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This te,rt is designed both to teach C language programming as it applies to cmbed-
dcd microcontrollers and to provide knowlcdge in the application of the Atmcl@
family of AVR@ RISC microcontrolleß.

INTCNDED AUDIENCE

This book is desiEned to serve two diverse audiences:

L Students in Electrical and Computer Engineering. Electronic Engineering,
Eleclrical Engineering Technology, and Computer Engineering Technology
curricula.Two scenarios for students fitthe book very well.

l.l Beginning students who have notyet had a C programming course:The
book serves a tlvo-semester or four-quarter sequence in which students
learn C länguage progmrn m inS, learn howto apply C to embedd€d
microcontroll€r designs,and advance to the more sophisticated embedded
applicätions.In this instance,the programs can äll be run on än embedded
microcontroll€r with very little hardware knowledge required.After
Chapter | , " Em bedded C Language Tutoriall' is completed, it will serve as a
proSramming reference for the bälance oi the courses.

1.2 Studenrs who häve already tal€n a C programming course can use th€
book for a one-semester or two-quarter course in ernbedded microcon-
trollers. ln this instänce. the students study on ly those portions of chapter I
that relate to programming for the emb€dded €nvironment and moye
quicldy to the advanced hardware concepts. Chapter I is organized (as are
all the €hapters in the book) to provide a usable reference for informätion
needed in other courses.

2. Pr?cticing engineers, tech nologists, and techniciäns who wänt to add a new
microcontroller to their areas of expenise: Chapt€r I can be used as needed

{dep€ndin8 on the user! level ofprogramming experience) either to leärn
n€eded conceDrs or as a reference.The chaDters about theAtmelAVR micro_
controller hardware will lead such an individual through the steps of learning a
new microcontroller and serve as a reference forfuture Droiects.



P R E R E Q U I S I T E S

Some knowledge ofdigital systerns, number systems, and logic design is required. Prelimi-
nary versions ofChapter l, "Embedded C Language Tirtorial,' have been used successfully
in a tundamental microcontrollers course (sophomore-1evel class*no prerequisite pro-
gramming) following two semesters ofbasic digital logic courses. It has also proven to be an
ercellent tert for an advanced microcontrollers elective course. In many cases, the students
have elected to keep the book and use it as a reference through their senior project desrs.
courses lrnd have taken it with them into industry as a useful reference.

ORGANIZATION

The text is organized in logical topic units so thar instructors can either follow the text
organization, starting with the C language and progrcssing through the AVR hardrare and
into more advancedtopics, orcan choose the orderofthe topics to 6t their particular needs.
Topics äre kept separate and identifred for easy selection. The chapter exercises and labora-
tory exercises are also scparated by topic to make it ensy to select those that apply in any
Dartrcular lnstnnce.

CHAPTER CONTENTS SUMMARY

Chapter I,Embedded C languageTutorial

The C language is covered in d€tail in a step-by-step method as ir applies to
programming embedded micrccontroll€rs. One or mor€ example progmms
accompany eäch proSramming concept to illustmte its us€.At the conclusion ofthe
chaptei stud€nts are able to create C languäge programs ro solve probl€ms.

Chapter 2,TheAtmel RISC Processors

Th€AVR RISC processors are covered from basic architecture through use of all of
the standärd peripheral devices included in the microcont.ollers. Example programs
are used to demonstrate common uses for each ofthe peripherals. Upon completion
ofChäpters I and 2,students äre able to applyAvR RISC processors to solve

Chapter 3,Standärd l/O and Preproc€ssor Functions

Chapter 3 introduces students to the built-in functions available in C and to their us€.
Agäin,example programs are used to illustrat€ how to use the built-in functions.
Finishing Chapter 3 pr€par€s students to use the built-in functions to speed their
programminS and effons at problem solving.

Chapter 4,The CodevisionAvR C Compil€r and IDE

This chapter is the handbookfor using the CodevisionAvR compiter and its
accompanying integrated developmenr environment (lDE).Students can learn ro use
the CodevisionAvR and its IDE €ff€ctiv€ly to create and debug C programs.



Chapter 5. Project Development

This chapter focuses on th€ orderly development of a Proiect using microcontrollers.
A wireless indoor/outdoor w$ther station is developed in its entirety to illustrate the
process. Students leärn to efficiently develoP Projects to maximize their successes

Appendix A, Library Functions Reference.A complet€ reference to the built-in
library functions available at the time of publication.

Appendix B,Getting Staned with CodevisionAvR and the STK500.This is the
quick-start guide to CodevisionAvR yvhen used with theAtmel STK500.

Appendix C, Programming theAVR l''licrocontrollers.This is a guide to actually
progrämming the FLASH memory ar€a oftheAVR devices,so that students can
understand the programming function.

Appendix q InstallinS and UsingTheCableAVR.This users guide covers the
installation and use ofTheCableAVR hardware and software.

Appendix E,Th€ l4egaAVR-DEV Development Board

Appendix F, ASCII ChäräcterTable.

Appendix G,an assembly code instruction summary for use with the assembly
code programminS examples.

Appendix H, Answers to Selected Exercises

Appendix l, Fast Start Guide.This guide is a quick reference to installing the
softlvare, connecting the härdware,and Setdng a simple programming uP and
going and a l'legaAVR-DEV Development Board.

RATIONAIE

The advancing technology surrounding microcontrollers continues to provide amazingly
greater amounts offunctionaliq, and speed. These increases have 1ed to the almost univer-

sal use of highJevel languages such äs C to progmm cven time-cdtical tasks that used to
require assembly language pro$ams to accomplish. Simultaneously, microcontrollers have

become easier and easier to apply, maling them excellent vehicles for educational use Many

schools have adopted microcontroller vehicles as target devices for their courscs. And the

price of microcontroller development boards has dropped to the level where a number of
schools havc the students buy the board as a part oftheir'parts kit" so that all students hxve
their oün development board. Some ofthese courses require C programming as a prercqui
site, and others teach C language programming and the application ofembedded micro-
contollers in an integated mmner.

This book is an answcr to the need for n text that is usable in coußes with and without a

C language prerequisitc course and that can be a useful reference in later coursework. The

CD-ROM included with this book contains the compiler and other softlvare so that



students with their o$'n development boards have everything they need to work outsidc of
class as rvell as in the school labs.

HARDWARE USED

Most ofthe programming application examples in this text were developed using an AVR
cvaluation board providcd by Progrcssn'c Rcsourccs, LLC (rcfcr to Appendir E lor
spccifics). This board is particularly wcll suitcd for cducetronal use and is a good generaF
purposc dcvclopment board- However, the Atmel AVR microcontrollers areveryersyto use
and can bc run perfcctly rvell by simply plugging them into x protot)?e board, adding the
oscillator crptal, along with two capacitors, and connccting four wircs for programming.
StLrdents have been very successful with either mettroo.

The AIMega8535, ATMega8515, AIMega16, and AIMega48 microcontrollers have
been used to rvork out the examples for the text. One of the major advantages of the AVR
microcontrollers is that they are parallel in theü architecture and the programming
approach for the devices. This merns that the examples shown will work on virtually any
Atmel AVR microcontroller, provided that it contains the peripherals and other resources
to do the job-it is not necessary to make changes to use the code for other members of
the AVR famill Consequentl)-, the text is useful with other members ofthe AVR family
xs wcl1.

The more common peripherds are covered by this te:'t, .rnd the code can be used m a tem
plate to apply to more arotic peripherals in some of the other AVR family members.

C D - R O M  C O N T E N T S  A N D  S O F T W A R E  U S E D  I N  T H E  T E X T

Thc softrvarc uscd with thc tcxt includcs thc Atmcl AVR Studio (&ee from
http://wrvwatmcl.com/) and thc CodcVisionAvR C compilcr from I"IP InfoTlch S.R.L.
(evaluation version fiee from http://wrwhpinfotech.rol). All of the programs in thc tcxt
can be compiled rnd run using the included evrlurtion version ofCodeVisionVAVR.

The CD-ROM included with this book contains the source code for all of the softwue
examples from the text. These can be used as references or as starting points for specific
assignmcnts. Also includcd on thc CD ROM is the CodcvisionAvR e\'aluation version
compilcr that was curcnt at the time ofpublication. Also refer to the Wcb sitc information
to obtain the latest version of the compiler. More inlormation about purchasing thc fu1l
version mav be found at htto://wu.rv.orllc.com/.
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AUTHORS

1tis text is dcfinitely a highly collaborative rvork by the three authors. Each section rvas
Iargely *-rittcn bv one author and then critically reviewed bv thc other trvo, who rewrote
chunks as needed.It is not possible to delineetc who is responsiblc for any particülarpart of
the book.The authorsi

Ri.hürn H. Barnett, PE, Ph.D.
Pra|i s so af Ehttüa/ Engin ee ring Te eh n a / ag1

Dr Barnetthas been instructing in the ercn ofembedded nicrocontrollers for thc past eigh-
tecn )rcars, stffting with the Intel 8085, progressing to sevcral members ofthe 8051 family
of embedded microcontrollers, and norv teaching Advanced Embedded Microconrroliers
using the Atmel A\ß. devices. During his summers and trvo sabbatical periods, he worked
extcnsively with multiple processor cmbedded systems, applying them in a rarieq' of
control oriented applications. In addition, he consults actively in the licld. Prior to his
tcnure rt Purdue Universigl he spent ten years as an cngineer in the aerospace electronics
industry

In terms of teaching, Dr Bamett has rvon a nutrber of tcaching awards, including the
Charles B. Murphy Award as one ofthc best teachers at Purdue University. He is also lisred
on Purdue Unn'ersity\ Book of Great Teachers, a list ofthe 225 most influcntinl teachers
over Purdue's entire history This is his sccond text.

He maybe contacted with suggcstions/comments at Purdue Univcrsiry at765-494-7497 or
by email at rbarnett@purduc.edu.

Larry D. O'Cu//
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Mr O'Cull received a B.S. degree ftom thc School ofElectrical Engineering Tichnotc,gy
at Purdue University. His career path started in the design of software and control systems
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opportunities in electronics engineering and software development lor vision systems,
LASER-robotic machine tools, medical diagnostic equipment, nnd cotrmercial and con
sumer products, and he has been listed rs inventor/co-inventor on mrnerous prtents.

Mr. O'Cull started Progressive Resources in 1995 after several ycars ofl'orking in Elcctri
cal md Sofnvrre Engineernrg and Engineering Nltanagement. Progrexive Resourccs LLC,
now Priio (wwv.priio.com), specializes in nrnovrtive commercia| industrial, md consumer
prodLrct developrnent. Priio is an Atmel AVR consultant member.

Hc mxl bc contacted with suggestions/conments bi, email at ldocull@priio.com.

Sarah A. Cox
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Ms. Cox has a ßachelor of Science degree in both Computer and Electrical linginccring
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After a short career for a large consultnrg 6rrn working on database mamagement sysrems,
she rvas lLrred rway by the fast pace rnd the infinite possibilities ofmicroprocessor designs.
Shc *-orkcd independently on verious pieces ofmedical test equipment before beconing ä
partnc! at Progrcssive Resources LLC.

At Progressn'e Resources, .vls. Cox hrs developed software for projects nnging äom small
consumer products to industrial products and test equipment.These projecs have spanned
several felds, rmong them .lutomotive, medicr , entertrinment, child development, public
safegv/education, sound rnd inage compression, and construction. rUong the n'ay she has
been listed as co-inventor on numerous patent rpplications. She has rlso written the soft
w.rre lor in-system progrmming rnd development tools targeting Atmel AVR processors.

She may be contacted with suggestions/comments byemail at scox@priio.com.



An embcdded microcontroller is a microconputer that contdns most ofits periPh-
erals and required memory inside a single integrated c;(cuit along with the CPU. It
is in actualiq" a microcomputer on a chip."

Embedded miuocontrollers have been in use for more than three decxdes.The Intel
8051 series was one of thc flrst microcontrollers to integrate thc mcmory, I/O, arith
netic logic unit (ALU), program ROM, rs well as some other pcripherals, all into
one very neat little package. Thcsc processors are sti1l being designed into new prod-
ucts. Other companies th:rt followcd Intel's lead into the embedded microcontroller
nrcnx we(e GenerJ Instruments, National Semiconductor, Motorola, Philips/
Signctics, Zilog, AMD, Hitrchi, Toshiba, and Microchip, among others.

In recent years, Atmcl has become a world leader in thc development of FLASH
memory technology FLASH technology is a non volatile yet reprogrammable
memory often used in products such as digital cameras, portable audio devices, and
PC motherboards. This memory technology really pushed Atmel ahead in the mi
crocontroller industry by providing an in-system programmablc solution. This, cou
pled with the development ofthe AVR RISC (reduced instuction set comPuting)
core architecture, provides lor vcry low-cost yet amazing solutions.

The next great stcp in this high-tech evolution was thc implementation ofhigh lcvcl
language compilcrs that ue targeted speciAcally for use with these new microproccs-
sors.The code generation and optimization ofthe compilers is quite impressive.The
C programming languagc, with its "make your own rules" structure, lends itself to
this application by its ability to be tailored to a particular tnrget s]ßtem, while still al
lowing for code to be portablc to other systems. The key benefit of a langr.rge like
this is that it creates pools ofintellectual property that can be drawn from agdn and
again. This lowers devclopment costs on an on-going basis by shortening the devel
opment cycle with each subsequent design.



One ofthe linest C langrage tools developed to date is CodeVisionAVR. Written by Pavel
Haiduc ofHP InfoTech S.R.L., this completely integrated dn)ela?ment envirannent (IDE)
allows editing, compiling, part programming, and debugging to be performed from one
PC Windows applicrtion.

