve the
device upon an IRQ form what is called the interrupt service routine or ISR.

We can bring this interrupting capability to our phone example above.

Let’s assume that in this case your phone has a ringer. While expecting to receive
incoming calls, now you can rely on the ringer to let you know that a call has arrived.
In the mean time, while you wait for calls to arrive you are free to perform other
tasks. You could even get a nap if there were nothing else to do. When a call arrives,
the ringer sounds and you suspend whatever task you are doing to pick-up the phone,
now with the certainty that a caller is in the other end of the line to take his or her
message. The ring sound acts like an interrupt request to you. A much more efficient
way to take the messages.

Interrupts can be used to serve different tasks. The following are just a few simple
examples that illustrate the concept:

e A system that toggles an LED when a push-button is depressed. The push-button
interface can be configured to trigger an interrupt request to the CPU when the
push-button is depressed, having an associated ISR that executes the code that
turns the LED on or off.

e A message arriving at a communication port can have the port interface configured
to trigger an interrupt request to the CPU so that the ISR executes the program
that receives, stores, and/or interprets the message.

e A voltage monitor in a battery operated system might be interfaced to trigger an
interrupt when a low-voltage condition is detected. The ISR might be programmed
to save the system state and shut it down or to warn the user about the situation.

Servicing Efficiency: Polling or Interrupts?

There innumerable events that can be configured to be served by interrupts. Note
that any or all of them could be served by polling, but that would require having the
CPU tied to interrogating (polling) the corresponding interface to determine when
service is needed. This would result in a very inefficient use of the CPU.

To give an idea of how inefficient polling results, let’s analyze one of the examples
above. Let’s assume the CPU serving the push-button and LED example is running
at a clock frequency of 1 MHz and executes one instruction every four clock cycles.
This is a very conservative scenario as today’s processors con run at frequencies well
over 1 GHz. This implies the CPU will roughly execute 250,000 instructions every
second, or one instruction every four microseconds. To know if the push-button has
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been depressed the CPU only needs to execute two instructions: one to read the I/O
pin associated to the push-button and a conditional jump instruction to make the
decision: eight microseconds in total.

Consider a user repeatedly depressing the push button. Let’s say the user is really
fast, and able to push the key ten times per second. This is once every 100ms.
If we have the CPU polling this key interface to determine when the button was
depressed, in 100 ms the processor would have checked it 12,500 times to find it was
depressed only once. The efficiency in the CPU usage under these circumstances
would be 1/12500 x 100 = 0.008 %. This implies that 99.992 % of the CPU cycles
were wasted checking for a push-button that was not depressed. Servicing the same
event with an interrupt would require only one action: toggling the LED when the
push-button was depressed, which can be performed with a single instruction. This
yields an efficiency of nearly 100 % and tons of CPU cycles saved. The CPU can use
the rest of the time for attending other requests, executing tasks in the main program,
or just saving power in a low-power sleep mode.

Despite this illustrative example, and all said about polling and interrupts, it
deserves to mention that not in every situation using interrupts will be better than
polling. There are situations where interrupts will not serve the purpose and polling
will be the best alternative. Interrupts suffer from latency and are susceptible to false
triggering. So in applications where the interrupt response lag might be too long or
where noise might render interrupts unusable, polling becomes the first alternative
to serving peripherals. Chapter 7 discusses these aspects in more detail.

3.9.2 Interrupt Servicing Events

In general, a CPU might support two different types of interrupt requests: maskable
and non-maskable.

Maskable Interrupt Requests: A type of request that can be masked meaning that
they can be disabled by clearing the CPU’s global interrupt enable (GIE) flag in
the processor status word (PSW). When the GIE is clear, the CPU will not honor
any maskable interrupt request. This gives the programmer an ability of deciding
when the CPU is to accept or not interrupt requests. Maskable interrupts are the
most common type of interrupts managed in embedded systems. In most cases
they are referred to as simply interrupts.

Non-maskable Interrupt Requests (NMI): Cannot be masked by clearing the GIE
in the CPU and are therefore always served when they arrive at the CPU. This
type of interrupt requests are reserved for system critical events than cannot be
made to wait. We’ll refer to them as NMIs.

Although different CPU architectures might have different ways of serving inter-
rupts, there are several steps that are common to any processor. Once an interrupt
request is accepted, and assuming the processor was in the middle of executing an
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arbitrary instruction in a program, the fundamental steps taking place in the CPU to
serve an interrupt include the following:

Step 1 Finish the instruction being executed. The CPU never truncates instructions.
Interrupt requests are always served between instructions.

Step 2 Save the current program counter (PC) value and, in most CPUs, the status
register (SR), onto the stack. Some processors might save other registers as well.

Step 3 Clear the global interrupt enable flag. This action, performed by most CPUs,
disables interrupting an ISR under execution. This condition could be overridden,
but is generally not recommended.

Step 4 Load the program counter (PC) with the address of the ISR to be executed.
The way this step is accomplished changes with the interrupt handling style, but
the net result is always the same: getting into the PC the address of the first
instruction of the ISR to be executed.

Step 5 Execute the corresponding ISR. The ISR ends when the special instruction
interrupt return (IRET or RETI) is executed.

Step 6 Restore the program counter and any other register that was automatically
saved onto the stack in Step 2. This action is the result of executing the interrupt
return instruction. Note that by restoring the status register, the interrupts become
unmasked. Restoring the PC causes resuming the interrupted program at the next
instruction where it was left.

Supporting interrupts in an application fundamentally needs four basic require-
ments:

1. A means for saving the program counter and status register, as indicated above
in Step 2. This capability is provided by having a property allocated stack area in
your program.

2. Having an interrupt service routine designed to render the service needed by the
interrupt requesting device. This is the code executed in Step 5 above.

3. A means for the CPU locating the ISR corresponding to a particular request. This
takes special meaning when the CPU can be interrupted by multiple devices,
each having a different ISR. Usually this provision also deals with resolving any
conflict that might develop if multiple devices place simultaneous requests to the
CPU. This allows accomplishing Step 4 in the list above.

4. Enabling the interrupts in the system, otherwise they would not be served. By
default, when the CPU is powered-up, interrupts are masked, so explicit software
action is needed to unmask them. Enabling interrupts requires two levels of action:
one at the CPU with the GIE flag, and another enabling the device(s) that will
issue interrupt requests. This requirement will make possible to start the interrupt
cycle at Step 1 in the sequence above.

Satisfying these four basic requirements will need additional details about how
the CPU is designed to support interrupt processing. Chapter 7 provides a detailed
discussion of the subject of interrupts.
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3.9.3 What is Reset?

A reset is an asynchronous signal that when fed to an embedded system causes
the CPU and most of the sequential peripherals to start from a predefined, known
state. This state is specified in the device’s user’s guide or data sheet. In a CPU, the
reset state allows for fetching the first instruction to be executed by the CPU after a
power-up.

A reset occurs when power is applied for the first time to the system, or when
some event that might compromise the integrity of the system occurs. These events
include a power on reset (POR), Brown-out resets (BOR), and others.

A reset may also be generated by a hardware event, like for example the expiration
of a watchdog timer, or through the assertion of the CPU reset pin, caused either by
a user or an external hardware component.

A reset can be viewed as a special kind of interrupt. Upon a reset, the program
counter (PC) is loaded with the address of the first instruction to be executed by
the CPU, starting the fetch-decode-execute cycle. Section 6.5 in Chap. 6 provides a
detailed discussion of how a reset is configured and programmed.

3.10 Notes on Program Design

Before leaving the general aspects in this chapter, let us discuss some directives on
program design, especially considering some aspects pertaining embedded systems.

A program is a logical sequence of instructions, associated data values and com-
piler directives written down to carry out an algorithm to perform a specific task
using a computer or embedded system hardware.

Programming should not be left to chance. The steps in creating a program include
design and planning of the algorithm, documenting the different phases, encoding
into a specific programming language using appropriate syntax rules, testing and
debugging. Despite our efforts, many programs contain bugs and require testing and
maintenance.

Bugs are mistakes that the programmer has introduced in the program, either
of syntax or logical natures. Testing is done to prove the existence of bugs, while
debugging consists in fixing the bugs. Poor programming practice not only has higher
probability of producing more bugs, but also makes it almost impossible to debug
without incurring in enormous costs.

Discipline in programming and documenting, from the first steps in design and
planning to the last steps in devising tests and debugging procedures is absolutely
necessary for embedded system designers. Consider that once the system is in work,
it will have limited human interaction.