Thc motivation that has led to the development ofthis book is the growing populariq' of
the AVR md othef RISC microcontrollers, the ever increasing level ofintegration (more on
a chip and fewer chips on a circuit board), and the nced lor "tuned thinkinq" when it comes
to developing products utilizing this type oftethnologl. You may heve expfricnce writing C
lor a PC, or assembler for a microcontroller. Butwhen it comes to writinE C for an embed-
ded microcontroller, the approach must be modified ro get the desired ftnat resultq: small,
efficient, reJiable, reusable code. This text is designed to provide a good baseline for the oe-
ginner as well as a helpful reference tool for those experienced in embedded microcontrotler
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t . t  oBJEcTlvEs
At the conclusion of this chapter, you should be able to

Defne, des€ribe,and identiry väriable and coDstant typ€s,their scoPe,and uses

Construct variable and constant declantions for allsizes ofnumeric data and

{or strings

Apply enumentions to variabl€ declarations

Assign values to väriables and constants by m€ans ofthe assignment oPerator

Evaluat€ the results ofallofthe op€rators used in c

Explain the r€sults that each of the control stat€ments has on program flow

Create functions that are composed of variables, operators, and control state-

Apply pointers,arräys,structures,and unions as function variables

Creat€ C programs that complet€ task using the concepts in this chapter

I . 2  I N T R O D U C T I O N

This chapter provides a baseline course in the C programming language as it applies

to embedded microcontroller applications. The chapter indudes extensions to the C

langüage that are n part ofthe CodeVisionÄVR@ C language You will go from be

ginning concepts through rvriting complete programs, with oramples that can be im

plemented on a microcontroller to further reinforce the material

The information is presented somewhat in the order that it is needed b]' a Programmer:
. Declaring variables and .onstants

. Simple l/O, so that prognms can make use of the parallel pons of the
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' AssigninS välues to the väriables and constants, and doinS arithmetic operations with
rhe variables

. C constructs and controt stätements to form complete C programs

The linal scctions cor,'er rhe more advanced topics, such as pointers, arrays, structures, and
unions, xnd their use in C programs. Adranced conccpts such as real-time programmn,g
and irtcmrpts complete the chapter.

I . 3  B E G I N N I N G  C O N C E P T S

Witing a C program is, in a sense, like building a brick house: A foundation is laid, sano
and cement arc used to make bricks, these bricks are arransed in rows to make a course or
bloclis, and the courses are thcn stacked to creat< a building. In xn enbedJcd C progrm,
sets ofinstructions ffe put together to form firnctions; these functions are thcn treated as
higher lcvel operations, rvhich are then combined to form a prograrn.

Everv C language program must ha\a at leasr one tunction, namelv zaä!. The function
naizll is the foundation ofa C language program, and it is the starting poinr *-hen the pro-
gram code is executed. All tunctions are invoked bv nain) eithcr directl,t or indirectly. A1
though functions can be complete and sclf contained, variablcs and parameters can be uscd
to cement these functions togerher

The tunction zaä(l is considered to be the lorvest level task, since it is the frrst tunction
callcd ftom the system starting the program. In manv cases, zaizll will conrain only a ferv
statemcnts thrt do nothingmore thaninitialize and sreer the operation ofthe progam from
one function to another.

An embedded C program in its simplest form appears as follows:

I

]

The program shown abovc rvill compile and operate perfectly but you will not knorv that for
sure, bccause there is no indication of acriviry of any sort. We can embellish the program
such that 1,ou can actuallv see life, revicrv its functionrlilv, and begin to studv the syntacü
cal elements ofthe language:

+ i n c l u d e  < s t d i o . h >

! , r i n t i (  H a l , t o  I ' O R L D " ) ;  / *  t h e  c L a s s i c  C  C e s t  p r o g r a m .
i h i l e { l )  / /  d o  f a r e v e L - -
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This program will print the words "HELLO WORLD" to the standard output, which rc
most likely a serial port. The microcontroller will sit and wait, forever or until the micro
controller is reset. This demonstrates one ofthe major differences between a personal com-
puter program and a progrnm th"t is designed for an embedded nicrocontroller: nrmely,
that the embedded nicrocontroller applications contain an in6nite loop. Personal comPut-
crs have an operating s)'stem, and oncc a program has executed, it retums conüol to the
operating system ofthe conputer. An embedded microcontrolle! however, does not have an
operating system and cannot be allowed to fall out oftlrc program at any time. Hence, every
embedded microcontroller application has an infnite loop built into it somewhere, such as
tha uhile(1.) 1n the ex mple abor.e. This prcvents the program ftom running out ofthings to
do and doing random things that ma1, be undesirable.The while construct will be exPlained
in a later section.

The erample program also provides an instance of the fust of the common PreProcessor
compiler directives. #indude tells thc compiler to include a 61e called stdio.h as a part ofthis
program. The tunction p rintf} is provided for in arr artemal library and it is made availahle
to us because its definition is locatcd in the stdio.h 61e- As we continue, these concepts will
come together quicH).

These are some of the elements to take note ofin the orerious examples:

{ }

A semicolon is used to indicate the end ofan expression.An expression
in its simpl€stform is a semicolon alone.

Bnces "0" a.e used to d€lineate the beginning and th€ end of th€
function! contents. Bra€es are also used to indicate when a series of
stat€m€nts is to be treated as a single block.

Double quotes are used to mark the beginning and the end of a text
stnng.

ll or l* ...*l Slash-slash or slash-star/star-slash are used as comment delimiters.

Comments are just that, a programmerk notes. Comments are critical to the readabiJity of a
program. This is true whether the Foglam is to be read by others or by the original program-
mer at a later time. The comments shown in this text are used to erplain thc function ofeach
line ofthe code in the example. The comments should always explain the actu^lfunet;an of the
line in the prcgram, and notjust echo the specilic instructions that are used on the line.

The tr.aditionat comment delimitcrs are the slash-star (ö, star slash (.4 conliguration. Slash-
star is used to create block comments. Once ä slash-star (F) is encountered, the compiler
will ignore the subsequent tu.t, wen if it cncompasses multiple 1ines, until a star-slash (? is
encountered. Refer to the frrstline of the ruinj irnction in the previous progam example
for an arample ofthese delimiters.

The slash slash (/4 delimiter, on the other hand, will cause the compiler to ignore the com-
ment te),1only until the end of the line is reached. These are used in the second line of the
nain) frnciron of the example progran.
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As we mor,.e into thc details, a fel. svntactical rutes and sone basic telninology should be

. An identifier is a variäble or function name made u p of a teEer or u ndersco re ( ),
followed by a sequence of lene.s and/or digits and/or underscores.

. ld€ntifiers are cäse sensitive.

. ldent i f ierscanbean/ length,butsomecompi tersmayrecognizeontyat imi tednumber

of charäcters,such as rhe firsr rhirry,rwo. So beMre!

. Pardcular words have special meaning to the compiter änd are considered reserved
words.These reserved words must be enrered in towercäse and shoutd nevef be used
as identifiers.Table I-l lists reserueo woras.

\drilc

if

void

Tabl€ l-l Reseryedword Lst

' Since C is ä free-fo.m languä8e,"white space" is ignored untess detineated by quotes.
This includes blank (space), tab,and new tjne (catriage return and/or tine feed).

I . 4  V A R I A B L E S  A N D  C O N S T A N T S

It is timc to look at data stored in the form ofvariablcs and constants. Variables, as in algc-
bra, are values that can be changcd. Constants are 6-xed. Variables and constants come in
ma ny forms,,rnd sizes: rhev aJe qtored in rhe programir memory in a variegv oflorms that will
De examrneo as we go a1ong.

I . 4 . I  V A R I A B L E  T Y P E S

A variable is declarcd bv the rcsened rvord indicating its lype and size followed by an
identillcr:

unsasned char  peabody;

i n L  d o q s ,  c a t s j
Long in r  toLa l  dogs  and_ca ls ;

Värixbles and constants are stored in the limited memorv ofthe microcontroller, and thc
compiler needs to knos' horv much mcmory to sct aside for cach variable without wasürg
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memory space unnecessarily. Consequendy, a programmer must declar€ the v'ariabl€s, spec-
ifyingboththesizeofthevatubleandthetypeofthevariable.Tablel2listsr€riableq?es
aod their associated sizes.

TyPe Stze (8itr)

1 0 , 1
8 'L2a 6 \27
8 0toä5

8 -124 6 P7

16 -32764 632767
-32764 632767

16 0 to 65535

l 6 32768 ro 32767
32 21,47483644 b 2147 443647

32 0 to 4294967295

32 2147 483648 to 2147483647

32 ir.175c 38 to i.402e38

32 i1.175e 38 to $-402e38

Table l-2 Yo"?bleTvDes ond SizF

I.4.2 VARIABLE SCOPE

As noted above, constants and variables must be dedared prior to their use.The stEe of a
variable is its accessibility within the program. A variable can be declared to have e\t\er latal

Local Variable.s

Local variables are memory spaces allocated by the function when the function is entered,
g?ically on the program stack or a compiler-created heap space. These variables are not ac-
cessible from other functions, which means their scope is lirnited to the functions in which
they are dedared. The local variable declaration can be used in multiple functions without
conflict, since the conpiler sees each ofthese uriables as being part ofthat function only.

Global Variables

A global or extemal variable is a memory space that is allocat€d by the compiler and can be
accessed by all the tunctions in a program (unlirnited scope)- A global variable can be mod-
ifred by any function and will retain its r"lue to be used by other tunctions.

Global variables are gpically deared (set to zero) when nain) is started.This operation is
most often perfomed by startup code generated by the compiler, invisible to the programmer.



Arr example piece ofcode is shown below to demonshate the scope ofuriables:
uns igned char  s lobey ;  / /a  q loba l  var iab le

v o i d  f u n c t i o n  z  ( v o i d )  / / r h i s

uns igned in t  t seen;

is  a  func l ion  ca l1ed f ron  na ino

/ / a  l o c a 1  v a r i a b L e

/ /oK because rween is  locaL

/ /oK because q lobey  is  g1oba1

/ /  Th is  t ine  w i l l  qenerare  an  er ro r
/ /  b e . d u s -  m d i n  l o .  s ' o  - -  - o  n " i r .

n a i n  t o c ;  / / a  v a r i a b l e  1 o c a l  E o  m a t n { )

/ / o k  b - ^ d " s a  s r o b - /  : s  c  q _ o b . .

/ / w i 1 1  c a u s e  t s e e n  i s  l o c a L

/ /  to  func t ion  z

l

I

g l o b e y  =  l 4 ;
t r e e n  =  1 2 ;

tuh i  1e  (  1 )

J

When variables are used within a function, ifa local wriable has the same namc as a slobal
variable, the local wiJl be used by the function. The value of rhe global variable, in thii case,
will be inaccessible to the tunction and will remain untouched.

1.4.3 CONSTANTS

As described earlier in the text, constrnts äre fixed values-they may not be modified as the
progralr executes- Constants in many cases are pan ofthe compiled program itseli located
in read-only memory (ROM), rather than an allocated area ofchangeable random access
memory (RAM). In the assignnent

.  =  I  +  y ;

the number J is a constant and wi[ be coded direcdv into the addition oDeration bv the
compiJer. Con.tants can also bc in rhe form ofcharacrers or a 'tring ofrew:
p r i n t f  ( " h e 1 1 o  w o r l d  )  , .

/ /  The tex t  'he l fo  wor td"  i s  p laced in  p rosram neno iy
// and never chanses -

/ /  The te tsLer  ,B ,  i s  pernanent ty  se t
/ /  in  p roqran memory .

You can also dedare a constant by using the rescrved word const and indicating its qpe and
size. An identiEer and a value are required to complete the dedaration:

c o n s t c h a r c = 5 ? ;



Identi$ing a variable as a constant w;ll cause lhat variable to be stored in the program code
space rather than in the limited variable storage space in RÄM. This helps preserve the lim-
ited RAM space.

Numeric Constants

Numeric constants can be declared in manywals by indicating their numeric bas€ and mak-
ing the program more readable. Integer or long integer constants may be written in

. D€cimal form without a pr€frx (such as 1234)

' Binary form witn 0b prefix (such as 0b | 0 | 00 | )
. Hexadecimal form with Ox pr€lix (such as oxff)

. Octalform with 0 prefix Guch as 0174

There are also nodifers to better defne the intended size and use ofthe constant:

. Unsisned inteser constants can have the sufFx U (such as 10000U).

. Long inteSer constänts can hav€ th€ sutrx L (such as 991).

. Unsigned long integer constants can have tie sufüx UL (such a5 99UL).

. Floating point constants can have the $mx F (such as 1.2340.

. Character €onstants must be enclosed in single quotation mark, 'ar or'A'.

Character Constants

Chancter constants can be printable (like 0 9 aad A Z) or non-printable chaJacters (such
as new line, cariage return, or tab). Printable character constants maybe enclosed in single
quotation marks (such as a'). A backslash followrd by the octal or hexadecimal value ln
single quotes can also represent character constants:

can be  represented  by  ' \16{ '

can  be  rep .esented  by  ' \ x74 ,
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Table 1 3 lists some ofthe'tanned" non printable characters that are recognized by the C
lan$age.

Baclslash (\) and single quote O characters themselves must be preceded by a backslash to
avoid confusing the compiler. For instance, \ ' is a single quote character and N is a back-
slash. BEL is the bell character and will make a sound when it is received by a computer
terminal oi terminal emulatol

I ,4,4 ENUMERATIONSAND DEFINITIONS

ReadabiJiry in C programs is very irnportant Enumerdions and definitions are provided so
that the prcgrammer can reptace numbers with names or other morc meaningfirl phrases.
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Equivalent Hexyolue
BEL '\x07

'\08'

TAB \09'
LF (nry lirc) \0a'
\'"1'
FF '\f

CR

Tabfe l-3 Nor?rintobre Choto.ter Notodons

Enumerations are listed constants. The reserved word enum is used to assign sequential
inrFger con.rinr \"alue" ro a Iisr olidenrifers

1nt  nun_va1;  / /dec la re  an  in teser  var iab le

/  /decLare  an  enunera t ion

enum {  zero  va l ,  one va1,  two wa1,  Ehree va1 ) t

num va1 =  two_va l ;  / /  the  sane as :  num va1 =  2 ;
'fhe 

name zeratal ls *signed a constant value of O, one_oal of 1, tua oal of2, and so on.
Ar initial value may be forced, as in

enum { slarr=10, next1, next2, enal wa1 };
which will cause tn"l to have a value of 10, and rhen each subsequent name will be one
gte rer nextl is 11, noct2|s 12, nd. end:tal is 13.

Enumerations are used to replace pure numben, which the prograrnmer would have to look
up, with the words or phrases that help describe the numbert use.

Definitions are used in a manner somewhat similar to the enumerations in that rhey will
,]]ow substitution oforc tex-t string for another. Observe the following arample:

enun {  red_ led  on  =  1 ,  s reen- ted  on ,  bo th  leds_on t ,
*de f ine  leds  PORTA

PORTA = 0a1;  / /neans  tu rn  tshe  rea l  LED on
Leds =  red- led  on ;  / /neans  Ehe sane rh ins

'lhe"#defne 
kds PORT4"Iine causes the compiler to substitute the label PORD4 whercvet it

encounters the rvord /sd. Note tlnt thc #defne line is not ended with a semicolon and may
not have comments.The enumeration sets ther"alue ofred led on to 1, green_hd_on to 2, and
batb-htls an to 3.Thts mglt be used in a program to control tie red and green LEDs where
outputting 1 turns the red LED on, 2 turns the green LED on, etc. The poinr is that "1r* =
red )ed an" is mtch easler to understand in the program's contc\t than "PORT4 = 0ir7".
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#deÄne is a preprocessor directive. Preprocessor directives are not actually part ofthe C lan-
guage syntax, but they are accepted as such because of then use and famiJiaity. The pre-
processor is a step separate from the acnral compilation ofa program, which happens belore
the actual compilation begins. More information on the preprocessor can be found in
Chapter 3, "Standard I/O and Preprocessor Functions."