As an embedded system programmer, try to follow a minimum set of goals when
programming:
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Write the shortest possible program. A short program reduces use of resources, it
is easier to maintain and modify, as well as to understand. If the planning yields a
long program, try to break it in short identifiable subtasks (see top—down design
below).

Evaluate shortcuts before implementing them. To write a short program never,
never, try to introduce shortcuts or tricks which may seriously affect the other
qualities of the program. It is better to sacrifice length than understanding.

Write programs easy to understand. Spend some time assigning resources, giving
appropriate names to constants and variables, documenting the program, and so
on. Make it a habit to follow similar structures for similar tasks whenever possible.
The time spent in making the program understandable pays itself soon.

Write programs easy to modify. You will soon discover that different tasks can be
achieved by simple changes in code when the design is clear. This easiness reflects
in lower costs and faster development of future projects.

Document your program as you work on it. The importance of documentation can
never be overemphasized. Without it, programs are difficult to read, modify, reuse
and debug. Moreover, documenting after finishing the program usually yields a
lower quality documentation and higher cost.

Create your own catalog of codes for common tasks. Hundreds of different
projects require similar steps to be followed, subtasks to be accomplished and so
on. For example, configuring the I/O ports and the peripherals, setting modes of
operations are common to most projects. Having a catalog of subroutines, macros
and particular codes will accelerate developments. Do not reinvent simple tested
codes.

Program for lowest power consumption. Always try to consume the lowest as
possible choosing the mode suitable for your application. Prefer interrupts to
polling, consider putting to sleep the system or the unused components when
possible, study power profiles if available, etc.

Know your hardware system. Don’t forget that embedded systems require a good
match between software and hardware. You have to program for the hardware and
connections you have available. Hardware and program design very often goes in
parallel.

Avoid using unimplemented bits of memory or registers. Future hardware revi-
sions or enhancements can make your program useless if you do not keep this
goal in mind. Also, moving modules to new memory locations have less or no
effect on the correctness of the program.

If possible, use a single resource for a single purpose. For example, if you have
decided to use register R15 as a counter, don’t use it for other purpose unless
you’re forced to it by lack of resources. Plan for any multiple use in advance.

Of course one might look for more goals that a program must pursue. When
solving one problem try to identify any new goal. This will certainly help in the
future.
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3.11 The TI MSP430 Microcontroller Family

Previous sections have introduced characteristics of the MPS430 family. The rest of
the chapter is devoted to this particular set of microcontrollers.

The MSP430 family of microcontrollers developed by Texas Instruments targets
the market of battery-powered, portable embedded applications. Since its beginning,
it has been designed with an architecture optimized for low-power consumption.

The first members of the family were introduced in early 1992, with the series
MSP430x3xx, targeted specifically at low-power metering equipment. Since then,
new series have been added, with every new addition offering improved character-
istics over its predecessor: the 1xx in 1996, the 4xx in 2002, the 2xx in 2005 and
the 5xx/6xx in 2008 and 2009. The most recent family introduced in 2010 is the
ferroelectric memory family, which incorporates the ferroelectric memory technol-
ogy, making the full memory space both writable and non volatile. There are over
one hundred different configurations for MSP430 MCUs. New members maintain
downward software compatibility, keeping up with their original philosophy of being
an architecture tailored for ultra-low-power embedded applications.

Aside from some early EPROM versions in the 3xx series and high volume mask
ROM devices in the 4xx series, all family members are in-system programmable via
a JTAG port or a built in bootstrap loader (BSL) using RS-232 or USB ports.

The 3xx and 1xx generations were limited to a 16 bit address space. Later gener-
ations include what is called ‘430X’ instructions that allow a 20 bit address space.
Most applications however work fine with the 64 K memory space, and we will work
with this space. With the exception of a glance at the CPUX and the characteristics
specific to the extended 20 bit address space, which are explained in Appendix D.

3.11.1 General Features

All MSP430 family members are developed around a 16-bit RISC CPU with a Von-
Neumann architecture. The assortment of peripherals and features in each MSP430
device varies from one series to another, and within a series from one family member
to another. Common features to devices include:

e Standard 16-bit Architecture: All devices share the same core 16-bit architecture
and instruction set. The 20-bit CPUX registers are also based on this architecture.

e Different Ultra Low-power Operation modes: The devices can operate with nom-
inal supply voltages from 1.8 to 5.5V. The nominal operating current at 1 MHz
ranges from 0.1 to 400 wA, depending on the supply voltage. The wake-up time
from standby mode is 6 . S.

e Flexible and powerful processing capabilities: The programmer’s model provides
seven source-address modes and four destination-address modes with 27 core
instructions. Extensive interrupt capability with prioritized, nested interrupts with
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unlimited depth level. A large register file with RAM execution capability, table
processing, and hex-to-decimal conversion modes.

e Extensive, memory-mapped peripheral set including: a 14-bit SAR A/D converter,
multiple timers and PWM capability, slope A/D conversion (all devices); integrated
USART, LCD driver, Watchdog Timer, multiple I/O lines with interrupt capability,
programmable oscillator, 32-kHz crystal oscillator (all devices).

e Versatile device options include:

— Masked ROM

— OTP and EEPROM models with wide temperature range of applications
— Models with ferroelectric memory

— Up to 64K addressing space for the MSP430 and 1M for the MSP430X
— Memory mixes to support all types of applications.

e JTAG/debugger element, used for debugging embedded systems directly on the
chip.

Low-power Philosophy

The MSP430 was designed since the beginning targeting low power consumption.
This means not only using low power low voltage IC designs for the hardware, but
also configuring the operation to different power modes, depending on application
needs, and the possibility of turning off everything, including peripherals, while not
in use. This feature is very useful for event driven designs, in particular for portable
equipment.

The MSP430 can function in six different power modes, named Active, and the
low power modes LPMO to LPM4, where the CPU is off and can only be awaken by
an interrupt or a reset. The modes are configurable via signals (bits) SCG1, SCGO,
OSCOFF, and CPUOFF of the status register, which control the clock operations, as
explained later in Chap. 7.

Oscillators and Clocks

The clock generator in MSP430 devices is designed to support low power consump-
tion. It includes three or four clock sources, depending on the family and the specific
member, that generate three internal clock signals for the best balance of performance
and low power consumption. The clock sources include:

LFXT1CLK: A low-frequency/high-frequency oscillator that can be used with low-
frequency watch crystals, namely external clock sources of 32,768-Hz, standard
crystals, resonators, or with external clock sources up to 8 MHz.

XT2CLK: Optional high-frequency oscillator that can be used with standard crys-
tals, resonators, or external clock sources in the 400-kHz to 16-MHz range.

DCOCLK: Internal digitally controlled oscillator (DCO).
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VLOCLK: Internal very low power, low frequency oscillator with a 12 kHz typical
frequency.

The three clock signals available from the basic clock are the auxiliary clock
(ACLK), sub-main clock (SMCLK), and the master clock (MCLK) used for the
feeding CPU the clock. They are software selectable to be fed from the available
clock sources in the chip via software controlled configuration registers. Chapter 6
discusses in detail the MSP430 clock system.

Mixed Signal Product Philosophy

This philosophy is reflected in the very a acronym MSP. A vast number of applications
fall in the category of signal processing, and nowadays most are of the mixed-signal
type, requiring both analog and digital hardware. The analog components used in
the analog signal-chain design include analog-to-digital converters (ADC), analog
comparators, operational amplifiers, and so on.

Most MSP430 models include some of these analog signal-chain components
allowing the designer to reduce power consumption, component count, and space.
This mixed-signal design of the MSP430 series is another attractive feature for the
user. Analog signal-chain components in the MSP430 are discussed in Chap. 7.

3.11.2 Naming Conventions

The MSP430 microcontrollers follow a more or less ordered sequence of fields in
naming the parts. “MSP” stands for Mixed Signal Processor, emphasizing the fact
that the analog and digital aspects of signal processing are included in the design
and applications. The “430” refers to the MCU plattform.'# The rest of the name is
composed of several fields, some of which are optional. The name format is

MSP430{Device Memory}{Generation}{Family}{Series and Device Number}
... [A][Temperature Range][Packaging][Distribution Format][Additional Feature]

where fields between square brackets ([]) are optional. The definition of the fields
are as follows:

Device Memory Which indicates the type of memory and specialized application:

Memory Type
¢ C=ROM
e F =Flash

14 Some people say that the number stems from the date April 30, associated somehow to the
development of the first prototype. We mention this reference without actually knowing its truthness.
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e FR = FRAM
e G =Flash (value line)
e L = Non-volatile memory not included

Specialized Application

FG = Flash Medical

CG = ROM Medical

FE = Flash Energy Metering

FW = Flash Electronic Flow Meters
AFE = Analog Front End

BT = Pre-programmed with Bluetooth
BQ = Contactless Power

Generation Refers to the series generation number, which does not necessarily refers
to the order in which they were released.

1 =up to §MHz

2 =upto 16 MHz

3 = Legacy series, OTP

4 =up to 16 MHz with LCD
5 =up to 25MHz

6 = up to 25 MHz with LCD
0 = Low Voltage Series

Family it refers to a family within the generation series type.
Series and Device Number within the given family
On the other hand, the optional fields are:
A, which means a revision model
Temperature Range, which comes with the following option:

e S=0°Cto50°C
e [=-40°Cto85°C
e T=-40°Cto 105 °C

Packaging A group of three letters describing the type of packaging for the device,
as defined in http://www.ti.com/sc/docs/psheets/type/type.html
Distribution Format

e T = Small 7-in reel
e R = Large 11-in reel
e No marking = Tube or tray

Additional Features:

e —QI = Automotive qualified
e —EP = Enhanced product (—40 °C to 125 °C)
e —HT = Extreme high temperature (—55°C to 150°C)
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3.12 Development Tools

Several tools are available for working with the MSP430. Below we mention some
of them as well as internet sites where they are available or where more information
can be found.

3.12.1 Internet Sites

Some important internet URLs where we can find tools are

CCS http://processors.wiki.ti.com/index.php/Download_CCS

IAR http://supp.iar.com/Download/SW/?item=EW430-KS4

naken430 http://www.mikekohn.net/micro/naken430asm_msp430_assembler.php
pds-430 http://www.phyton.com/htdocs/tools_430/tools_mca430.shtml
cdkd4msp http://cdkd4msp.sourceforge.net/ver

mspgce http://mspgcc.sourceforge.net/

mcc-430 http://www.mikekohn.net/micro/naken430asm_msp430_assembler.php

Some of these links include several of these features in the same package. Table 3.7
summarizes the availability of several tools described below.

3.12.2 Programming and Debugging Tools

Among the programming and debugging tools we have MSP430 simulators, C com-
pilers and assemblers, linkers, and real time operating systems (RTOS). Simulators
are of great help whenever a real system is not available or when it is not feasible
to put to work dozens, hundreds, or even more systems at the same time. They also
provide a tool for testing designs before actual loading it into the hardware system.

Several Real-Time operating systems have been developed around MSP430 sys-
tems. The RTOS’ are good for systems with several tasks which are required to be

Table 3.7 Programming and debugging tools for MSP430

Site Simulator C compiler Assembler Linker
CCS X X X X

IAR X X X X
mspgcc X X X
naken X X X
pds-430 X X X

cdk4msp X

mcc-430 X
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completed within a predetermined time line. The following is a non-exclusive list of
sites with RTOS’ for MSP430 systems:

TinyOS http://www.tinyos.net/
FreeRTOS http://www.freertos.org/index.html
http://www.freertos.org/portmspgcc.html
PowerPac http://www.iar.com/website1/1.0.1.0/964/1/
semRTOS http://scmrtos.sourceforge.net/ScmRTOS
ecos http://www.ecoscentric.com/index.shtml

Additional information about programming and debugging tools can be found at
http://processors.wiki.ti.com/index.php/.

3.12.3 Development Tools

TI application engineers as well as third parties have designed several development
tools which are readily available for the beginner, as well as for the intermediate
and experienced users. These tools consist of emulators, evaluation kits, and device
programmers. There are also a number of available tools specific for a very handy
MSP430 development kit known as the eZ430.

Emulators

An emulator is a machine acting as if it were another “emulated” machine, by running
the code of the latter. Though the result is probably a slower “version” of the original
machine, this allows the user to examine the system behavior in a more complete
fashion as opposed to simulation. The CCS and IAR sites mentioned before provide
emulators. Others can be found at

FET http://focus.ti.com/docs/toolsw/folders/print/msp-fet430uif.html
Project430 http://www.testech-elect.com/phyton/pice-msp430.htm

Evaluation Kits

Evaluation kits are relative small subsystems in a board which include a full featured
specimen of an MCU (or other ICs). These kits typically expose several pins of the
MCU that will allow external connections or the study of particular features.

The evaluation kits presented below typically reflects the complexity of the system
and/or the availability or lack of additional components such as LCDs, speakers,
battery connections, microphones, etc.
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MSP430-EXP430F5438 Includes: Dot-matrix LCD, 3-axis accelerometer, micro-
phone, audio output, USB communication, joystick, 2 buttons, 2 LEDs

MSP430-EXP430FG4618 Includes: LCD, capacitive sensitive input, audio output,
buzzer, RS-232 communication, 2 buttons, 3 LED

MSP430-EXP430G2 ' Includes: Integrated flash emulation tool, 14/20-pin DIP
target socket, 2 buttons, 2 LEDs, and PCB connectors. It is compatible with
several 14-pin and 20-pin models.

Device Programmers

In case you need to program several MSP430 MCUs at the same time there are at least
two device programmers available, namely the MSPGANG430 and the GangPro430:

MSPGANG430 Connection type: Serial Programs 8 devices at a time. It works with
PC or as standalone.

GangPro430 Connection type: USB Program 6 devices at a time via JTAG, Spy
Bi-Wire, and BSL. Fast programming time.

Tools for ¢Z430

Probably the most handy of all the MSP430 tools available for development are the
eZ430 tools. These tools can go for as low as $20.00 (eZ430-F2013) and could be very
handy. Available tools include the EX430-RF2560, eZ430-Chronos, eZ430-F2013,
and others.

3.12.4 Other Resources

One of the best source of information for this family of MCU’s can be found at
the official TI’s page for the MSP430: www.msp430.com. Here the reader can find
several resources such as application notes, code examples, open source libraries,
white papers, guides and books, and MCU selection wizards.

3.13 Summary

e A microcomputer system includes a Central Processing Unit (CPU), Data and
Program Memory blocks, and Peripheral or Input/Output (I/O) subsystem, inter-
connected by system buses. Another set of components provide the necessary
power and timing synchronization for system operation.

15 Price: $4.30 (Really!).
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e The Data Bus is used to transfer instructions to, and data to and from the CPU.
Through the Address Bus, the CPU selects the location with which interaction
takes place. The Control Bus includes all signals that regulate the system activity.

e The CPU fetches instructions from the program memory, decodes them and exe-
cutes them accordingly. Hence, the CPU performs the basic operations of data
transfer as well as the arithmetical and logical operations with data.

e Memory is organized as a set of cells or locations, characterized by the contents,
i.e. the memory word, and the address. The program memory is stored in the ROM
section, and the data memory in the RAM section. Von Neumann architecture
systems include the program and data memories in the same space; the Harvard
architecture systems use separate memory spaces and buses for program and data.

e Data wider than memory words utilize two or more of these for storage. The
address of a datum is that of the lower byte. In little endian convention the least
significant byte is stored there, while in big endian convention the most significant
byte goes to that byte.

e A memory map is a representation of the usage given to the addressable space of
a microprocessor based system.

e The minimal hardware components of the CPU are: Arithmetic Logic Unit (ALU),
Control Unit (CU), a set of Registers, and a Bus Interface Logic (BIL). They are
connected by an internal system of buses.

e The CPU registers provide temporary storage for operands, addresses, and control
information. Some specialized registers for specific use are the Instruction Register
(IR), the Program Counter (PC), the Stack Pointer (SP), and the Status Register
(SR).

3.14 Problems

3.1 Answer the following questions.

The main components of a microcomputer system are

The acronym CPU means

Which are the three system buses?

What is a bus?

What is a data bus transaction?

What is a read operation? What is a write operation?

How many data transactions are needed if the data consists of four bytes and

the Data Bus width is 16 bits?

h. If the address bus has N lines, what is the maximum number of addresses
that the CPU may reach?

i. What is the difference between physical address and data address?

j- Whatis the difference between Harvard and a Von Neummann architectures?

k. What is the difference between a microcontroller and a microprocessor?

| -0 0 op
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1. If the address of the double word 2AF30456h is 0402h, what are the physical
addresses of the individual bytes in a little endian memory system?
m. Repeat the previous question for a big endian system.