I .4.5 STORAGE CLASSES

Variables can be declared in thrce storagc classes: auto, static, and register. Auto, or auto
matic, is the default class, meaning the reserved word auto is not necessary

An automatic class local variable is uninitialized when it is allocated, so it is up to the pro-
granmer to make sure that it contains valid data before it is used. This memory space h re-
leased when the tunction is exited, meaning the values will be lost and will not be valid ifthe
function is reentered. An automatic class variable dedaration would aooear as follows:

a u t o  l n !  v a l u e  1 ;

in t  va lue  1 ;  / /  Th is  i s  the  cormon,  de fau l t  fo rn ,

Static

A static local rariable has only the scope of the tunction in which it is denned (it is not
accessible ftom other functions), but it is allocated in global memory space. The static vari
able is initialized to zero the fust time the function is entered, and it retains its value when
the function is exited. This allows the variable to be current and valid each time the furc

sEa! ic  in t  va lue-2 ;

Register

A register local radable is similar to an automatic variable in that it is uninitialized and tem-
porary The difference is that the comdler will try to use an actual machine register in the
microprocessor as the rariable in order to reduce the number ofmachine cycles required to
access the variable. There are very few registers availabte compared to the total memory in a
gpical machine. Therefore, this would be a class used sparingly and with the intent of
speeding up a particular process.

I .4.6 TYPE CASTING

There are times when a programmer might wish to temporarily force the gpe and size of
the variable. Tlpe casting allows the previously dedared type to be overidden for the dura-
tion of the operatiofl being performed- The cast, called out in parentheses, applies to the
exoression it orecedes.
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Giren rhe folJowing declarat ions and assignment.

/ /  a  s i s n e d ,  1 6  b i t  i n t e s e r  |  3 2 1 6 A  t a  + 3 2 1 6 1 )

/ /  a  s i s n e d ,  8  b i L  c h a r a c t e r  I  L 2 n  t a  + a 2 7 )

/ /  x  i s  a n  i n E e q e r ,  ( b u t  i t s  v a l u e  w i l L  f i t
/ /  i ^La  a  cha lacLer )

t)?e cast operations on these variables could appear as

Tlpe casting is particularly important when arithmetic operations are performed with vari
ables of diflerent sizes.In many cases, the accurac_v ofthe arithmetic will be dictated by the
rariable ofrhe smalJesr wpe. Consider the tol[wing:

/ /  x  i s  conwer ted  to  a  charac ter  a4d then

/ /  ana l  Lhe wa lue  is  then pLaced in to  y .

/ /  y  i s  ex tended up  to  an  in teger ,  and

/ /  a s s i g n e d  t o  x .

/ /  d .ec la re  and in i t ia l i ze  r

/ /  a lec la re  and in iL ia l l ze  yv  -  6 3 ;

z - l y + 1 4 ) + x ;

As the compiler processes the right side ofthe equation, it will look at the size of1 and make
the assumption that f 

. -1o./ is a character (8 bit) multiplication. The result placed on the
stack will have exceeded the width of the storage location, one \te or a value of 255. This
will truncate the value to 118 (0x76) instead ofthe correct value of630 (0x276). In the ne{t
phase of tie evaluation, the compiler would determine rhat the size of the operation is
integer (16 bits) and 118 would be ertcnded to an integer and then added to r. Finall_n :
would be assigncd 268 . . . WRONG!!

Type casting should be uscd to corüol the assumptions. Writing the samc arithmetic as
z = ( ( i n t ) Y * 1 0 ) + x ;

will indicate to the compüer that1' is to be treated as an integer (16 bits) for this opcration.
This will place the integer value of630 onto the stack as a result ofa 16-bit multipLication.
The integer rzlue r will then be added to the integer valuc on the stack to cfeate the integcr
result of 780 (0x30C). :: will be assigned the value 780.

C is a very flexible language. It will giwe pu what vou ask for. The assunption the compilcr
will make is that you, the programmer, know what you want. In the etample above, if the
value ofl werc 6 instead of 63, there would have been no erors. \j!y'hen writing e\pressions,
you should alwal's think in terms of the maimum r,alucs that could be given to thc expres
.:on ,rnd what the resulting sums and products may be.

A good rule to follow: 'When it doubt-cast it out." Afiiqß cast the variables unless you
arc sure vou do not need to.
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Embedded microcontrollen must interact direcdv with other hardware. Thereforc. manv of
their input and output operations are acmmplisherJ uslng the builc-in pa.ra.llel pons oithe
microconfioller.

Most C compilers provide a convenient method of interacting with the paralel ports
through a library or header lile that uses the sftb and sfrw cornpiler commands to assign
labels to each of the parallel ports and other VO devices. These commands will be dis-
cussed in a later section, but the examole below will serve to demonstrate the use of the
pärallel ports:

+inc lude <MEGA8 5 l5 .  h>

v o i d  m a i n ( v o i d )

v h i l e  ( 1 )

I
z  =  P INA;

Enbedd.d C Lantrage Trtotid/ t l

/ /  reqr isEe!  de f in i t ion  header  f i le  fo r

/ /  a4  Atne l  ATMega8535

set  a1t  b i ts  of  porE B for  outspuE

/ /  .ead  the  b inary  va lue

/ /  por t  a  p ins  ( i -e . ,  inpuE

// srite the binary value

/ /  p l u s  1  t o  p o r t  B

read f .on  por l  A

The exarnple above shows the methods to both read and writ€ a parallel port. z is declared
as an unsigned character size variable because the port is an 8 bit port and an unsigned
character variable will hold 8-bit data. Notice that the labels for the oins ofoort A and out-
put port B are aI capitalized because theselabels musrmarch the wäy tbe label. are defined
in the included header iile MEGA8535.h.

The DDRr register is used to determine which bits ofportx (A, B, and so on depending
on the processor) arc to be used for output. Upon rcset, all of the I/O pofts default to
input by the microcontroller writing a 0 into all the bits ofthe DDRx registers. The pro-
grammer then sets the DDRx bits depending on which bits are to be used for output. For

/ /  ser  Lhe uppe.2  and tower  2  b i ts

/ /  oE po t t  B  fo r  ou tpu t

This exampte coffigures the upper two bits and the lower two bits to be used as output bits.
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I .6 OPERATORS AND EXPRESSIONS

An arpression is a statement in which an operator linla identifers such that when evalu
ated, the result may be true, false, or numeric in value. Operators arc sltrbols that indicate
to the compiler which type ofoperation is to be performed using its surrounding identifiers.
There are rules that apply to the precedence or order in which operations are performed.
When you combine operators in a single expression those nrles ofprecedenie mu,t be
applied to obtain the desired result.

I .6. I  ASSIGNHENT AND ARITHMETIC OPERATORS

Once variables have been declared, operations can be performed on them using the assig!-
ment operator, an equal sign (=). A value assigned to a variable can be a constant, a variable,
or an expression. Arr erpression in the C languag€ is a combination ofoperands (identifers)
and operators. A t}?icrl assignment may appear as follows:

d o s  =  3 5 '
va1 = dos;
d o q = d o s + 0 x 3 5 ;

v a r  :  ( 2  *  \ d o . J  +  0 1 1 2 ) )  +  6 t
y  =  ( n  *  x )  +  b ;

The compiled program arithmetically processes expressionsjust as you would process them
by hand. Start from inside the parentheses and work outward ftom teft to right: In the above
exprcsslon f = fu. i + b, the zr arrd r would be multiplied together tust and then added to
l;6nally,ywould be assigned the resulting mlue In addition to the parentheses, there is an
inJrerent precedence to operators themselves. Muttiplication and division ar€ perFormed
first, followed by addition and subtraction. Therefore, the statement

v  =  m  -  x  +  b ;

is evaluated the same as
y  =  ( n  r  x )  +  b ;

It should be noted that the use ofthe parentheses improvcs the readability ofthe code.

Table 1-4 shows the qpical arithmetic ope€toß in order ofprecedence.

Multiply

Divide

%

Subtraaion or Negrion

Tä,ble 14 Atitllnetk ODerotots

There are other g?es ofoperators besides arithmetic and assignment operators. These include
bitwise, logical, relational, increment, decrement, compound assignment, and conditional.
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Bitwise Operators

Bitwise operators perform functions that will affect the operand at the bit lev€l.

These operators work on non-floating point operands: char, int, and long. Table 1-5 lists
the bitwise operators in order ofprecedence.

Left Shift

Right Sbift

AND 6.

Fxclu;vc OR

OR (Incluive OR)

Table l-5 Bitwtse ODerorors

The following is a description ofeach bitwise operator:

. The ones compl€ment operator convens the bits wirhin an operand to I ifthey were
0,and to 0 il rhey were l.

' The left shift operator will shift the left operänd to the be in a binary fashion, the
number of times specifi€d by the right opedd.In a left shift operation, zero is always
shifted in replacinS the lower bit positions that would have been "empty." Each shift
leli effectively mulriplies the operand by 2.

'TheriShtshif toperato.wi l lshi f t theleftoperandtoth€right, inabinaryhrhion,the

numb€r of tim€s specified by the right operand. Each right shift effectively performs a
division by 2.\ r'hen a right shift is performed, s8n€d and unsigned viriables are
treated diff€r€ntly.The sign bit (the left or most signilicänt bit) in a signed integer wi
be rcplicated.This sign extension allows a positive or negative number to be shifted
rightwhil€ maintäinin8 rie sign.Vr'hen an unsiSned variable is shifted right, zeros will
always be shifted in f.om the left.

. TheAND operator willresult in ä | at each bit position wh€re both operands wer€ L

. The €xclusive OR operator will result in a I at eäch bit position where the operands
ditrer (ä 0 in ore operand and a I in the other).

. The OR (inclusiv€ OR) operaror will result in a I at each bit position where either of
the opemnds contain€d a l.

Table 1-6 gives some examples ofbitwise operatrom.

Assume that an unsiened clraracter v = 0xC9



x = Ox36

r = )  
"  

l i

x=on}c
x = v & 0 \ 3 I ;

x = 0rC8
x=!  |  0110; x = 0xD9

Table l-{ Exomp,es of&'rwise Operoürons

The AND and OR bitwise operators are uselirl in dealing with parallel ports. Observe thc
following erample:

+ inc lude <MEGA85l5 .h>

uns ie fned char  z ;

/ / . e q i s t e r  d e f i n i t i o n  f i l e  f o r
/ /  an  a tmel  ATMEGAS5I5

/ /  se t  a I I  b i ts  o f  por t  B  fo r  ou tpu t

v o i d  m a i n  { v o i d )
{

DDRB = ox f  f ;

Z = P I N A & O X 6 ;

PoRTB = PoRTB | 0{60;

P O R T B = P O R T B & o x f e ;

/ /  Read the b lnary vaLue on the
/ /  p o r r  a  p i n s  A N D e d  w i t h  0 0 0 0 0 1 1 0 .
/ /  wr i te  the b inary value f ron porE E
/ /  oRed wi th 01100000 back ro porr  B.
/ /  l i r i te  the b inafy vaLue f ron porE B
/ /  ANDed ui th oxfe to PoRTB.

)

The erample above demorctates nasAing md b;taDie ?ort eantrot.M^st<1ng is the techniquc
used to determine the value of certain bits ofa binarv value. In this case, the masking is
accomplished by ANDing the unwanted bits with 0 ( n AND 0 always results in 0) and the
bits ofinterest with 1 ('*'AND 1 always results in 'x). In this way, all the bits cxcept for the
cenLer rwo bir ,  of  rhe lo$er n;bble are diminaleJ {ser ro 0).

Bitwise port control is a method of changing one or more bits ofa parallel port without
affecting the other bits of the pon. The 6rst POR?3 line demonstrates using thc OR
operator to force two bits of the pon high without affecting the other bits ofthe port. The
second POR73 line sho*s how to forc€ a bit of the port low by ANDing the bit with a 0.

I .6.2 LOGICAL AND RELATIONAL OPERATORS

Logical and relational operators are all binary operators but yield a result that is either
TRUE or FALSE. TRUE is represented bv a nonzero vatuc, and FALSE by r zero valuc.



These operations are usually used in control statements to guide the flow of program

Logical Operators
Table 1-7 shows the logical operators in order ofprccederce.

Ar\D &&
OR
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Table l-7 togkdi Operotors

These differ greatly fion the bitwise operators in that they deal with the operands in a
TRUE and FALSE sense. The AND logical operator yields a TRUE ifboth operands are
TRUE, otherwise, a FAISE is the result. The OR logical operator yields a TRUE if either
of the operators is TRUE. In the case of an OR, both operators nust be FALSE in ords
for the result to be FALSE, To illustrate the difference:

A s s u n e  x  =  5  a n d y  =  2 j

(x  && y )  i s  TRUE,  because bo th  a le  non-zero .

{x  &  y )  i s  FALSE,  because the  pa ts tsern  101L '  and 010b

ANDed b i tw ise  are  zero ,
( "  l  l  y )  i s  TRUE,  because e i the !  va lue  is  non-zero

(x  I  y )  i s  TRUE,  because the  pa t le .n  101b and 010b

Inc lus iwe-oRed t ' iEv ise  is  111b (non ze lo ) .

Relational Operators

Relational operators usc compaJisor operations. As in the logical operators, the operands
are evaluated left to right and aTRUE or FALSE result is generated, They effectively "asP'

about the relationship of two expressions in order to gain a TRUE or FALSE reply.
' ' r s  the  le f t  g rea te !  lhan  the  r igh t? '

" Is  the  Le f t  less  rhan or  equa l  to  rhe  r iqh t? '

Table 1-8 shows the Relational operator.

ls Equal to

Is Not Eqo,l to

Les Thm or Equ,l to

GrcatüThm or Equal to

Table l-8 R€lstto'o, Operdtors



Exarnples are presented in Table 1 9.

A s s u m e t h a t x = 3 a n d y = 5 .

[ALSE
(, r= y) TRIJD

TRTID
TRTJD
FAI-SE
FALSE

Täble l-9 Exdmples of Relotionsl Operctions

1,6.3 INCREMENT, DECREMENT,AND COt' , tpOUND ASS|cNTIENT

When the C language was devdoped, a grcat efort.\.\,.as made to keep things concise but
clear. Some "shorthand" operators were built into the language to simplif the generation of
statements and shorten the keystroke count during progam development. These operations
include the increment and decrement operaton, as well as compound assignment operators.

Increment Opemtors

Increment operators allow for an identifer to be modfied, in place, in a pre-increment or
post increment manner For example,

x  =  x  +  t ;

/ /  p re  inc rement  opera t ion

/ /  pos t  inc renent  ope.a t ion

In this cxample, the ralue is incremented by 1. ++r is a pre-increment opemtion, whereas
r++ is a post increment operation. This means that during the erzluation of the expres-
sion by the compiled code, thc value is changed pre-waluation or post-evaluation. For
example,

k = 2 r i + + ;  / /  a t  c o n p t e t i o n ,  k  =  2  a n a  i = 2

k = 2 * + + i ;  / /  a L  c o n p l e t i o n ,  k  =  4  a n d  i = 2

In the fust case, i is incremented after the expression has been resolved. In the second casc,
lwas incremented before the expressior was resolvcd.
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Decrement Operators

Decrement operators tunction in a similar manner, causing a subtraction of one operation
to be performed in a pre-decrement or post-decrem€nt fashion:

i  |  / /  i  = .  r
a t  / /  i  =  a  r

Compound Assignment Operators

Compound assignment opentors are another method of reducing the amount of syntax
required during the construction of a program. A compound assignment is really just
the combiniog of an assignment operator ( = ) with an arithmetic or logical operator T he
expression is processed right to left, and syntactically it is consüucted somewhat like
the increment and decrement opemtors. H€re are some examples:

a  + =  3 ,  / /  a  =  a  +  3
b . . = 2 i  / / x , = b - 2

d .  / =  a ;  / /  d  =  d  /  a

This combining of an assignment with another operator works with modulo and bitwrse
operators (70, >>, <<, 6.' l, and ^) as well as the arithmetic operators (+, -, *, and D, as shown

a  = 3 ;  / / a = a o R 3
b & = 2 ;  / / b = b a N D 2
c ^= 5;  / /  c  = c exc lus iwely OReaI  wi th 5

PORTC &= 3 ;  / /  I t r i te  the  cur ren t  va lue  on  PORTC

/ /  ANDed w i th  3  back  to  por t  c .  Förc ing

/ /  a l l  o r  t h c  b i l s  c x . c p r  l r F  r o ^ 4  2  . o  0

/ /  and leav ins  the  lower  2  b i ts  udaf fec ted .

I ,6.4 THE CONDITIONAL EXPRESSION

The conditional arpression is probably the most cryptic and inftequendy used ofthe oper-
ators. It was de6nitely invented to save gping time, but in general, it is not easy for begrn-
ning programmen to follow. The conditional arpression is covered here in the "Operators
and Expressions" section due to its physical construction, but it is really more dosely asso
ciated with control statements covered later in this chapter (Section 1.7, "Control State
ments"). If the control sequence

i f  ( e x p l e s s i o n  A )

expressroa  B;

express ion_C;

is reduced to a conditional er?ression, it reads as follows:
6 x p - e s s . o n  A  . ,  - x p r - s s i o n  B  :  e x p r F s s i o n . ;
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In either of the forms shown above, the logical ergression eryress;on-A is evaluated: If the
result is TRUE, then erTre"rizz B is exccuted; otherwise, ex2ression_C is exeuted.

In a program, a conditional expression might be written as follows:
( x  <  5 )  ?  y  =  1  :  y  =  0 ; / /  i f  x  i s  t e s s  t h a n  5 ,  t h e n

/ / y = 1 , e 1 s e y = 0

I .6.5 OPERATOR PRECEDENCE

When multiple arpressions are in a single statement, the operator prccedence establishes
the order in which expressions are er,zluatcd by the compiler. In all cases ofassignments
and expressions, the precedence, or ordcr ofpdoriry must be renembered. When in doubt,
you should either nest the expressions with parentheses-to gnarantee the order of
process or look up the precedence for the operator in question. Some of the operators
listed previously actually share an equal level ofprecedence. Table 1-10 shows the opera-
tors, thcir precedence, and the order in which they are processed (left to right or right to
lettl. This processing ordcr is called groupLng or association.

1(Hish) 0.u' Leli to Right

2 !- (rwe)"&++ sizeof Risht to Left

ßinary l " / % Left ro Right

4

Shift 5 Left ro Right

Lcft to Right

Equali{ 7 L!it to RrsL't

BiMi\e & Left to Right

Bitvise 9 Left to Risht

Bihvise 10 Left to Right

Logi.al l 1 && Left to Right

L%ical t2 Leir r. Righr

13 Right ro Lcft

14 0@) :  + :  - = /= r=%= <<= , ,=  & ;  ^=  l = R sht to Leit

Table l-10 Operotor Precedence

Some operators in the table are covered later in this chapter in the "Pointen and Arrays" and
"Structures and Unions" sections (Section 1.9 and Section 1.10) . These would include the
primary operators like dot (.), bracket ([]), and indnection ( >), which are used to indicate
the specifics ofan identfier, such as an array or structure element, as well as pointer and in-
direction unary operators, such as contents of (.) and address-of(&). Some aranples will



help to make this dear:

4 i  t l \ | o u l d  j i p  d  y  -  l l  b e . d u s p  r h a  s  -  
S . - -

/ / 1n  p recedence  ana l  wou la l  be  done  be fo re  t he  .
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y = (3 + 2)  *  4;  /  /wanld y ieta l  y  = 20 because rhe O are rhe
/ /h ighesr  pr ior icy and force rhe + to be done
/  / f i ' rsL

y  =  4  > >  2  *  3 ;  / / w o u 1 d  y i e t d y  =  4  > >  6  b e c a u s e  E h e  *  i s

/ /h isher  in  p r io r i t y  than Ehe sh i f t  r i sh t

/  /opera ts ion

y = 2 + 3 >> 4i / /wöDld. yietd y = 6 >> 4 alue to the precedence of

/ / the  +  opera tor

The precedence of operators forces the use of a rule similar to the one for casting: If in
doubt, use many parentheses to ensure that the math will be accomplished in the desired
order Extra parentheses do not increase the code size and do increase its rcadability and the
likelihood thar ir will correclly accomplish iß mission.

I .7 CONTROL STATEMENTS

Control statements are used to control the flow ofexecution ofa program. iflelse statements
are used to steer or bünch the operation in one oftwo directions- while, do/while, and for
statements ar€ used to control the repetition of a block of inst$ctions. switch-/cäse state-
ments are used to allow a single decision to direct the flow of the program to one of many
possible blocks ofinstructions in a clean and concise fashion.

t . 7 .  I  w H t L E  L O O P

The while loop appear early in the descriptions of C language programming. It is one of
the most basic control elements. The format ofthe while statement is as follows:

whi le  (  express ion)

s ta tenent ;

When the execution ofthe program enters the top ofthe uhile loop, the arpression is eval-
uated. Ifthe result ofthe expression is TRUE (non-zero), tl€n tlle statements within the
while loop are executed. The "loop' associated with the while statement are those lines of
code contained withifl the braces fl following the while statement, or, in the case of a sin-
gle statement wbile loop, the statement following the while statement. When erecution
reach€s the bottom of the loop, the program flow is returned to the top of the while 1oop,
where the e4ression is tested again. Whenever the expression is TRUE, the loop is e-{e-
cuted. Whenever the er?ression is FAISE, the loop is completely bypassed and c{ecution

whi le (expression)

statenenl t ;
s latenenL2;

]
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continues at the tust strtement following the while loop. Consider the following:

+inc lude <s td io .h>

vo id  na in  (vo id )

t
char  c ;

/ /  i f  c  less than 100 then

t d \ n " ,  ( i n E ) c ) ;  / /  p r i n t  c ' s  v a L u e  e a c h
/ /  t ine lhrouqh the Loöp
/ /  increnent  c

l

In this example, r is initialized to 0 and the text süing "Stan of program" is pnnted. The
while loop will then be arecuted, printing the value of r each pass as r is incremented ftom
0 to 100. When r reaches 100, it is no longer less than 100 and the while loop is bypassed.
The "End of program" tevt string is printed and the program then sits forever in the
zahilell) statement.

The functioning ofthe zal;/rft) shtement should now be appareot. Since the "1" is the ax
pression to be evaluated and is a comtant (1 is always non-zero and thercfore considered to
be TRUE), the while loop, even a loop with no instructions as in the example above, is en-
tered and is never left because the 1 always eraluates to TRUE.In this case, the uh;le(I) ß
used to stop execution by infnitely executing the loop so that the processor does not keep
executing non existent code beyond the program.

Also note the cast of c t o zn integer tnslde t\e Finf) 6mction, inside the while loop. This
is necessary because the ?r;ntf) fnrrcnon n nost embedded C compilers will handle only
integer-size variables conecdy.

The while loop cal also be used to wait for an event to occur on a parallel port.
void main (void l

whi le  (PINA & 0x02) / /hanss he.e Fai r inq whi le  rhe
:  / / s e . o n d b l o f  p o !  A  j s  l q h

E d d  ö f  p r o s r a n  \ n " ) ;  / /  i n d i c a c e  t h a t  r h e

/  /E tosra  is  f  i  n t  shed

/ /  s i . r a  I  i s  d l w d v s  T R U E ,  r l e a  . u c -  .  i r  n 6 ! p ,

J

whi le (1)

vhi le  (1) / /  s ince 1 is  a lways TRUE, then jusr  s iE here, .



In this example, the while loop is used to await a bit going low. The e'pression being eval
uted is " PINA A 0x02", which will mask all but the second bit (bit 1) of the data read from
port A. While the bit is at logic 1, the result will be nonzero (TRIIE), and so the program
will remain in the while loop until the r,alue on the second bit drops to zero. At a later point,
it should become clear that in real-time programming this construction is not appropriate,
but it is a correct use ofa while statement.

t .7.2 DO/WHtLE LOOP

The do/while loop is very much like the while loop, except that the expression is tested afrer
the loop has been executed one time. This means that th€ instmctions in a do/while loop are
always executed ozce before the test is made to determhe whether or not to remain in the
loop. In the while consttuct, the test-ß mrde before the instructions in the loop are executed
even once. The format ofthe do/while statement is as follows:

Enbedded C La,E"nge TLtatir/

do

w h i l e  ( e x p r e s s i o n ) ,

z l

When execution reaches the bottom ofthe dolwfiile consmrct, the expression is elduated. If
the result ofthe expression is TRIJE (non-zero), then the program fow is returned to the top
of the do/while loop. Each time execution reaches the bottom of the construct, the expres-
sion is tested again. Whenever the ergression is TRIJE, the loop is executed, but if the ex-
pression is FAISE, the program continues on with the instructions that follow the construct.
The previous example, coded using the do/wfüle construct, would appear as follolr,s:

{
s tsalement l ;
s tatene4ts2;

)  whr le lexpressioa)  ;

+inc lude <s td io -h>

vo id  na in  (wo id)

I

p . i n t f { "  s t a r t  o f  p r o q r a n  \ n " ) ;

{

)  r h i l e  ( c  <  1 0 0 ) ;
/ /  inc renent  c

/ /  i f  c  l e s s  t h a n  1 0 0  t h e n

pr in t f ( "  Ena l  o f  p ioqr tu  \n ' ) ;  / /  ina l i ca te  tha t  the

/  /p rosram is  f in ished



n

/  /  s i n c e  I  i s  . l v d y s  I R U E ,  r n e n  l u s -  ^ i -  n - . - .

l

In tiis e\ample, r is initialized to 0 and the text string "Start of program" is printed. The
do/while loop will then be executed, printing the value ofr each pass as r is incremented
from 0 to 100. When r reaches 100, it is no longer less than 100 and the do/while loop is
blpassed. The "End ofprcgrarri text stdng is pinted, and the program then sits forever in
t|.e ubileft ) statement.

1.7.3 FOR LOOP

A for loop construct is g?ically used to execute a statement or a statement block a specifc
number oftimes. A for loop can be described as an initialization, a test, and an action that
leads to the satisfaction of that test. The format ofthe for toop statement is as follows:

fö r  (expr1 ;  expr2 ;  exprS )

{
statementl ;
sLatenenl2;

l

ax2r7 will be e"xecuted only one time at the entry of the for loop. ?r1,"J is typically an as-
signment statement that can be used to initialize the conditions for dr1,.2 . exPr2 rs a condi
tional control statement that is used to determine when to remain in the for loop. expr3 is
another assignment that can be used to satisfy the ex?r2 conCntion.

When the axecution ofthe program enten the top ofthe for 1oop, e1pr7 is execüted. ej.Pr2
is evaluated and if the result of qP,'2 is TRUE (non-ze ro), then the statements within the
for loop are executed-the program stays in the loop- lvhen €xecution reaches the bottom
of the construct, ,rp3 is executed, ,rrd the program flow is retuned to the top of th€ for
Ioop, where the rx2r2 erpression is tested again. Vvhenever ,{pr2 is TRUE, the loop is exe-
cuted. Whenever e*2r2 is FALSE, the loop is completely bypassed. The for loop structure
could be represented with a while loop in this fashion:

whi te (  expr2 )

s laLenent l ;
s tsa!enen!2;

e x p r r ;
)

Here is an etample:

+ i n c l u d e  < s t d i o . h >

void nain (void)
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p ,  : n r  l '  s  o r l  o r  p r o q r d m  \ n " )  i
f o r ( c  =  0 r  c  <  1 0 0 ;  c + + )  / /  i f  c  l e s s  t h a n  1 0 0  t h e n  . .

I
p  t d \ n ' , ( ; n _ ) . t ;  / /  p - i n t  c ' s

/ /  rh rouqh the  loop
j  /  /  c++ is  executed  be fore  the

p r i n - t {  L  c l  o .  p r o q ' d m  \ r " , i  / /  i n d i _ d r a  r h d r  F n p  o  o o  e m  s

/ /  f ln ished

w h t l e ( 1 )  / /  s i n c e  1 i s  a l w a y s  T R U E ,  t h e n  j u s !  s i t  h e r e . .

J

In this example, the tet string "Start ofprograrri is printed. ris then initialized to 0 within
the for loop construct. The for loop will then be executed, printing the value of c each pass
as r is incremented from 0 to 100, also within the for loop construct. When r rcaches 100, it
is no longer less than 100 and the for loop is bypassed. The "End ofprogram'text string is
printed, and the program then sits forever in the ubile(l) statement.

t . 7 . 4  t F / E L S E

iflelse statements are used to steer or brrnch th€ operation of the program based on the
evnluation of a conditional statement.

IfStatement

An ifstatement has the following form:
i '  e r p  - F s s  0 1 )  i f l e x p r e s s i o r )
{  s tatenent ;

s t a t e n e n t t ;
s t a t e n e n t 2 ;

l

If the expression result is TRUE (nonzero), then the statement or block of statements r

executed. Otherwise, if the result of the ergression is FALSE, then the statement or block

of statements is skipped.