3.2 Figure3.6 shows an example of a memory structure for a memory space of
64 KB, assuming that the address bus has 16-bits, so each address word will
point to the respective cell in this space. Assume now a 20-bit address bus
and an 8-bit data bus, together with several 64 KB memory modules similar
to the one in the figure, with each module being independently activated or
deactivated. The modules can all share 16 lines of the address bus, say A15 to
A0, but only the activated module would be accessed by the data bus. The four
additional lines A19 to A16 of the address bus could then be used to activate
the appropriate module.

a. What is the maximum number of modules that can be used?

b. If all the possible memory modules were used, what memory size would be
available?

c. Assume that only four memory modules are used. What is the effective size
of the address space being used and what happens when the address words
bits go from 0000xxx...xxB to 1111xxx...xxB?

d. Itis said that each memory cell has a unique address. Considering the above
item, is this an absolute truth? That is, is it possible for a memory cell to
have more than one physical address? Justify your answer.

3.3 Figure3.12 shows two memory banks being used for connection with a 16-bit
data bus, one bank set for the even numbered addresses and the other for the
odd numbered addresses.

a. What would happen if the least significant address line from the micro-
processor is connected to the least significant address line in both banks?
b. How would you solve the problem presented in (a)?

3.4 The following data was obtained from the program memory of a particular
MIiCroprocessor:

4031 0280 40B2 5A80 0120 D3D2 C022
E3D2 0021 403F 5000 831F 23FE 3FF9

Assuming the first address is 0xF800, could you order the data by physical
addresses using the little endian convention? Repeat for the big endian con-
vention.

3.5 Design the following decoders a. 2to 4 b.3to 8 c. 4 to 16

3.6 If a particular microprocessor has only one data bus but has an area designated
for program memory and another area designated for data memory, is it a Von
Neumann or a Harvard architecture?

3.7 Show how you would connect eight 1 KB memory modules using a 3 to 8
decoder with a chip enable terminal. Assume each memory module has ten
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input address lines, eight data lines, and one chip enable terminal. Also assume
the address bus coming from the microprocessor is a 16-bit address bus.

3.8 Consider a 1024B memory bank composed of two 512B memory modules: one
for the low byte and one for the high byte. A signal from the microprocessor,
R/W’ is used to distinguish between a memory read and a memory write. The
address bus from the microprocessor is 16-bit wide.

a. Determine the address lines that will be connected to each of the memory
modules.

b. Determine the address lines that should be used to enable the chip select, an
active low input signal for each of the memory modules.

c. Design the decoder needed to enable the memory modules if the memory
space for these modules begin at address 512.

3.9 Answer the following questions.

a. What is the characteristic of an /O memory mapped system?

b. What other scheme exists beside the I/O memory mapped system for dealing
with the I/O subsystem?

c. Name four common peripherals to be found in most embedded systems.

d. What is the main function of the watchdog timer?

e. What is the difference for the CPU between an interface register with an I[/O
device and a memory location?

3.10 The following expressions are given in register transfer notation. All registers
are 16-bit wide and memory addresses point to 16-bit word data. Before each
expression, it is assumed that register and memory contents are as follows:
R8 = 4286h; R9 = 32F4h; [4286h] = 3ACS5h; [027Ch] = 90EEh.

Complete the following table filling up the column of results. Write your results
using hex notation.

Transaction Result

R9 < R8

R9 < (R8)

(R8) < R9

R9 < R9 + R8

(027Ch) < R8

(R8) < (R8) + 013Fh

R8 <« 2468h

(037Ch) < (027Ch)—(4286h)




Chapter 4
Assembly Language Programming

Programming provides us with the flexibility to use the same hardware core for
different applications. A device whose performance can be modified through some
sort of instructions is called a programmable or configurable device. Most 1/O ports
and peripherals are examples of these blocks; their configuration should be part of
our program design.

Assembly programming for the MSP430 microcontrollers is introduced in this
chapter. We limit ourselves to the CPU case; CPUX instructions are briefly discussed
in Appendix D. The assembly language instructions are particular to the MSP430
family, but the techniques and principles apply to all microcontroller families with
the appropriate adaptations. The material should enable you to proceed to more
advanced topics on your own by consulting manuals, examples available elsewhere!
and, very important, by practicing programming.

The two most popular assemblers for the MSP430 are the IAR assembler by
Softbaugh and Code Composer Studio (CCS) from Texas Instruments. They both
have free limited versions to download from the Internet, and also come included
in evaluation boards. In this text we use the IAR assembler since its directives and
structure are more along line of most assemblers. It also has no limit in the memory
size for assembly language code. Appendix C briefly discusses the CCS assembler.

4.1 An Overview of Programming Levels

Programs are written using a programming language with specific rules of syn-
tax.These languages are found in three main levels:

a) Machine language,
b) Assembly language, and
¢) Level language

! Texas Instruments has many code examples available for MSP430 at http://msp430.com.
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To illustrate the differences among them, let us consider the code of Laboratory 12
in the three levels. The program toggles on and off an LED connected to pin 0 of
port 1 (P1.0) of the microcontroller, as illustrated in Fig.4.1. Toggling is achieved
by changing the voltage level at the pin.

P1.0 Voltage at Pin P1.0
MSP430 On Off On Off On Off
= LED State

Fig. 4.1 Simplified hardware connection diagram for LED in board

The algorithm to achieve this goal is described by the flowcharts of Fig. 4.2, where
(a) illustrates the process in its general terms, and (b) expands the different steps in
more detailed actions.

(a) START (b)

Housekeeping
and
Hardware setup

COUNT = Delay

Set up stack

Stop WDT

COUNT = COUNT -1

Toggle LED
State

NO

Toggle LED
Hold LED State State

for a time interval H]

Fig. 4.2 Flow diagram for the blinking LED: a General Concept; b Expanded flow diagram

4.1.1 High-Level Code

Figure4.3 shows a code in C language which executes the desired task. Readers
with some proficiency in C will understand this source code without problem and
associate it with the flow graph. The compiler takes care of the “set up stack™ step.

2 This hands on exercise is adapted from TT with permission
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Listing 4.1: C Language Listing
1| #include <msp430x12x.h>
2| void main(void)
3] { WDTCTL = WDTPW + WDTHOLD; /* Stop watchdog timer */
4 PI1DIR |= 0x01; /* Set P1.0 to output direction */
5 for (;;)
6 { unsigned int i;
7] P10UT ~= 0x01; /* Toggle P1.0 using ex-or */
8 i = 50000; /* Delay */
9 do (i--);
10 while (i != 0);
11 }
12}

Fig. 4.3 C language code for LED toggling

Some differences with respect to C program sources for general purpose comput-
ers are noticeable. For example, hardware characteristics now require some attention.
Despite this, high-level programming is more independent of the hardware structure,
closer to our way of thinking, and easier to grasp. These are some of many reasons
why this level is preferred for most applications. Chapter5 introduces C program-
ming for the MSP430.

A drawback is that this language is not understood by the machine. We need
tools, called compilers and interpreters, to make the appropriate translation. The final
machine product depends on the compiler used. Engineers also developed software
tools called debuggers to help correct programming errors, usually called bugs;
correcting them is called debugging.

4.1.2 Machine Language

Since digital systems only “understand” zeros (0) and ones (1), this is how the
executable code, i.e., the set of instructions executed by the CPU, is presented to the
system. Although possible, it is difficult to associate the machine code to an original
high level source.

A program written in zeros and ones is a binary machine language program. The
example in Listing 1.2 of Fig.4.4 is for the flow graph of Fig.4.2. Here, each line
represents an instruction. The hex notation version in Listing 1.3, called hex machine
language, is the form in which debuggers present machine language to users and
also the syntax with which embedded programmers deal with this level. Obviously,
machine language is not user friendly and hence the need of other programming
levels.
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Listing 4.2: Binary Machine Language

0100000000110001
0100000010110010
1101001111010010
1110001111010010
0100000000111111

0000001100000000
0101101010000000
0000000000100010
0000000000100001
1100001101010000

0000000100100000

Listing 4.3: Hex

4031
40B2
D3D2
E3D2
403F

0300
5A80
0022
0021
C350

0120

831F
23FE
3FF9

1000001100011111
0010001111111110
0011111111111001

WU W

Fig. 4.4 Executable machine language code for the example of Fig.4.1

Listing 4.4: Assembly Version Hex Machine Lang.

1 mov.w #0x300, SP 4031 0300

2 mov.w #0x5A80 ,&0x0120 40B2 5A80 0120
3 bis.b #001,&0x0022 D3D2 0022

4 xor.b #001,&0x0021 E3D2 0021

5 mov.w #0xC350 ,R15 403F C350

6 dec.w R15 831F

7 jnz 0x3FC 23FE

8 jmp 0x3F2 3FF9

Fig. 4.5 Assembly version for Fig. 4.4—Hex machine version shown for comparison

Instructions for the MSP430 CPU consist of one, two or three 16-bit words. The
leading one is the instruction word, with information relative to the instruction and
operands. Machine language for the MSP430CPU is considered in Appendix B.

4.1.3 Assembly Language Code

The first step toward a friendlier syntax was the assembly language, compiled with
assemblers. Each instruction is now a machine instruction encoded in a more “human
like” form. Translating a machine instruction into its assembly form is to disassembly
and the software tool for this task is a disassembler. Figure 4.5 shows the assembly
and hex versions of the executable code. Lines in both listings correspond one to
one. Thus, “mov.w #0x300, SP” is the assembly for hex “4031 0300”.

Basic MSP430 Assembly Instruction Format
As illustrated, the very basic format of MSP430 instructions contains two compo-

nents: the mnemonic and the operands. The mnemonic is a name given to the machine
language opcode, and it is by extension sometimes also called opcode.> Mnemonics

3 Strictly speaking, the opcode is part of the machine language code only and the mnemonic is the
assembly language name for the opcode.
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have a suffix “.b” or “.w” to differentiate byte and word size operands, as explained
later in this chapter. No suffix is by default equivalent to “.w”.

Operands are written in an appropriate MSP430 addressing mode, as introduced
in Chap.3. Operands are usually called source (src) and destination (dest). The
instruction may have two, one or no operands using one of the format of expressions
(4.1)—(4.3). The only core instruction without operand is ret i, “Return from Inter-
rupt”; all the other zero operand instructions are emulated. The operand in (4.2 ) may
be a source or a destination, depending on the instruction.

Mnemonic src, dest 4.1)
Mnemonic operand “4.2)
Mnemonic 4.3)

4.2 Assembly Programming: First Pass

Although simpler to read than machine form, the code of Fig.4.5, which is a pure
assembly listing, still has unfriendly notes. For example, the user needs the memory
map to identify addresses 0x0022 and 0x0021, and knowledge of machine instruction
lengths to know how many bytes the PC should jump. A friendlier version is found
in Fig. 4.6, written with IAR assembler syntax. This is part of a complete source file.
Each line in the source file is a source statement.

Listing 4.5: Assembly Code Hex Code
1| ;Constants Declarations
2| #include "msp430g2231.h"
3| LED EQU 0x0001 ; LED at P1.0
4| DELAY EQU 50000 ;
5| #define COUNTER R15
6 _______________________
7 ORG OF800h ;Start Code
8 ;- - - - - - - - - - - - - - - - - - - -
9 RESET mov.w #300h, SP ; Set stack 4031 0300
10| StopWDT mov.w #WDTPW+WDTHOLD ,&WDTCTL 40B2 5A80 0120
11 ; Stop WDT
12| SetupP1 bis.b #001h ,&P1DIR ;P1.0 output D3D2 0022
13 H
14| Mainloop xor.b #LED ,&P10UT ; Toggle P1.0 E3D2 0021
15| Wait mov.w #DELAY , COUNTER 403F C350
16 ;Load Delay to Counter
17 L1 dec.w COUNTER ; watt 831F
18 jnz L1 ; Delay owver? 23FE
19 jmp Mainloop ; Again 3FF9

Fig. 4.6 Assembly language code for Fig.4.4
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Fig. 4.7 Example of a list file F80A: D3D2 0022 SetUpP1 bis.b  #001h,&P1DIR
line — S -— ~— ——
Instruction Machine lang.

Address  Instruction

Assembly Language Instruction

Now assembly instructions have the format illustrated by (4.4); only the original
instruction fields, mnemonics and operands, are compulsory. Mnemonics cannot start
on the first column.

SetupP1 bis.b #001h, &P1DIR ; P1.0 Output “4.4)
——— ~~—~—
Label Mnemonics Operands Comment

In fact, every source statement has the same format, all fields being in general
optional. The mnemonics may be a machine instruction mnemonics or a directive.
Operands must always go after a mnemonic.

Observe that the machine language and instruction mnemonics have not changed.
But now there are new features in the listing that make it easier to read. Namely, we
find comments, labels, symbolic names, and directives.

On the first column we can only have a comment (starting with the semicolon),
a label, a C-type preprocessor directive, or a blank.

Assembling is done with a two pass assembler, which runs over the source code
more than once to resolve constants and labels. The assembler receives the source
file and outputs an object file, as well as other optional files. In particular, the list
file is very helpful. For each source file statement which generates code or memory
contents, the list file shows the address and contents. In the case of an instruction,
this contents is the machine language instruction in hex notation, word size data. An
example of a line of a list file is illustrated by Fig.4.7.

4.2.1 Directives

Directives are for the assembler only. They do not translate into machine code or data
to be loaded into the microcontroller memory. They serve to organize the program,
create labels and symbolic names, and so on. Directives depend on the assembler, but
instructions belong to the CPU architecture and are independent of the assembler.
We will work with the IAR assembler.*

Comments: Anything on a line after and including a semicolon (;) is a comment.
It is ignored by the assembler and serves as a documentation tool and to explain the
purpose of an instruction. Remark how comments relate the code with the flow graph
of Fig.4.2b.

4 For a more in depth treatment than the introductory level provided in this book, the reader may
consult the document “MSP430 IAR: Reference Guide for Texas Instruments’ MSP430 Microcon-
troller Family”, published by IAR Systems Inc. and downloadable from the Internet.
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Symbolic Names: These are names given to numbers, expressions, hardware devices,
and so on. Labels fall in this category. The values and equivalences for these names
are assigned during assembly and are thus called assembly time constants. The names
can be used by the programmer as if they were already known before assembling.
Labels: These always start on the first column. They may contain alphanumeric
characters, the underscore “_", and the dollar sign “$”; they may end with a colon
() but never start with a number. The nature of this constant value will depend on
the directive used with the label or if it associated to an instruction. In the latter case,
the label takes the value of the memory address of the instruction word.

Directives EQU, #define, #include and ORG: The code example of Fig. 4.6 intro-
duces some directives. IAR directives are usually written with all-caps letters. Those
like “#define”, “#include”, and others are C-type pre-processor directives, so called
because they come from C language and maintain its syntax. The directives included
in the example are the following:

e EQU and #define which are used to define assembly time constants and some
symbolic names, valid in the module, for numeric values, hardware pieces, and so
on. EQU cannot be used with registers or hardware devices.

e #include, which serves to append external files. In this case, and almost always
done, a header file where more assembly time constants are defined.

e ORG will tell the assembler the address in memory where the items following the
directive will be stored.

The formats for EQU and #define are
LABEL EQU <<Value or expression>>
and
#define <<Symbolic Name>> Value or expression or register

EQU is an example of a value assignment directive. Another one is SET. For
#include, the format is

#include "filename"

MSP430 header files contain definitions for constants to be used. Since all
MSP430 microcontrollers have the same addresses for similar peripherals and ports,
related constants are available for MSP430 programmers in the header files. There-
fore, this is a common line in TAR source files, with filename usually of the type
msp430xxxx.h, where the xxxx field corresponds to either a model or a family. In the
example of Fig.4.6 we see #include “msp430g3221.h". More recent JAR
versions allow msp430.h only, and the selection is made by the assembler among the
different files available in a library. All the symbolic names that appear in the listing
of Fig. 4.6 which were not defined explicitly with EQU or #define, are defined in the
header file.
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The format for the ORG directive is
ORG expr

where expr is the physical address where the program location counter will point to
store the next items going to memory. The ORG directive requires the user to know
the memory map, or at least the address of interest, of the microcontroller being used.

Example 4.1 Even if the source file is not yet complete, let us look at what happens
when the assembly code of Fig. 4.6 is processed.

Labels DELAY and LED, as well as the symbolic name COUNTER are identified
as 50000 (=C350h), 1 (=01h), and R15, respectively. All other symbolic names
found, such as P1DIR and P10OUT, are defined in the header file. For other labels,
the value will be generated, and the ORG directive allows us to understand the
process.

ORG O0F800h is used just before the beginning of the source code. Therefore the
first machine language instruction 4031 0300 following the directive goes to that
address, OF800h. From there on, every instruction will be stored continuously one
after the other. The result can be appreciated with the list file, as partially illustrated
below:

ORG 0F800h ;
F800 4031 0300 RESET mov . w #300h, SP ; Set stack
F804 40B2 SA80 0120 StopWDT mov.w #WDTPW+WDTHOLD , &« WDTCTL ; Stop WDT
F80A D3D2 0022 bis.b #LED,&P1DIR ; P1.0 output
F8E—————

The assembly listing has the label RESET for this first instruction, so RESET
becomes OF800h. Similarly, the label StopWDT takes the value F804h, which is the
address where the instruction is stored. Every label attached to an instruction will
be then assigned the value of the corresponding instruction address.