IflElse Statement

An i9else 'raremenr has the following form:

i f  ( e x p r e s s i o n )  i r  ( e x p r e s s i o n )

I  s laLenent l ;

s ia tement l ;  e lse
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statement2;

l

1,

s ta tenents f ;

s ia tenents4 ;

]

The else statement adds the specific feature to the progräm flow thar the statement or block
oF statements associated with the else will be executed only if the e\prcssion result rs
FALSE. The block ofstatements will be skipped if the exTression result is TRUE.

An else statement must alwals follow the ifstatement it is associated with.

A common programming technique is to cascade igelse statements to create a selection

i f  ( e x p r 1 )
statenentt , .

e l s e  i f  ( e x p r 2 )
statenent2,.

e l s e  i f  ( e x p r 3  )
s l a t e n e n l 3 ;

statenent4, .

This sequence of ilTelse staternents will select and execute only one statement. If the 6rst
e..pression, cr1,'7, is'fRllE, thell statenentl will be executed and the remainder of the
statements will be blpassed. Ifeqprl is FALSE, then the next statement, if kryr2), wlllbe
eyecuted. If rrPr2 is TRUE , t\et statenent2 wilbe executed and the remainder blpassed,
and so o::-.lf er.?rl, ex?r2, arrd e1pz3 are all FALSE,rheß statennt4 wlTbe exectted.

Here is an example ofi9else operation:
+ i n c L u d e  < s t d i o , h >

v o i d  m a i n  ( v o i d )

p r i n l f (  S a a r t  o f  p r o s r a n  \ n  ) ;

f o r ( c  =  0 ;  c  <  1 0 0 ;  c + + )  / /  w h i l e  c  i s  l e s s  t h a n  1 0 0  t h e n  . .

{

o '  ' t I ( " 0  . - 1 1  " ) ;  / /  u s e  i a l e l s e  r o  s n o w  r n 6  r ä i 9 6  o t
e r s e  i f ( ( c  > 3 2 )  & &  ( c  <  6 6 1 )  / /  n u b e r s  t h a r  c  i s  i n

p r i n r f  ( " 3 3 < c < 6 6  ' ) ;
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,

p ! u r f  (  " 6 6 < c < 1 0 0  ' ) ;

p " . .  f  {  i . -  ! o \ a " , ( i r l ) . ) ;  / 1 p r i n t  r '

/ / th rough the  toop

]

pr inc f { "  End o f  p roqre  \d  ) ;  / /  ind ica te  Lhat  the  proqran is  f in ished

w h i l e ( 1 )  / /  s i n c e  1  l s  a l w a y s  T R U E ,  t h e n  j u s E  s i t  h e r e . .

In this erample, the text string'Start ofprograrri is printed. r is then initialized to 0 withn
the for loop construct. The for loop will then be executed, printing the value of r each pass
as r is incremented from 0 to 100, also within the for loop construct.

Ifthe value of r is less than 33, then the text string "0<c<33" is printed. If the value of r is
between 32 and 65, the text sting "33<c<66" is printed.Ifthe value ofr is not within either
of the preceding cases, the text sfting "66<c< 10f is pdnted-

When r reaches 100, it is no longer less than 100 and the for loop is bypassed. The "End of
program' te),1 string is printed, and tie proglaln then sits forever in the z'Zi/e(1) st^temet\t.

Using the constructs and other techniques covered so far, it is possible to create a prcgram
that efficiendy tests each bit of an input port and prints a message to tell the state of the bit.

+inc lude <r , IEGA8535.h> / /  res j ,sLe t  de f in i t ion  f i le  fo r

/ /  an  a tne l  aT l {8GA8535

woid  na in  (vo id )

{
uns isned char  cn t ,  b i t  nask ;  / / var iab les
b i t_nask  =  I i  / / s ra r t  w iEh lowest  b i t

f ö r  ( c n L = o ; c n t < 8 ; c n t + + )  / / f o r  l o o p  t o  t e s t  8  b i t s

{
/ /  the inst ruct ions beloa test  por t  b i rs
/ /  and pr int  resul t

i f  ( c e s t  p o l t  &  b i E  n a s k )
p r i n L f (  B i L  S d  i s  h i q h . \ n " ,  ( i n t ) c n t ) ;

p l i n t f  (  B i t  g d  i s  1 o w .  \ n " ,  ( i n t ) c n t )  ;

b i t_näsk  <<= I i  / / s l r i fL  b i t  ao  be  tesred

w l - i _ e r l t  / / s i n . p  i s  ä l w d y -  f R L E ,  L h e -  ü s r  -  . " - - - . .
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The example above uses a for loop that is set to loop eight times, once for each bit to be tested.
-fhe tnri^ble bit_rnask st^rts at a value of 1 and is used to mask all of the bits except the one
being tested. After being used as a mas( it is shifted one bit to the left, using the compound
notation, to test the ner(t bit during the next pass through the for loop. During each 1oop, the
i9else construct is used to print the conect statement for each bit. The conditional statement
in the ifconstruct is a bitwise AND usiog &l_rtarr6 to mask unwanted bits during the test.

Conditional Expression

Another version of the i9else is the conditional expression, designed to save the program
mer time and steps thrcugh a simplfied syntar. The iflelse sequence

i f { e x p r e s s i o n  a )
statenent l  t

s tatenent2;

can be reduced to a conditional erpression that would read as follows:

F : p  e s s : o a _ A  ?  s r d t e m e n t l  :  s f a t e m F n l 2 ;

In both ofthe forms shown above, the logical erpressjo'J erpression Ais evÄuated and ifthe
rcsult is TRUE, then tatementl ts exeüteÄ; ot]retwise, ttatement2 is exec-rted.

In a program, a conditional expression might be wrinen as follows:
' c  5 l  ?  y  t  :  y  -  0 ;  / /  i f  x ' s  l e s s  L h a a  ) ,  - h e n

/ / y = 1 , e 1 s e y = 0

t .7.5 SWTTCH/CASE

The switch/case statement is used to execute a statement, or a group ofstatements, selected
by the value ofan egression. The fom ofthis statement is as follows:

ss l tch (expression)

I
c a s e  c o n s t l :

s tatenent l ;
s ta lenent2;

c a s e  c o n s t 2 :
staLenent3;

statenent4;
case constx:

s tatenent5;
staLenent6;

d e f a u l L :
statenencT;
stsatenent8, .

)
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^fhe expre:sion is evaluated and its v3lue is then compared against the constants (.rn$-l,

nnst2, . . . constx\.Execrtton begins at the statement following the constant that matches
the value of the expression. The constants must be integer or character !"lues. All of the
statements following the matching constant will be e<ecuted, to the end ofthe switch con-
struct. Since th; is not normally the desired operation, break statements can be used at the
end of each block of statements to stop the 'fall-ttuough" of execution and allow the pro-
gram flow to resume after the srvitch construct

The default case is optional, but it allows for statements that need to be executed when there
are no matching constants.

+ i n c L u d e  < s t d i o . h >

+ inc lude <MEGA8535.h> / /  req isLer  a le f in i t ion  header  f i le  fo r

.  / /  an  a tne l  aTMEGA8535

vo id  na in  (vo id l

{
unsigned char c;

t
c  =  PrNA & ox f i  / /  tead  the  10wer  n ibb le  o f  por t  a

s w i r c h  ( c  l

I
c a s e  ' 0 '  :

c a s e  ' 1 ' :  / /  y o u  c a n  h a v e  n u l t i p l e  c a s e s

c a s e  ' 2 ' :  / /  E o r  a  s e E  o f  s t a t e m e n t s . .

c a s e  ' 3 '  :
p r i n L f ( "  c  i s  a  n u n b e r  l e s s  t h a n  4  \ n " ) ;

b teak i  / /  b reak  Eo sk ip  ou t  o f  the  Loop

c a s e  ' s ' :  / /  o !  j u s t  o n e  i s  o k . ,
p r i n t f { "  c  i s  a  5  \ n ' ) ;
b reak ;

de fau t t :
p r i n h f ( "  c  i s  4  o r  i s  >  5  \ n ' ) ;

j

)

J

This program reads the ralue on port A änd nasks the upper four bits. It compares the ralue
ofthe lower nibble from pon A against the constants in the case statement.Ifthe charäcter
is a 0,1,2, or 3, the text string"c is a r mber less than 4: will be printed to the standard out
put. If the character is a 5, the text string "c is a 5" will be printed to the standard output. If
the character is none ofthese (a 4 or a nümber greater than 5), the default statements will be
executed and the texl string "c is 4 or is > 5" will be printed. Once the appropriate cäse state
ments have been executed, the program will retum to th€ top ofthe li,hile loop and repeat



2A

I.7.6 BREAK, CONTINUE.AND GOTO

The break, continue, and goto statements are used to modi! the execution of the for,
while, do/while, and switch statements.

Break

The break statement is used to exit fiom a for, while, dolwhile, or switch statement. If th€
statements ,re nested one inside the other, the break statement will exit only from the im
mediate block of statements.

The following progam will print the value of r to the standard output as it is continuously
incremcnted from 0 to 100, then reinitirlized to 0. In the inner while loop, . is incremented
until it reaches 100, and then the break statement is execut€d. The break statement causcs
the progrnm execution to exit the inner *füle loop and continue execution of the outer
while loop. In the outer while loop, c is set to 0, and control is returned to the inner while
loop. This process continues to repeat itselffor€ver.

+ i n c l u d e  < s t d i o - h >

v o i d  n a i n l v o i d )

I

I

{
i f  ( c  >  1 0 0 )

b teak ;  / /  Eh is  w i l t  take  us  ou t  o f  th is  wh i le

/ /  b 1 o c k ,  c t e a r i n s  c . .
p r i n t f  (  ' c  =  s d \ n "  ,  c )  ;

)
/ /  c lear  c  and then th ings  w i t l  bes in  asa in

/ /  p r i n t i n q  t h e  v a t u e s  0 - 1 0 0 ,  0 - 1 0 0 ,  e t c . .

)

Continue

The continue statement will allow the program to start the next iteration of a while,
do/while, or for loop. The continue statement is like the break statement in that both stop
the execution ofthe loop statements at lhat point. The difference is that the continue stat€-
ment starts the loop again, ftom the top, where brcak exits the loop entirely.
+tncLude <s td io .  h>

vo id  main  (vo id )

w h i  t e  (  1 )
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w h i t e { 1 )

t
i f  ( c  >  1 0 0 )

cont inue;  / /  Th is  w i l l  cause ihe  pr in t ins  to

/ /  s top  when c>100,  because Ehe

/ /  con t inue w i l l  cause the  res t  o f

/ /  th is  loop  to  t 'e  sk ipped!  !

p . i n t f { " c  =  * d \ n ' , c ) ;  / /  n o  c o d e  a f E e r  t h e  c o n t i n u e

/  /w i t t  be  execuEed

J

In this arample, the ralue ofc will be displayed until it reach€s 100. The program will ap-
pear at this point as if it has stopped, when in fact, it is still running. It is simply skipping
the insement andPn'ztf, $atements.

Goto

The goto statem€nt is used to literally "jump' e<ecution ofthe program to a label marking
the ne).1 statement to be executed. This statement is very unsmrctured and is aggravating
to the 'puist," but in an embedded system it cän be a very good way to sale some coding
and the memory usage that goes with it. The label can be bdore or after the goto statement
in a function. The form ofthe goto statement is as follows:

soto  ident i  f ie f , ;  iden t i f ie r :

s ta tenenc;

i d e n t i f i e r :

sLa tenen l , .  qo to  ident i f ie r ;

The label is a valid C name or identifer, followed by a colon O.
+ i n c l u d e  < s t d i o . h >

vo id  main  (wo id)

t

w h i  l e  (  1 )

{
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{
i f  { d  = =  c )

goLo s ta r t  as ra in ;  / /  (sEuck? ba i t  ou t  |  )
d  =  c ;  / /  a I  w i t l  renenbe!  where  we re re
i f  ( c  >  1 0 0 )

c o n t i n u e ,  / /  t h i s  u i 1 1  r e i n i t i a t e  t h i s

/ /  wh i le  loop

/ /  d  w i t l  be  checked to  see i f  c  i s  s ruck

I ) r i n t s f  { " c  =  S d \ n " ,  c )  ;
/ /  b e c a u s e  c  w o n ' t  c h a n q e  {  >  1 0 0 1 ! )

)

In this etample, r and / are initialized to different va\xs.The if (d == ) statement checLs
the values and, as long as they are not equal er<ecution fafls tirough to the assignment / = r.
If r is less than or equal to 100, cxecution falls through to the incr€ment . statement. The
rdue of r is printed and the while loop begins agäin. The values of c and / will continue to
differ by 1 until c becomes greater than 100. With r at a välue of 101, the continue state
ment 1vill cause the incre ment e NÄ printJ, stztements to be skipped. Th e tf (d==t) w1l,be-
come TRUE, since they are now equal, and the goto will cause the program execution to
jrmptothe start again label. The result would be the value of r printing from 0 to 100, over
and over agarn.

Chapter I Example Proiece PartA

This is the fust portion ofa project that witl be used to demonstrate some of the concepts
presented here in Chapter 1- This example project will be based on a simple game accord
ing to the following situation:

You have been asked to build a Pocket Slot Machine as a mid-semester project by your
favorite instructor, who gave you some basic specifications that indude the following:

| . The press and release of a butron will be the "pulling the arm of the One-Armed
BandiC'

2. The duration ofthe press and th€ release can be used to generare a pseudo-random
number to create three columns of figures.

3. A flashinS light is used to indicate the machine is"movingi'

4. There are four kinds of figures that can appear in a column:

a. Bar

b. Bell

d. Cherry



5. The payout of the machine his the following rules:

a. Three ofa kind pays a Nickel.

b. A Ch€rry anywh€re pays a Dime

c. Three Cherries are ajackpor

d. Everything €lse loses.

In this first step we will develop a briefprogram that touches on several ofthe concepts. We
will develop a nain) that contains vadous t'p€s ofcontrol statements to create the desired
opemtion. This fißt pass will get the press and release, work up a pseudo random number,
and print the results in a numeric form using standard VO tunctions. while, do/while, and
for loops will be demonstrated as well as iyelse control statements.

/ /  s l o ,  ! . ä . h i n - '  - -  T f c  M i n i  E x c r . i s e

/ /  P h a s e  1 . .