Using directive ORG requires from the user knowledge of the MCU memory map.
In particular, the programmer needs to be aware where the executable code usually
goes, whose starting address is machine dependent. RAM memory, used for variables
and other uses, most often starts at 0200h. Other places need also to be known. Again,
some names are defined in the header file to help the programmer in this task.

Standard Symbolic Constants and Header Files

Even though the assembly instructions work only with integer constants, the defi-
nition of symbolic constants is for all practical matters “a must” in programming,
and very important in assembly programming. To simplify readability and compre-
hension, as well as portability, symbolic names for the addresses of the peripheral
registers, and for bits or groups of bits within registers are standard. Texas Instru-
ments has generated header files files with these constant names. These are written in
C language code, but shared by C compilers and assemblers. In the IAR assembler,
the files are included in the source code with the directive #include.
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Fig. 4.8 Information for bit15 bit8
watchdog timer control regis- Bits 15-8 normally 69h; WDTPW=5Ah for writing |
ter (WDTCTL) (Courtesy of
Texas Instruments, Inc.)

bit7 bite bits bit4 bit3 bit2 bit1 bit 0
|WDTHOLD |WDTNM\ES |WDTNMI |WDTTMSEL|WDTCNTCL|WDTSSEL | WDTIS1 WDTISO

Fortunately for us, the user guides and data sheets for the different series and
models use these symbolic names when explaining the peripheral registers, so the
programmer does not need to know the details of the header files. But when necessary,
these files are usually available in the IDE.

Let us illustrate the naming conventions using the Watchdog Timer control reg-
ister, presented in the user guides as shown in Fig.4.8. The address is also given in
the user guide. The meanings of the bit names are summarized in Table4.1.

Names associated to single bits are usually declared indicating the action asserted
when the bit is set (as in WTDHOLD for Watchdog Timer Hold) when this is possible,
or to the type of control that it is exerted, as in WDTNMIES for Watchdog Timer
Non Maskable Interrupt Edge Selection (0 for falling edge, 1 for rising edge).

With these definitions, “mov #WDTPW+WDTHOLD, &§WDTCTL” is equivalent
to “mov #0x5A80,&0x0120”, and is used to stop (hold) the WDT operation.
Remember that the first byte needs to be SAh in order to make changes to this reg-
ister. Therefore, in the particular case of this register, every change must include
WDTPWD in the immediate source operand.

For a group of bits, referred to as a set with a symbolic name ending as X, there
are two general conventions. It is up to the reader to verify if both are used in
the header file or only one of them. One is when x is substituted with the format
“_N7, then N represents the decimal value in the combination of the respective bits.

Table 4.1 Symbolic constants associated to watchdog timer control register (WDTCTL)

Name Number  Comment
WTDCTL 0x0120 Register address
WTDPW 0x5A00  Required to make changes

WTDHOLD  0x0080 When set, stops WDT

WDTNMIES  0x0040 selects the interrupt edge for the NMI interrupt when WDTNMI = 1
WDTNMI 0x0020 Selects pin RST/NMI function: O for Reset, 1 for NMI
WDTTMSEL  0x0010 WDT working mode: 0 for WDT, 1 for interval timer

WDTCNTCL  0x0008 Resets or clears the counter when set

WDTSSEL 0x0004 WDT clock source select: 0 for SMCLK, 1 for ACLK

WDTISx (bits 1,0) 'WDT interval select. (Explanation below)

5 Unfortunately, now and then TI edits the files and changes names. If one of the errors shown
during assembly indicates unknown definition, first check spelling. If this is not the source of error,
check for an updated header file.
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Table 4.2 Symbolic constants associated to watchdog timer control register (WDTCTL)

Name b1-b0 value Using bits Time interval

WTDIS_0 0x00 None Watchdog clock source/32768
WTDIS_1 0x01 WTDISO Watchdog clock source/8192
WTDIS_2 0x02 WTDIS1 Watchdog clock source/512
WTDIS_3 0x03 WTDIS1+WTDISO Watchdog clock source/64

In the other convention, x may be substituted by the bit number generating as many
names as bits are in the group. Both conventions are illustrated for the group WDTISx
in Table4.2 in the first format. Remember that by default, the bits are 0.

The numbers 32768, 8192, 512, and 64 are associated to a frequency of 32.768
kHz for a crystal resonator. With this clock frequency, the time intervals are of 1000,
250, 16 and 1.9 ms. For other frequencies, these intervals will be different.

With these definitions,

mov #WDTPW+WDTTMSEL+WDTCNTCL+WDTSSEL+WDTISO, &WDTCTL
is equivalent to mov #561Dh, &0120h and means: “Use the WDT as a normal
timer, with the ACLK as its source and reseting every facrx/8192 s”. In particular,
if we are using a watch crystal for the frequency source, the instruction is for using the
WDT as a 250 ms interval timer. Every 250 ms, the interrupt flag is set. To avoid long
operands, the complete sum is defined as another constant, “WDT_ADLY_250".

The naming principle illustrated is similarly applied to all registers, addresses
for interrupt vectors, or even individual bits and other important combinations. The
reader should look at different source examples and user guides to grasp the general
idea.

4.2.2 Labels in Instructions

The above example gives more insight into labels. Although labels are optional, a
good assembly programming practice follows some unwritten rules. Always use a
label for

e Entry statement of the main code and of an Interrupt Service Routine (ISR). The
label takes the value of the reset vector or interrupt vector.

e Entry statement of a subroutine. The label can be used to call the subroutine
using it in immediate addressing mode in the call instruction, for example call
#Label.

e Instruction to which reference is made, for example for a jump.

Labels are also useful as highlights for instructions, even if no reference is needed.
Take a look at the listing in Fig.4.6.
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Example 4.2 Continuing with the same listing used in example 4.1, the reader can
verify that the label Mainloop will be equal to OXF8OE. The label is used for jump
instructions and can be used as any other integer constant with addressing modes
as illustrated next.

mov.w #Mainloop, R6 (immediate mode for Mainloop) yields R6 = F8OEh.
mov.w Mainloop, R6 (direct or symbolic mode for Mainloop) yields R6 = 403F.
call #Mainloop (immediate mode for Mainloop) calls a subroutine with entry
line at address OXF80E. Hence, the CPU pushes the PC onto the top of the stack
(TOS) and then loads it with 0xF80E.

call Mainloop (direct or symbolic mode for Mainloop) will push the PC onto
the TOS and load it with 0x403F. In this particular example, there will be an error
since the values at PC must be even. The CPU will reset.

On the other hand, operands in jump instructions work differently depending
on whether they are in a source being compiled or in an interpreter or single line
assembler. Labels only apply to compilation with two-pass assemblers. Now, only
the address of the target instruction is valid, where the address is given explicitly
either as a label or a number, as illustrated in (a) and (b) below. Other modes are
illegal, as illustrated in (c). Notice that the syntax is the same as a direct one but
does not have the same meaning.

(a) Instruction jmp Mainloop will load the PC with F80E, making mov.w
#50000, R15 the next instruction to fetch.

(b) Instruction jmp O0xF8O0E has the same effect but requires the user to know the
address of the target instruction.

(c) The instructions jmp #Mainloop or jmp & Mainloop are illegal.

4.2.3 Source Executable Code

The executable code is the set of CPU executable source statements, namely, the
instructions. Itis the mostimportant part of the source file. It consists of the main code
and, optionally, subroutines and Interrupt Service Routines. Important characteristics
to consider are

1. Label for Entry line: Names like “RESET”, “INIT”, “START"” are common, but
any one will do. This label serves to load the reset vector.
2. Housekeeping and peripherals configuration: This task includes

e stack initialization,
e configuration of the watchdog timer,
e configuration of peripherals and I/O ports as needed

3. Main routine or algorithms: The instructions for the intended program.

Unlike programs written to be run on computers, microcontrollers programs usually
do not have a stop or ending instruction. Here, they are terminated with either an
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Fig. 4.9 Initializing SP. a (a) N (b)

At address just after RAM, b « Initial SP

First pushed word occupies XXFFh « RAM Ends XXFFh E2

top of RAM XXFEh XXFEh 41  |esp
0200h « RAM Starts 0200h

infinite loop or with the CPU off, waiting for an interrupt. Instruction jmp $, repeats
itself indefinitely. This is useful for debugging and for interrupt driven designs.