+ inc lude <r4EcA8515.h> / *  p rocessor  spec i f i c  in fo rna t ion  * /

* d p f i n Ä  x - o l  4 0 0 0 0 0 0 L  / ' q u d - t z . r y s t ä l  . r - q u - n . !  
" z  

,
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+ d e t i n e  b a u d  9 6 0 0 /*  Baud rate * /

/ /  Global  Var iable Declarat ions.  ,
' i  

s  t  ,  s  e  c  o  n  d  ,  L  1  i  !  c l  ;  ,  /  . o l u m n s  i n  r h F  s . o  m ä  n  n a
/ /  nunbe!  to  fo .n  a  seed fo r  random

/ /  h i r ia l ize Lhe r /o porrs

/ /  porL A a l l  inpurs

/ /  7L i -E ia l i ze  lhe  UARI  con l lo l  reg is rer

/ /  Rx  & Tx  enab led ,  a  dara  t ' i r s
U C S R B = 0 x 1 8 ;

/ /  in i t ia l i ze  the  UART'S baud raEe

UBRRT=xra1 /16 lbauaI -1  ;

vo id  na in  (vo id )

t
PORTA = OXFF;
DDRA = 0x00;
P O R T B  =  0 x 0 0 ;

D D R B  =  0 x 0 2 ;

w h i l e  ( 1 ) /  /  do  fo reeer .  .
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whi le  (  P INA.0  )

f i rsE =  second

// wait för a button anal

/ /  te t  the  counter  ro11 ove!  and

/ /  o te t  Lö  fo rn  a  seed.

=  th i rd  =  seed;  / /  p re load the  co tunns

{ / /  w h i l e  w ä i l  n 9  f o ,  b - . - o n  ! e _ e q - e ,
f i rs t  ^=  seed>> l ;  / /  Exc lus iwe oRing  in  the  mov inq  seed
s A - o n d  -  s e e d  2 ;  / /  c d n  r e a l l y  s - i  u p  h e  r u  b e r s ,
th i rd  ^=  seed>>3;

seed++;  / /  keep ro l l ing  öwer  the  seed paEtern

I  " l  
' e ( P I N A . 0  - -  0 ) :  / /  w n i  l e  F h e  b u r  L o n  i s  p r e s s - d

for {count  =  0 ;  counts  .

1
fo .  (de tay  =  0 ;

P O R T B . I  =  0 ,

fo r  (de tay  =  0 ;

P O R T B . I  =  1 ;

5 ;  e o u n r + + )  / /  l 1 - s h  
-  

s h  h  e  d o n e .

d e l a y  <  1 0 0 0 0 ;  d e t a y + + )

/ /  r u r n  t h e  L E D  o n . .

a le lay  <  10000;  de lay++)

/ /  L u l n  t h e  L E D  o f f .

J

f i rs t  &= 3;  / /  l in i t  nunber to watues f tom 0 to 3

/ /  shos Ehe values.  .
p r i n E f ( '  - >  S d .  g a l  , g d  <  \ n ' ,  f i r s r ,  s e c o n d ,  t h i r d ) ,

/ /  detern ine a payour.  .
i f ( ( f i r s r  = =  3 )  & &  ( s e c o n ( I  = =  3 l  & &  ( r h i r d  = =  3 ) )

p r i n t f ( " P a i d  o u t :  J Ä c ( P o T !  ! \ .  ) ; / /  T h l e e  ' c h e r r i e s '

e l s e  i f ( ( f i r s t  = =  3 )  l l  { s e c o n d  = =  l )  l l  ( r h 1 ! d  = =  3 ) )
p l i n t f ( " P a i d  o ü t :  o n e  D i n e \ D  ) ;  / /  O n e  ' C h e r r y '

e l s e  i f ( ( f i r s t  = =  s e c o n d )  & &  ( s e c o n d  = =  r h i r d ) )
p l i n t f ( ' P a i d  o u t :  o n e  N i c k e l \ n  ) ;  / /  T h r e e  o f  a  k i n d

p l i n r f ( " P a i d  o u l :  z E R o \ n . ) ;  / /  L o s e r . .
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/ /  th is  func t ion  per fo rms a  1  second de1ay,

/ /  w iL l r  no  parameters ,  in  o r  ou ts

p .  - L f / i l !  s  i s  ä  p d r d m e L . r  g d ' , x ) ;

/ /  p r i n t r  e i 1 1  p r  i n '  i l s  p d r d m 6 r  p i s

c = serchar o ;
/ /  getchar  wi l l  re turn a vatue f ron the
/ /  s tandard input

The standard form ofa function is

tsype funct ion_name (  E14)e paraml.  type param2, . , ,  )
{

s tatement l ;
s tsatsements2;

statementx;
)

which is a gpe, followed by a name, followri by the primary operator //. The parentheses,
or tunction operator, indicate to the compiler that the name is to be executed as a tunction.

The gpe of a function or its parameters can be any ralid variable type such as int, char, or
foat. The gpe can also be empty or void. The type void is a valid gpe and is used indicate
a panmeter or retnrned vÄue ol zero size.'['trc def:lft g?e ofa function is int.

So a qpical tunction dedaration might be as fotlows:
unsigned char getchar (woial)
t

whi le( (ucsRA & 0x80) == 0)
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I . A  F U N C T I O N S

A function is an encapsulation ofa block ofstatements that can be used more than once m
a program. Some languages refer to functions as subroutines or procedures. Functions are
generally written to break up the operxtional elements ofa program into its fundamental
parts. This allor* a programmer to debg each element and then use that element agarn
ancl agam.

One of the prirne advantages in using functions is the development of a "library" As
functions are developed drat perform a certain task, they can be saved and used later by
a different application or even a different programmer This saves time and maintams
stability, since the functions devdoped get used and reused, tested and retested.

A tunction may perform an isolated task requning no parameters whatsoever. A function
may rccept pammeters in order to have guidame in performing its designed task. A func-
tion may not only accept parameteß but retum r value as well. Even though a function may
accept multiple parameten, it can only retum one. Some c<amples are as follows:
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;  / /  wa i t  fo r  a  charac ter  to  a r r i ve
' - l  - '  U D P ;  / /  r e t u r n  j r s  u n s  g n a d  - t , a

/ / calleL

J

h this example, getcbar) is a function thd rcquires no prrameters and rcturns an unsigned
chuacter value when it has completed execution .^l|l'e getchar) fnr,ction is one of the many
library functions provided in the C compiler These functions are availnble for the program-
mer's use and will be discussed in more depth later

I .8. I  PROTOTYPING AND FUNCTION ORGANIZATION

Just as in the use ofvariables and constants, the function try€ and the types ofits parame
terc must be declared before it is called. This can be accompJished in a couple ofways:
One is the order ofthe declarations ofthe functions. arrd the other is the use of {irnction
protoq?es.

Ordering the tunctions is always a good idea. It allows th€ compiler to have all the infor
mation about the function in place before it is used. This would also mean that all prcgrams
would have the following format:

r : a b l e s  w o u  d  b e  l : s L
rnL  aar l ,  var2 ,  !a t3 ;

/ /  decLara t ions  o f  func t ions  wouta l  cone nexr
i n t  f u n c ! i o n 1 ( i n t  x ,  i n t  y )

{
]

vo id  func t ion2 (vo id )

l

/ /  ma in  woutd  be  bu i lE  las t
vo id  na in  (vo id )

l
var3  =  func t ion l  (va ! I ,  ear2) ;
func t ion2 (  )  ;

j

This is all nice and orderly, but it is also sometimes irnpossible. There are many occasions
when tunctions use one another to accomplish a task and you simply cannot declare them
in such a way that they are all in a top-down order.

Function protoqpes are used to allow the compiler to know the requirements and the gpe
ofthe function before it is actually declared, reducing the need for a top-down order

The previous example can be organized diferendy:
i n t  var l ,  va !2 ,  war3 ,  / /  a lec la la t io .  o f  g lobat  war iab les
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vo id  main  (vo id )  / /  na in

t
/ /  these fuDct ions a le noi  yet  known ro ihe
/ /  c o n p i l e r
var3 = funcl ionl  (vat1,  var2) ;

funct ion2 O,.
)
/ /  dec la la t ions  o f  funcr ions  here  now genera te  a

/ /  Fuacr ion  Redef rned E! !o r "

I

I

vo id  funcr ion2 (wo id)

This organization would g?ically lead to an error message from the compiler. The compiler
simply would not have enough information about the functions that are calledin nain), or
their format, and would be unable to generate the proper code. The protogpes ofthe tuoc
tions can be added to the top of the code like this:

/ /  the  pro to t l@e o f  a  func t ion  te11s  the  conp i le r  what  tö  expec t

in t  func t ion l  ( in t ,  in t )  ,

vo id  func t ion2 (  vo  ia l )  ;

in t  var t ,  var2 ,  var3 ;  / /  dec la ia t ion  o f  q loba l  var iabLes

v o )  o  n d i n ( v o i o )  t /  n d i n

{
var3 = funcbionl (vat1,  !a t2)  t
funct ion2 (  )  ;

J
/ /  lhe declaraLion of  lhe funcr ions here is  per fect ty  OK, s ince
/ /  the fo lmac of  rhe funcLions are presenred in the p lototypes
i n t  f u n c t i o n l ( i n L  x ,  i n L  y )

J

v o i d  f u n c t i o n 2  ( v o i d )

The compiler now has all the required information about each function as itprccesses the func-
tion name. As long as the actual dedared frrnction m cher the protot1pe, er"erything is 6oe.
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The C compiler provides many library functions. They are made ardlable to the progam
by th. "#;ndude .fhnana.rl>" statement, where flerune.b w be the file containing the
tunction protogpes for the Iibrary irnaions. In previous e'€mples, we used the tunction

?rintfq. The PrinlJü tnnction itself is declared clsewher€, but its protogpe arists in the
stdio.h header fle. This allo*s the programmer to sirnply indude the header fr1e at the top
ofthe program and start w:iting code. Thc library functions are each deEned in Appendü ^,
"Library Functions Reference."

I .8.2 FUNCTIONSTHAT RETURNYALUES

In many cases, a function is designed to perform a task arrd return a value or status from
the task performed- The control word rctum is used to irdicäte an exit point in a function
or, in the case ofa non-void g?e fnnction, to select the value that is to be returned to the
caIler.

In a tunction of gpe void,

i n t  z j  / /  q loba1 var iab le  z
v o i d  s u n { i n t  x ,  i n t  y )

z  =  x  +  y ;  / /  z  i s  nod i f ied  by  rhe  func t ion ,  suno

]

the retum is implied and
tunction, like this,

v o i d  s u m ( i n t
t

is at the end of the function- If a return were placed in the void

/ /  th is  woula l  reEurn .orh ing, .
y ;  / /  and.  th is  sould be sk ippea

)

the return statement would send the program execution back to the caller, and the state-
ments following the retu.n would not be executed.

In a function whose gpc is not void, the return control word will also send the execution
back to the caller In addition, the return will place the value ofthe expression, to the dght
of the retum, on the stack in the form ofthe gpe specified in the dedaration of the tunc-
tion. The following tunction is ofgpe foat. So a float will be placed on the stackwhen the

f l o a t  c u b e { f 1 o a t  w )

re tu rn  (v*v tw) ;  / /  rh is  re tu rns  a  type  f loa t  va lue
j

The ability to return a value allows a function to be used as part ofan expression, such as an
assignment. For example, in the program below,

vo id  main  (wo id)
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b  =  3 . 1 4 1 5 9 ;  / /  p u t  P r  i n r o  b

a = cube(t , )  ;  / /  pass b Lo lhe cubed funct ion,  and
/ /  ass iqn i rs  return value ro a

p r i n l  ! r " a  t l ,  b  g r  \ n " , c , b )  i r t . 1 .  - s . _

w h i l e ( 1 )

)

a would be assigned the ralue ofthe function czre(/. Thc result would appear as

a  =  3 1 . 0 0 6 1 9 8 ,  b  =  3 , 1 4 1 5 9

t . 8 . 3  R E C U R S T O N

A recunive tunction is one that calls itself The abiJity to generate recunive code is one of
the more poweitul aspects of the C language. When a lirnction is calted, its local variables
are placed on a stack or heap-space, along with the address of the caller, so that it knows
how to get baclc Each time the finction is catled, these allocations are made once again.
This makes the function 'teentrant" since the values from the previous call would be left
within the previous allocations, untouched-

The most common example ofa recursive operation is calculating factorials. A factorial ofa
number is the product ofthat number and all ofthe numben that lead up to it. Fof example,

5 r  -  5  ,  4  1 2

This can be stated algebraically as

n ' = n * ( n 1 )  * ( n 2 ) + . . . * 2 + r  o !  n t = n r ( n 1 )  |

So a prograrn to denonstrate this opemtion might look like this:

+ inc lude <s td io .11>

i n t  f a c t  ( i n t  n )

i f  ( n  = =  0 )

:  / /  n  i s  7 e r o ,  t a l  u ' -  d  o n _ ,  b r /

/ /  de f in i t ion  o f  fac to r ia l

i e t u r n  ( n  *  f a c L ( n - 1 ) ) ;  / /  o t h e r w i s e ,  c a l l  n y s e l f  w l t h

/ / n  l u n L i t n =  0 ,  r h e n

/ /  le tu rn  n  *  the  resu l ts  lhe

/ /  c a l l  t o  n y s e l f

l
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vo id  na in  (vo id )

When the tunctionlrzfl is called with argument z, it calls itself z-1 times. Each time it
calls itselfit reduces z by 1. \4then z equals 0, the tunction returns instead ofcalling itsetf
again. This causes a "chain reaction" or "domino effect" of r€tums, which leads back to the
call made in nainQ, where the result is pdnt€d.

As powerful as recursion can be to perform factorials, quick sorrs, and linked list searches,
it is a memory consuming operation. Each time the function calls itself, it allocates mem
ory for the local variables ofthe function, the retum value, the retrun addrcss for the func
tion, and any parameters that are passed during the call- In the previous e<xmple, this would
include the following:

i n l  - ( o " s s e d  p - l a m p F e r )  2  b y L e s

Retsuln value 2 byres
Relu.n address 2 byres

n  t . . t r q ) ;  / /  c o n p u l e  1 ! ,  r e . u  s ' / c 1 l

p r i n r f (  5 !  =  S d  \ n ' ,  n ) ;  / /  p r i n r  t h e  r e s u L t

vhi le  (  1)  / /  aone

6 bytes,  per  recurs lön,  n in inun,

In the case of"5!", at &art a total of 30 bltes of memory would be allocated during the lac
torial operation and deallocated upon its retum. This makes this type ofoperation dangerous
and impnctical for a small microcontroller If the depth of the allocation due to recursion
becomes too great, the stack or heap-space will overflow, and the program's operation will
become unpredictable.