Housekeeping and configuration: In the stack definition, the SP register is usually
initialized with the next even value after the RAM, so the first pushed item occupies
the highest word address in RAM, as illustrated in Fig.4.9. RAM always begins
at location 0200h in MSP430 microcontrollers, and its last address depends on the
model. Thus, in the absolute code, for a 128 byte RAM the last address will be
0x027F so SP is initialized with 0x0280.

Strictly speaking, if the program does not include subroutines or interrupts, and
neither includes push or pop instruction, then the stack pointer needs not to be
initialized. Our example belongs to this kind of programs. However, it is a good
practice to always include this initialization.

If the main code ends with an infinite loop, the Watch Dog Timer (WDT) should
be stopped or else it will restart the CPU after some time. Hence, it is common to
stop the WDT. This is usually done with the statement

mov.w #WDTPW+WDTHOLD, &WDTCTL 4.5)

as illustrated in our examples. It is recommended to stop the WDT whenever we
have relative long loops in the code. Other WDT configurations are possible.

Finally, an embedded designer must be aware of how hardware connections inter-
act with the CPU. This interaction takes place with internal peripherals and external
hardware through I/O ports. Hence the need to configure ports and peripherals. The
LED example given so far configures pin P1.0 of port 1 as an output, by setting bit
0 of the byte sized register named P1DIR.

Although a more detailed discussion on the peripherals and ports is provided in
Chap. 7, there is an important point to consider with respect to ports. By default,
port pins are selected as input pins at power up. Hence, if the pin is being used as
input, there is no need to explicitly configure it at the beginning. Yet, if it is not being
used, be sure the pin is not a floating input, or several problems can arise due to
false signals and noise. Either connect a pull-up or pull-down resistor as illustrated
in Fig.4.10; some models have internal software configurable resistors. The resistor
values are usually in the 30-56 k€2. This practice should always be used when using
input devices such as switches or pushbuttons.

If not using resistors, configure the pin as an output. In short, it is a good practice
to configure unused port pins as outputs to avoid hardware hazards. In an example


http://dx.doi.org/10.1007/978-1-4614-3143-5_7

4.2 Assembly Programming: First Pass 167

(@) VCe (b) (c)

Rpull_up Input Port Pin

MCU mcu | 7
b b —
. McU

Input Port Pin Rpull_down Input Port Pin

R_internal

Fig.4.10 Input pins with a pull-up resistor, b pull-down resistor and ¢ internal software configurable
resistor

like the one used here, it would have been better to use mov #0xFF, P1DIR,
since no pin is used as input.

Main Algorithm: After housekeeping and hardware configuration, we may start
writing the instructions for the intended task. If interrupts are being enabled, the
eint should be introduced after the hardware configuration, to avoid unwanted
interruptions.

Since most, if not all, embedded systems work continuously and independently
of a user intervention, many systems do not include a particular instruction to “stop”
the program. MSP430 microcontrollers fall in this category. Instead, two common
methods to “terminate” the main code are an infinite loop using a unconditional jump
or setting the system in a proper low power mode, also turning the CPU off.

4.2.4 Source File: First Pass

Let us end this discussion about the assembly process with a first look at the layout
of the full source file that includes the code considered up to now. Remember that
the source file is the one that the programmer writes, with all necessary comments,
instructions, directives, etc. to feed to the assembler. Figure 4.11 shows an absolute
source file for our example. It is called absolute because all the memory allocations
are given explicitly by the programmer with the directive ORG.

We recognize in this figure the part we have been working with. Namely, constant
declarations and executable code. In addition we have a documentation, and the reset
vector allocation. This last group must be in any assembly source file.

This example introduces two new directives: END and DW, equivalent to DC16.

END directive is compulsory to finish the source file, since the assembler does not
read anything after this directive.

DW stands for “define word”, and it is equivalent to DC1 6, which stands for “define
16-bit word”. This directive tells the assembler to store in memory the 16-bit words,
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L[ g ke ok o o oK A oK K K K oK K K K K K K KK KKK
2 MSP430G2xx1 Demo - Software Toggle P1.0
3
4| ;Description: Toggle P1.0 by zor’ing P1.0 inside
5 H of a software loop.
6| H ACLK = n/a, MCLK = SMCLK = default DCO
o
8| MSP430G2zx1 Documentation
9 ;  mmmmmmemm—m—o—oo
10 /1IN XIN|-
11 I /
12 ; --/RST xour |-
13 / /
14 ; / P1.0/-->LED
15
16 H Based on code written by D. Dang
17 ; Tezas Instruments Inc.
18 H October 2010
19 ; Built with IAR Embedded Workbench Version: 5.10
20 7R KK K K KKK KKK e e e e e e e e e e e e e KKK
21 #include "msp430g2231.h" ; standard constants
22 LED EQU 01h ;LED at pin P1.0 COnStantS
23| DELAY EQU 50000 Declaration
24 #define COUNTER R15 ; R15 as counter
25 e T
26 ORG 0F800h Program Reset
2 e _—
28| RESET mov . w #0300h, SP ; Initialize stack Absolute directive
29 StopWDT mov.w #WDTPW+WDTHOLD ,&WDTCTL ; Stop WDT -
30 SetupP1 bis.b #001h,&P1DIR ; P1.0 output
31 H
32 Mainloop xor.b #LED ,&P10UT ; Toggle LED
33| Wait mov.w  #DELAY,COUNTER ; Delay to counter Executable
34 L1 dec.w COUNTER ; Decrement counter
35 jnz L1 : Delay over? Code
36 jmp Mainloop ; Again
37 ;
38| T - - - - = = - = - = = = = = = = = = = = = = =
39 Interrupt Vectors
L I H
41 ORG OFFFEh ; Address for
42 DW RESET ; RESET Vector
43 END
Reset vector

allocation
|

Fig. 4.11 An absolute IAR listing for blinking LED (Courtesy Texas Instruments Inc.)

separated by a comma, that follow the directive. The storage starts at the memory
address at which the assembler’s program location counter (PLC) is pointing at that
moment. It is convenient to have it in this case pointing at an even address.

Reset Vector Allocation: It is absolutely necessary to allocate the reset vector at
address OxFFFE. Remember that the reset vector is the address of the first instruction
to be fetched. When the MCU is powered up or reset, the control unit makes the PC
register be loaded with the word found at the mentioned address. We tell the assembler
to allocate the reset vector with the lines.

ORG OxFFFE
DW <<ResetVectorLabel>>

In our example, and very often, the label used is “RESET”, but any valid name
will do. Header files usually contain the definition of RESET_VECTOR as OxFFFE,
so we can use ORG RESET_VECTOR if this is the case. We will be back at this topic
later.
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4.2.5 Why Assembly?

High level languages increase productivity and are easier for working with complex
algorithms. Why then should we bother studying assembly language?®

Assembly instructions are in an isomorphic relation with machine language
instructions and thus intimately related to the embedded system. This provides many
advantages among which we have: lower power consumption, the least memory
usage and fastest operation, as well as lower costs and easier maintenance, desir-
able features in embedded applications, in particular portable ones. Hence, assembly
language is a good choice for short to medium programs, where complexity is still
manageable and we can keep good control on the machine performance. Typical uses
include device drivers, and low-level embedded and real-time systems.

Another advantage appears when debugging, since programs are always stored
in machine language form, no matter the original source program. Access to the
system memory through debuggers provides invaluable room for maintenance and
improvement. For these reasons, assembly language is a good choice for direct hard-
ware manipulation, access to specialized processor instructions, or to address critical
performance issues.

High level code cross compilers work by first translating the code into an assembly
language one, giving us the opportunity to optimize the ultimate executable code
applying our assembly language skills. For compilers not going through the assembly
translation, we always have the possibility of disassembling the machine language
to obtain the assembly version.

On the down side, vocabulary in assembly language is very limited and thus the
program generally needs more lines, yielding slower code writing and higher costs
in development. Some assemblers include high level features to mitigate this disad-
vantage, in particular for standard assembly code formats. Anyway, we should be
clear that for complex algorithms and large codes, high—level languages are definitely
preferred.

To close this discussion, let us point out that in embedded systems it is very
often highly desirable to mix high-level and assembly instructions. This feature is
very useful when we need to use the microcontroller with precise timing and special
instruction sequences.