Chapter I Example Proiece Part B

In this phase of the dwelopment ofthe Pocket Slot Machine, we are going to create a cou
ple of functions to break up the main loop into smaller chunl<s of code aod make the code
slighdy more readable. The pans ofcode that flash the lights and compute payout wil be
moved into lirnctions, shotteningthe nain) fünction and maling it a bit easier to follow.
AJso, a switcVcase statement will be used in the indication ofpayout.

/ /  "sLo t  Mach ine  The ü in i -Exerc lse

/ /  P h a s e  2 . -

+ i n c t ! d e  r v [ c A 8 c l 5 . ] -  / .  p r o . e s s o r  s p p . ' .  i .  i n t o ! n o r i o n  .
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+def ine  x ta l  4000000L / *  quar tz  c rys ta l  f requency  [Hz ]  * /

+ d e f i n e  b a u d  9 6 0 0

+ inc lude <s td io  -h>

/ /  c loba l  var iab le  Dec la ra l ions .  .

f i r s t ,second, th i ra l ;  / /  co lunns  in  the  s lo t  nach ine

/ *  Baua l  laEe ' /

/ '  r h i s  q e t s  ( h p  p '  i r L l { )  o -  n .  i o n

/ /  nunber  Eo fo rn  a  seed fo r  random

/ /  a  var iab te  fo r  de lay  l ime

/ t  Th is  a le f ines  s iwe d i f fe ren l  payoutss  * /

/ t  ndes  in  o rder  to  nake rhe  code mole  * /

/ t  reaa lab le  to  hunans.  * /
+def ine DrME 2

+def ine zERo 0

v o i d  f l a s h  1 i q h t 6 ( c h a r  n )  / /

fo !  (de1ay  =  0 ;  de lay

P O R T B . l  =  0 ;

f o . ( d e l a y  =  0 ;  d e l a y

P O R T B . I  =  t ;

I

f t ash  t he  l i qh r s  a  nunbe r  o f  t i nes

. o u n t  t t )  / 1  t l d s h  ' i 9 h  ^  c  d o '

<  1 0 0 0 0 ;  a l e t a y + + )
/ /  just  count  up and sai t
/ /  turn Lhe LED on. ,

< 100 0 0, .  detay++)

/ /  t u r n  E h e  L E D  o f f . .

i n l  qeE-payout  (vo id )

I
i I ( ( _ i  s r  - -  1 l  [ 3  ( s F . o n d  - -  l l  ö . &  { t h i ' d  - -  ) ) )

r e l u r n  J A C K P O T ;  / /  i f  a t 1  " c h e r r i e s ' . .

e L s e  i f (  ( f i . s t  = =  3 )  |  |  ( s e c o n d  = -  3 )  |  |  ( t h i r d  = =  3 )  )
re tu rn  DI I4E;  / /  i t  any  a le  cher r ies" . .

e l s e  ( ( l i - s r  - -  s A . o n d )  r d  ( s e c o n d  - -  ! h i , d ) l

re tu rn  NICKEL;  / /  i f  th ree  are  a l i ke ,  o f  any  k ind ,

reLurn  ZERO;

vo id  na in  (vo id )

t

/ /  orherv ise you lose

l oca t  va l iab te  fo r
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DDRB = 0x02;

/ /  In iL i ,aa ize  the  1 /O po l rs

/ /  po tL  a  a t t  inpu ts

/ /  p o t L  8 . 1  i s  a n  o u t p u t  ( 1 i q h t )

/ /  In iL ia l i ze  the  UART conr ro l  req ls te r

/ /  Rx  & Tx  enab lea l ,  8  da ta  I r i t s
UCSRB=0x18;

/ /  ib iL ia l i ze  the  UART s  baud ra te
UBRRL=Xra1 /16 lbaud-1  ;

wht te  (  1 )  / /  < to  to te te r . .

wh i te {PINA.0)  / /  Wai t .  fo t  a  bu t ton  and
seed++;  / /  1e !  rhe  counter  ro t l  ower  and

/ /  over  to  fom a  seed.

f i rs !  =  second =  bh i .d  =  seea l ;  / /  p re load tbe  co lunns

do // Mix tp the aumbers

|  /  /  wh i le  wa iE inq  fo r  tu t ton  re lease.
f i rs t  ^=  seed>>1, .  / /  Exc lus iwe ORing ln  the  nov ing  seed
second^= seed>>2, .  / /  can  rea1,1 ,y  s t i r  up  the  mnbers .
l h i r d  ^ =  s e e d > > 3 ;

seed++;  / /  Keep ro l l ins  ower  the  seed pa t te rn

)  w h i l e ( p l N A . o  = =  0 l ;  / /  r h i l e  t h e  b u t t o n  i s  p r e s s e d .

f l a s h _ ] i s h t s 1 5 ) ;  / /  f l a s h  t h e  l i s h t s  5  E i n e s , .

f i r s t  &= 3 ;  / /  l i n iL  nu iber  to  wa lues  f lon  0  ro  3

/ /  show the  wa lues .  .
p r i n t f ( ' - - >  3 d ,  8 d ,  3 d  <  \ n " ,  f i r s t ,  s e c o n d ,  E h i r a l ) ;

/ /  de tern ine  a  payout .  .
i = ger_payout o ;

sw i tch( i )  / /  oos  pr io t  Lhe payoDt  resu l rs

t
Z E R O :

p l i n t f  ( ' P a i d  o u E :  z E R O \ n ' )  ;
b ' !eak ;

NICKEL:
pr inc f  (  "Pa id  ou t :  One N icke l \n  '  )  t



I .9 POINTERS AND ARRAYS

Pointers and arays are widely used in the C language because they allow programs to per-
form more generalized and more efficient operatiors. Operations that rcquire gathering
data may use these methods to casily access and manipulate the data without moving the
data around in nenory They also allow for the grouping of associatcd variables such as
communications buffers and character strings.

t . 9 .  I  P O T N T E R S

Pointers are variables that contin the ad&ess or location of a variable, constant, function,
or data object. A variable is declared to be a pointer with the indircction or dereferencing
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p  .  f ( " D d i d  o u r  :  o n e  D i m a \ n " ) ;

JACKPOT:
p r i n t f  ( " P a i d  o u L :  J A C K P o T !  !  \ n ' )  ;

/ /  p  i s  a  po in te !  Lo  a  charac ter

/ /  fp  i , s  a  po in te r  Eo an  in teser

The pointer data q?e ällocates an area in memory large enough to hold the machine ad-
dress of the variable. For e"umple, the address of a mcmory location in a gpical microcon-
troller will be described in 16 bits. So in a typical microcontroller, a pointer to a chamcter
will be a 16 bit ralue, even though the character itselfis only an 8-bit value.

Once a pointer is declared, you are now dealing with the address ofthe variable it is point-
ine to, not the value of the variable itsell You must think in terms oflocations and contents
oflocations. The address operator (&) is used to gain access to the address ofa variable. This
address may be assigned to the pointer and is the pointer's value. The indirection or de-
referencing operator (*) is used to gain access to the data located at the address contained in
the pointer. For example,

/ /  p  i s  a  po in te r  to  a  charac ter

/ /  a  aa . l  b  a re  characLers

/ /  p  i s  n o w  p o i n r i n q  E o  a

In this example,2 is assigned the address ofa, so/ is "pointing to" r.

To get to the value of the wriablc that is poirted to byp the indircction operator (.) rc
used. When axecuted, the indirection operator causes the value of2, an address, to be used
to look up a locätion in memory The value at this location is then read from or written to

operator (*):
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according to the expression contaidng the indirection operator So, in the following code,
*2 '.ould cause the value located at the address contained inl to be rcad and assigned to l.

/ /  b  p q u o l s  l ! F . o n r p n r s  p o i n r - d  . o  b !  p

Therefore, the combincd code of the previous two examples would produce the same

The indirection operator can also appear on the right side ofan assignment.

In this example,

c h a r  * p ;  / /  p  i s  a  p o i n t e r  c o
char  a ,  b ;  / /  a  aad b  a .e  charac te .s

*p  -  b ;  / /  the  loca l ion  po incea l  to  by  p  i s

/ /  ass igned the  va lue  o f  I t

the memory location, at the addrcss stored in 1 is assigned the value of /. This wor d
produc€ the same result as

\\lhenever you read these operations, try to read them as "/ is assigned the value pointed to
byf'and ! is assigned the address ofa" This helps to avoid making the most common
mistake with pointers:

b =  p i  / /  b  w i l l  be  ass isnea l  a  wa lue  o f  p ,  an  address ,

/ /  no t  rha t  p  po in tss  to

p  =  a ,  / /  p  w i t l  be  ass iqnea l  the  va lue  o f  a ,  no t  i t s  address

These two assignments are allowed because they are s1'nuctically corect. Semantically
spealing, they are most likely not what was intended.

With power and simplicity comes the opportunity to make simple and powerful mistakes.
Pointer nanipulation is one ofthe leading causes ofprogramming misfortune. But exercis-
ing a litde care, and reading the syntax aloud, can greatly rcduce the dsk ofchanging mem-
ory in an unintended fashion.

Pointers are also an excellent method ofaccessing a peripheral in a rystem, such as an I/O
port. For instance, ifwe had an 8 bit parallel ougut port located at ü11010 in memory that
port could be accessed through indirection as follows:

d r c  o u t J r o l f  o s  a  p o  a

o u l  p o r t  =  0 a 1 0 1 0 ;
rout  Pol l  = oxaa;

/ /ass isn out_polE wirh rhe address vatue
/ /now assisn ou!_po. ts 's  address a value

In this code, the location pohted, toby oütJ)ottwoüldbe assigned the value 0xAA. It can also
be described as 'any value zsslgßd to "oxu)ort vn ll be written to memory address 0x1010."



Because ofthe structure ofthe C language, it is possible to have pointers that point to point-
ers. In fact, there really is no limit to the depth ofthis gpe ofindnection, except fo{ the con-
fusion that it may cause. For example,

int  *p1; /  /  pa is a pointer to an inteser
' ' '  

" a 2 :  t /  p 2  i s  a  p o i n l - r ,  - o  d  p o  a ( e  r o  . n  i n r e S e r
:  r  ' . . o , :  , /  p J  i s  a  p o i n r e r ,  o  d  p o  1 . e . ,  L o  -  p o i n c e r

/ /  lo  an  in teger
i n L  i ,  i ;
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&i ;  / /  p l  i s  ass iqned thaL address  o f  i
& p  :  t t  p 2  i s  n o w  p o i n f i n g  r o  L h p  p o i n ' e  . o  i
&p2 i  / /  p3  is  po in t ing  to  the  po in te r  tha t  i s  po inE inq

/ /  L a  i

/ /  - o v c s  t h e  p o i n t e r  t o  r  h e  n ö x -  . .  e s c '

// (2 byEes away)

/ / I}]erefore,
j  =  * * *p3 ;  / /  j  i s  ass isned Ebe va tue  po inLed to  by  the  va lue

/ /  po in ted  to  by  rhe  va lue  po in ted  ro  by  p3 .

yields the same result as
j  = i ;  / /  any suest ions??

Since pointers are effectively addrcsses, they offer the ability to move, copy, and change
memory in all sorts of rvays with very litde instruction. When it comes to performing
address arithmetic, the C compiler makes sure that the proper address is conputed based on
the t}?€ ofthe variable or constant being addressed. For example,

i n r  *  p r r ;
lonef * lptr ;

lp t r  = lpLr  + 1;  / /noves Ehe poinrer  to  the next  lons in teqer
/ /  14 byEes away)

?t/ and l?tr arc iDcIemented by one location, which in realig is 2 bytes fot ?tr ^nd 4bttes
for /24, because of their subsequent types. This is also mre when using increment and
decrement operations:

/ /  moves  bhe po in te r  to  the  .exr  in teger  loca t ion

/  /  12  by tes)

/ /  nowes che po in te r  back  to  lhe  preced inq  lonq
/ /  io teqer  locar ion

/ /  (  4 byEes)

Since the indirection f) and address (&) operators are unäry operators and are at the high
est precedence, they will always have priority over the other operations in an expression.



Since increment and decrement are also unary operators and share the same priority, ar-
pr€ssions containing these operaton will be evaluated left to right. For example, listed below
are pre-increment and post increment operations tlat are part ofan assignment. Please take
note of the comments in each line as to how the same precedence level affects the outcome
of the operation:

.  . p - , ;  / 1 ö s s i 9 n  r . h e  v d . l u a  p o i n f - d . o  b !  p ,  -  d  -

/ /  inc renent  the  address  p

- ' _ _ p ;  t '  - . r - m F r r  . h e  c d d r a s s  p ,  f n 6 n  ä s s  9 .  .  . -

/ /  va lue  po in led  Eo by  p

/ /  inc renent  the  va lue  po in ted  Lo  by  p ,  then
/ /  ä s s i q n  .  r o . ,  e d v i n q  f n a  / a 1 . 6  o  p  . r ' o  - l - - o

c  -  ( a p ) + + ;  / /  a s s i q n  c  t h e  v a t u e  p o i n t e d  r o  b y  p ,  a n d  t h e n

/ /  inc renent  the  wa lue  po inEed to  by  p ,  leav inq

/ /  the  va lue  o f  p  un touched

Pointers can be used to extend the amount ofinformation retumed &on a function. Silce
a function inlerendy carr rcturn only one it€m using the return control, passing pointers as
parameters to a function allows the function an avenue for retuming additional values. Con-
sider the following tuncnon, sua?20:

vo id  swap2 ( in !  ta ,  in t  *b , )

t
i n t  temp;

tenp =  *b ;  / /  p lace  va lue  po in ted  tö  by  b  in to  temp
*b =  *a '  / /  nove rhe  va lue  po in red  ro  by  a  in ro  loca t ion

/ /  po in tsed ho  by  b .

*a  =  temp;  / /  Now se t  the  va lue  o f  loea t iön  a  to  the

/ /  va lue  o f  tenp.

J

This sample function swaps the values ofl and ,. The catler provides thc pointers to the
variables it wishes to transpose like this:

i n !  v 1 ,  v 2 ;
svap2(  &v1,  &v2) ;  / /  pass  the  aa ld resses  o f  w1 and v2

S:nce t\e swap2) finction is using the addresses that were passed to it, it swaps the val
ues in variables 

"1 
and r,2 direcdy. This process ofpassing pointcrs is frequently used and

can be found in standard library functions like xanfl). The vazl11 tunction (defned in
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stdio.h) allows multiple parameten to be gathered from the standard input in a formatted
manner and stores them in the specfied locations ofmemory- A typical c a11to seanlU looks
like this:

i n t .  x , y ,  z ;

s c a n f ( " 3 d  3 d  8 d ' ,  & x ,  & y ,  & z ) ;
'lhis 

scanfl) caJJN; rctrieve three decimal integer values ftom the standard input and place
these r-alues h x, y, md z. Detziß a'bort the ranf) tunction are available in Chapter 3,
"Standad I/O and Prcprocessor Funaions," as well as in Appendix A, "Library Functions
Reference."