4.3 Assembly Instruction Characteristics

Using the source in Fig.4.11 as an initial template, we are now in a position to look
at the MSP430 instructions using the assembler. Of course, any other assembler or
interpreter can be used to test our understanding of the instructions and partial listings.

6 An excellent and more in depth discussion about this topic can be found at http://en.wikipedia.
org/wiki/Assembly_language. We encourage the reader to go to this site and also look several of
the references listed therein.
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Table 4.3 MSP430 addressing modes

Addressing mode Syntax Comment

Immediate mode #X Data is X

Register Mode Rn Data is Register Rn Contents

Data in Memory:

Indexed mode X(Rn) Address is X 4+ Rn contents

Indirect mode @Rn Address is Register Rn contents

Indirect autoincrement @Rn+ Address is Register Rn contents as before.

Now, Rn is incremented after execution by 2
for word instructions and by 1 for byte ones.

Direct mode X Address is X
Absolute mode &X Address is X
Addressing Modes:

Remember that operands in an instructions must be written with an appropriate
addressing mode syntax. For instructions other than jumps, the seven modes used by
the MSP430 are recalled and summarized in Table4.3. The immediate, the indirect
and autoincrement modes are not valid as destination operands.

Core and Emulated Instructions

The MSP430 architecture has twenty-seven hardwired core instructions, i.e., each
one with a specific OpCode in machine language syntax. In addition, assemblers
support twenty-four emulated instructions, with mnemonics easier to remember.
For example, to “invert” all bits in RS, “inv R5” is easier to recognize than the
equivalent core instruction “xor #0xFFFF,R5.” There is no penalty for the use
of emulated instructions.

Tables 4.4 and 4.5 list the complete sets of MSP430 core and emulated instructions,
respectively.

4.3.1 Instruction Operands

Excepting for the jump instructions, an operand in an instruction is either

a CPU register name, or

an integer constant, or

a character enclosed in single quotes (°*), which is equivalent to its ascii value, or
a valid user defined constant

Registers PC, SP and SR may also be referred to as RO, R1 and R2, respectively.
Integer constants may be in

e decimal notation, without any suffix or prefix; only decimal numbers can have the
minus sign (“-") attached;
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Table 4.4 Core MSP430 instructions
Type Instruction Description V N Z C
Data mov src,dest Loads destination with source - - -
Transfer push src Pushes source onto top of stack - - - -
swpb dest Swap bytes in destination word - - - -
add src,dest Adds source to destination * % k%
addc src,dest Adds source and carry to destination * ok ok xk
sub src,dest Adds source + 1 to destination * ok ok ok
Arithmetic ( subtract source from destination)
subc src,dest Adds source 4 CF to destination * ok k%
( subtract with borrow)
dadd src,dest Adds source and carry to destination * ok k%
in Decimal (BCD) form?
cmp src,dest dest — source, but only affects flalgs3 * ok ok ok
sxt dest Sign extend LSB to 16-bit word 0 *x *x x
and src,dest  “AND”s source to destination bitwise 0 *x x =
xor src,dest “XOR”s source to destination bitwise * ok ok ok
bit src,dest Like and, but only affects flags4 0 * x %
Logic bic src,dest  Resets bits in destination - - - -
and bit bis src,dest Sets bits in destination. - - - -
management rra dest Roll bits to right arithmetically, i.e., 0 *x *x =
B, - Bmn—1)...By — By — C
rrc dest Roll destinations to right through Carry, * ok k%
C—-B,—-Bn—-1)...Bi—- By— C
jz/jeq label  Jump if zero/equal (Z = 1) - - - -
jnz/jne label Jump not zero/equal (Z = 0) - - - -
jc/jhe label  Jumpif carry (C = 1) —if higher or equal— - - - -
(>, for unsigned numbers)
jnc/jlo label Jump if not carry (C = 0)— if lower,— - - - - =
(<, for unsigned numbers)
Program jn label Jump if negative (N = 1) - - - -
Flow jge label Jumpif V=N - - - -
(>, for signed numbers)
jl1 label Jump if V#N - - - -
(if <, signed numbers)
jmp label Jump to label unconditionally - - - -
call dest Call subroutine at destination - - - -
reti Return from interrupt S

I For Flags: — means there is no effect; * there is an effect; “0”, flag is reset.
2 Result is irrelevant if operands are not in format BCD

3: Used to compare numbers, usually followed by a conditional jump

4 Used to test if bits are set, usually followed by a conditional jump

e binary notation with suffix b, as in 00101101b, or in the form b’00101101°;

e hex notation with suffix h, as in 23FEh or prefix 0x as in 0x23FE, or prefix h as in
h’23FE’. Suffixed numbers must never start with a letter;
e octal notation with suffix g, as in 372q, or prefix q as in q’372’.
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Table 4.5 Emulated instructions in the MSP430

Type Instruction Description Core Inst.
Data pop dest Loads destination from TOS mov @SP+,dest
Transfer
adc dest Add carry to destination addc #0,dest
dadc src,dest Decimal add Carry to destination addc #0,dest
dec dest Decrement destination sub #1,dest
Arithmetic decd dest Decrement destination twice sub #2,dest
inc dest Increment destination add #1,dest
incd dest Increment destination twice add #2,dest
sbc dest Subtract Carry from destination subc #0,dest
tst dest Test destination cmp #0,dest
inv dest Invert bits in destination xor #O0FFFFh, dest
rla dest Roll (shift) bits to left add dest,dest
Logic rlc dest Roll bits left through carry addc dest,dest
and bit clr dest Clear destination mov #0,dest
Management clrc Clear carry flag bic #1,SR
clrz Clear zero flag bic #2,SR
clrn Clear negative flag bic #4,SR
setc Clear carry flag bis #1,SR
setz Clear zero flag bis #2,SR
setn Clear negative flag bis #4,SR
br dest Branch to destination mov dest, PC
Program dint Disable interrupts bic #8,SR
Flow eint Enable interrupts bis #8,SR
nop no operation mov R3,R3
ret Return from subroutine mov @SP+, PC

Operands for Jump Instructions

In MSP430, in a source program to be compiled by an assembler, the operand is
direct, giving the address for the jump. This value is usually given as a labe, as in
jmp mainloop,sinceitis very improbable that the programmer knows the address
before compiling.

However, for line assemblers it must be an even signed number within the limits
+512. This is half the offset to be added to the PC register, and hence represents the
number of bytes in program memory to be jumped to, forward or backward. Lines 7
and 8 in Fig.4.5, which appear as jn 0x3FC and jmp 0x3F2 could have also be
written as jn—-4 and jmp-14, respectively.
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4.3.2 Word and Byte Instructions

With some exceptions, instruction operands may be either byte-size or word-size.
Word and byte instructions are differentiated with a suffix .w or .b, respectively. The
default when no suffix is included is a word instruction.

In byte instructions, when the datum is in memory, the source or destination refers
specifically to the byte in the cell. Addresses can be even or odd, with no particular
problem. In addition, in the indirect autoincrement addressing mode @Rn+-, register
Rn is automatically incremented by 1 when working with byte instructions.

Now, when data is in a register, since the register itself is 16-bit wide, the situation
is a little different. A source operand in register mode in byte operations points only
to the least significant byte. When a destination, the result goes to the least significant
byte and the most significant byte is cleared. These remarks are illustrated in Fig. 4.12.

Observe that the most significant byte of a register is not available with a byte
instruction. Therefore, to access or change only this part of the register, swpb Rn
may be utilized before/after the byte instructions.

The following example illustrates the operation of byte and word instructions.

Example 4.3 The following table shows examples of individual and sequence of
instructions for byte and word operations. All numbers in the table are in hex notation
without suffix or prefix. MSB(Rn) amd LSB(Rn) mean, respectively, most and least
significant byte of Rn. Before each instruction or sequence, contents are

RS = 03DAh, R6 = 0226h, R15 = BAF4h, [03DAh] = 2B40h, [03DCh] = 4580h
and [0226] = F35Ah.

Since the MSP430 uses little endian method, [03DAh] = 40h, [03DBh] = 2Bh
and so on. In byte operations with memory, only the byte is taken. Hence @RS,
@R5+, 0(R6) and 1(R6) in the instructions point only to the byte, not the word. This
was indicated only once in the RTN of the second column to eliminate any ambiguity.

4.3.3 Constant Generators

Operands in register mode yield faster execution and require less program memory.
Any non-register operand data, like a number in immediate mode or an address,

Flg 4.12. Byt? operation.s MSB — LSB MSB — LSB
with data in register: a Register Before: I H3 H2 H1 HOI I H3 H2 H1 HOI

as source only, b Regi