I .9.2 ARRAYS

An array is another slstem ofindirection. An anay is a data set ofa declared qpe, arranged
in order An aray is declared like any other mriable or constant, except for the number of
required array elernents:

' '  
d i q  L s ' l 0 l ;  / /  . h i s  d e c l d  e s  d .  

" ! L d y  
o I  L 0  :  - e g e  s

c h a i  s L r l 2 o l ;  / /  t h i s  d e c t a r e s  a n  a r r a y  o f  2 0  c h a r a c t e r s

The referencing of an anay element is handled by an index or subsaipt. The index can
range from 0 to the length ofthe dedared array less 1.

s t r  l 0 l ,  s t r l l l ,  s t r l 2 l ,  s t r t l 9 l

Aray declarations can contain initializeß. In a variable anay, the initialization values will be
placed in the program memory arca and copied into tlre ac.'lual. anay before nain) is
q\ecut€d. A constmt atay ditrers in that the values will be allocated in program memory
saving RAM memory which is usually in short supply on a microcontroller. A qpical
initializer would appear as

i n t  a r r a y l 5 l  =  l I 2 ,  a 5 , 2 1  5 6 , 9 4  \ ;

In this czse, array[o] = 12, atmy[t] = 1s, amr[2] = 27, anay[sJ = 56,and arry[t] =ea.

The C language has no provision for checking the boundaries ofan anay. Ifthe index were
to be assigned a value that exceeds the boundaries ofan arrayJ memory could be altered in
an unetpected way, leading to unpredictable results. For example,

c h a r  d i s i t s  [ 1 0 ] = { 0 ,  7 ,  2 , 3 ,  4 ,  5 ,  6 , 1 ,  A ,  9  I  ;  /  /  a n  a r r a y  o f  c h a r a c t e r s

' u  b  -  d r s  . s l l 2 l t  / /  r h i s  ' F d d s  o u r s i d c  r h ö  d .  o /

Arals are stored in sequential locations in memory Reading lig;/sJ in the axample above
will cause the processor to go to the location ofthe fust index ofthe aray and then read the
data 5 locations above that. Therefore, the second line ofcode above will cause the proces-
sor to read the data 12 spaces above the starting point for the array. Whatever data €xists at
that location will be assrgred to numb ar.d lr:.ay cause many stmnge rcsults. So, as in many
other programming areas, some caution and forethought should be ex€rcised.
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A primary difference in tlrc use ofan auay verms that ofa pointer is that in an array, an ac
tual memory a-rea has been allocated for the data. With a pointer, only an address reference
location is allocated, and it is up to the programmer to declare and defrne the nctual mem
orv areas (variables) to be accessed.

The most common array type is the character anay. It is typically referred to as a string or
character string. A string rqriable is dcfined as an array ofcharacters, while a constant süing
is qpically declared by placing a line of t€x1 in quotes. ln the case ofa constant string, the
C compiler will null-terminate, or add a zero to the end of the string. When you declare
character strings, constant or variable, thc dedared array size should be one more than what
is needed for the contents, in order to allow for the null terminator:

p  =  s r n q ;

P  =  & s t n s [ 0 ] ;

consE csr!{161 = , ,Constant str ins ;
/ /  constant stsr ing in progran menory

csrr in the example above is set to contain sirlccn values because the string itself contarns
fifteen characters and one more space must bc allowed for the terminator

An aray name followed by an index may reference the individual elemcnts of an aray ofarry
qpe- It is also possible to reference the 6lst element of any aral' by its name alone. When
no index is spccified, the array name is treated as the address ofthe fust element in the lr-üay.
Given the following declarations,

c h a r  s t n q  [  2 0  ]  t

the assignment

/ /  var iab le  s t r inq

t - o q  a _  _ 6 - o  - \

/ /  p  i s  p o i n t i n q  r o  s l n q [ o ]

/ /  p  i s  p o i n t i n s  t o  s t n q l o l

Character strings often need to be handled on a character-by character basis. Sending a
message to a serial devicc or an LCD (Liquid Crystal Display) arc examples ofthis require-
ment. The example below shows how array indexing and pointer indirection tunction ner rly
interchangeablyThis example uses the library tuncdorL 2atthar) to se,one character at a
time to the standard output device, most likel)', a serial port:

+include <std io -  h>

c o n s t  c h a r  s { 1 5 1  =  { " T h i s  i s  a  t e s L " ) ;
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v o i d  n a i n  ( v o i d )

f o r { i = 0 ;  i < 1 5 ;  i + + )  / /  p r i n t  e a c h  c h a . a c i e r  o f  t h e  a r r a y
p ! - . h q ! r s  i  l ) ;  / /  b y  - s i n q  i  d s  ä n  i n d e x ,

p  =  s ;  / /  po in t  Lo  s t r inq  as  a  qho le

f o r ( i = 0 ;  i < 1 5 ;  i + + )  / /  P r i n t  e a c h  c h a r a c t e r  o f  l h e  a r r a y
pu lchar { *p++) ;  / /  an i l  nove to  the  nex !  e lement

by  inc renenL ing  the  po in le r  p .

wh j . l -e  (  1 )

)

The flrst portion on this program uses a for loop to output each character of the array indi-
vidually The for loop counter is used as the index to retrieve each character of the anay so
that it can be passed to the ? fchar) fücrion.'fhe second portion uses a pointer to access
each element ofthe affay. The line ! = s" sets the pointer to the address of the 6rct charac-
ter in the aray. The for loop then uses the pointer (post-incrementing it each time) to re-
o1eve the ,iaay elements ard pzss them to putüar).

I .9.3 MULTIDIT., IENSIONAL ARRAYS

The C language supports multidimensional arrals. When a multidimensional atay is de-
clared, it should be thought of as arals of ara1s. Multidirnensional aral's can be con-
structed to have t!vo, thr€e, four, or more dimensions. The adacent memory locations are
always referenced by the right most index ofthe declaradon.

A qpical two dimensional aray ofintegers would be dedared as

i n t  t w o  d l s l  t 1 0 l ;

In memory, the elements of the array would be stored in sequential rows like this:

t w o  d l 0 l l 0 l ,  t v o _ a l I 0 l  t 1 l ,  t w o  d i 0 l l 2 l .  . . .  c w o  d [ 0 ] t 9 1 ,
t r o  d t 1 l l 0 l ,  t w o _ d l 1 l t 1 l ,  t w o  a l l l l l 2 l .  . . .  r w o  d l 1 l l 9 l ,
t v o , d l 2 l i 0 l ,  t w o _ d l 2 l l 1 l ,  t v o  d 1 2 l l 2 l ,  . . .  r p o - d l 2 l t 9 l ,
E v o , d l 3 l l 0 l ,  t w o  d l 3 l t 1 l ,  t w o  a l l 3 l  l 2 l ,  . . .  r w o - d l 3 l l 9 l ,
r w o  d l 4 l t 0 l ,  t w o - d I 4 l l 1 l ,  t w o  a l l 4 l  t 2 l ,  . . .  E v o - d l 4 l l 9 l

When a two-dimensional anay is initialized, the layout is the same, sequential rows:

i n t  n a t r i a i 3 l  t 4 l  =  {  0 .  t ,  2 ,  3 ,
4 . 5 ,  6 ,  1 ,
a .  9 ,  L 0 '  r !  l i

MuJtidimensional arrays are useirl in operations such as matix arithmetic, fr1ters, and look-
up+ables (LUTs).

For instance, assume we have a telephone kelpad that genemtes a row and column indica-
tion, or scan code, whenever a key is pressed- A two-dirnensional aray could be used as a
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look-up-table to convert the scan code to the actual ASCII character for the key We will
assume for this example rhat the rnine getkefeode) scans the keys and sets the rou and. eol
values to indicate the position of the key that is pressed. The code to perform the conver-
sion operation may look something like this:

+  i n c t u d e  < s t d i o . h >

char  g re tkeycode (  char  * ro { ,  char  *co l ) ;

/ /  L h e  g F l  k a y . o d F  r o u c i n e  q e t s  r \ c  r _ l  p r a s s  d n d

/ /  re tDtns  TRUE i f  a  key  is  p ressed,  FALSE i f  no t

/ *  look  up  tab le  fo r  ascr r  va lues  * /

c o n s t s  c h a r  k e y s l 4 l  t 3 l  =  {  ! ' , ' 2  ,  3  ,

, * , , , 0 , , , + , ) ;

v o i d  n a i n ( v o i d )

{
char row, col ;

w h i l e ( 1 )  / /  w h i l e  f o r e v e r '  '  '  -

t
i  =  qeEkeycode {  &row,  &co l ) ;

/ /  aP.VE,  i f  there  was a  key  p lessed

/ /  and.  row ana l  co l  conra in  lha t  key

i f  ( i  = =  T R U E )

/ /  on ly  p r in t  the  key  va lue  tha t  l s  p ressed

PuEchar  {keys  I rowl  tco l l  )  ;

)
J

Another, more common, form ofa two-dimensionat array is an array ofstrings. This exam-
ple declares an array ofstrings initialized to the dals ofthe week:

char  day  o f_ the_week lT l  I10 l  =  {
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In the array shown above, the strings are of different lengths. The compiler places the null
terminator after the last chancter in the string no matrer how long the string may be. Any
wasted locations in memory are left uninitialized. Funaions such as2räff, print the string
until they encounter the null-terminator character, thus being able to print strings ofvarr
ous lengths correcdy

To access the fourth day ofthe week and print the associated string, we wi[:lse printf).
pr;nfl) teq'rnes the ad&ess of the fiJst chäracter of a string:

o  
- r ' C s ,  

3 d - J _ o _ _ . h e . w e e k l J l l 0 . ) :  , /  p ! i n  n 6 o n e  o q y

The name ofa string is considered to be the address ofthe fust character ofthat string. Stat
ing only the lirst dimension is effectively referencing the entire string as the second dimen-
sion. So the same stdng within the array shown above can be accessed as

p r i n t f ( " 9 s " ,  d a y  o f  t h e  w e e k [ 3 ]  ) i  / /  p r i n t s  i t e d n e s d a y

I .9,4 POINTERS TO FUNCTIONS

One ofthe more esoteric and powerfirl aspects ofpointen and indirection is that they can
also be applied to functions. Using a pointer to a function allows for functions to be called
fiom the result of look-up-table operation- Pointers to functions also allow functions to be
passed by reference to other functions. This can be used to create a dynamic flow of execu-
tion, which is sometimes called "self-modifying" code.

Consider an example that calls a function ftom a table ofpointers to functions. In the fo1-
lowing example, tbe seanf| t:utrctton gets a value &om the standard input. The value is
checked to make sure it is in range (1-6)- Ifit is an appropriate value,lnc nanber is used
as an index into an array of function pointers. The anay v te at the func number index s
assigned toft, which is a pointer to a function ofgpe void.

Remember from the "Functioni section (Section 1.8) that the standard form ofa function is

t ype  func t ion_nane (

I
s ta lement l ;

sLa lenent2 ;

]

which is a qpe, followed by a name, followed by the primary operator //. The parentheses,
or tunction operator, indicate to the compiler that the identifer is to be treated as a func-
tion. In this case,f contains the address ofa tunction. The indirection operator is added to
obtain the address ofthe function from the pointer,p- Now the tunction can be called by
simply adding the tunction operator //,like this:

l l f p l  (  j  t \ c  f u n . t  i o -  p o i n r e d  . o  b \  p

Here is the entire progam:

+ i n c  l u d e  < s t d i o . h >
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v o i d  d o  s  t a r i  r a s l i ( v o i C )

{
p r i n r f  (  s _ ! a . t  s e l e c t e d \ n  ) ;

)

voad do  s rop  Las l i  ( \ ro iC)

q r i n E i  1  s t o p  s e l e c t e d \ a , !  )  ;

vo id  io_up- :ask  (vo  id )

p r i n t f  (  ! p  s e l e c : e c \ .  ) ;
)

vo id  do  down  t as {  ( vo i d )

I

v o i d  d o  L e f r  t a s k ( v o r d )

{
p r i n t f  ( ' 1 e : .  s e l e c : e d \ n  ) ,

]

v o i d  d o  r i q h :  t a s k ( v o r d )

]

v o l d  { * L a s k  l i s t t 5 l )  ( v o r d )  =  {
d o  s t a r L  i a s , { ,

d o  o o  
" . I .  o r  p o  6 .  o

do dosn task ,

d o  l e f L  t a s k ,

do  r igh t  tas : { ,

) ;

v o i i  n a i n  ( v o r d  )

{
i n .  func  . lmber ;

v o i d  l - f p )  { v o i d )  ,  r -  f p  i s  a  F o r n t e r  t o  a  f u n c L i o n  * /
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Chapter I Example Proiect: Part C

In this phase ofthe development ofthe Pocket Slot Machine, we are going t
ations and multidimensional arrays to 'polish the pmjectt appearance. Instead of printing
numbers for the column values and referencing numbers in our payout calculations, we will
give these values nanes.

/ /  S loE Mach ine"  The ü in i  Exercase

i f ( ( f u n c  n u n b e r  >  0 )  & &  { f u n c  n u n b e r  <  7 ) )
{

f p  l d s l -  I  i s L  I  f u n - _ a  ] m b e '  -  :
( * f p )  O ;

]  / *  and ca l l  Lhe se lecred  func t ion  * /

/ t  p rocessor  spec i f i c  in fo rna t ion  * /

/ *  quar tz  c rys ta l  f requency  lHz l  * /

/+  Baud ra te  l /

+ i n c L u d e  < M E G A 8 5 1 5 . h >

* d e f i n e  x r a L  4 0 0 0 0 0 0 L

+ d e f i n e  b a u d  9 6 0 0

# i n c l u d e  < s t d i o . h >

s c a n f  ( " * d " , & f u n c  n ü n l e r ) ,
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a seed for  randon +s

di f ferent  payouts * /

nake Lhe code nore * /

/ '  r l - : s  q a r  s  r \ e  p r  i n r  t { r  d e r i n r f r o n  '

/ /  c loba l  Var iab le  Dec la ra t ions .  .

f i r s t ,  second,  th i rd ;  / / colums in the
nunbe. to forn
general purpose
a var iable for

+def ine  JACKPOT /a  This a lef ines s iwe
/* ntues ln order to
/* reaalable to hunans

3
2
1
0

enum { BAR, BEL!. LEMON, CHERRY }; // the values for each kiad

c h a r  k i n d l 4 l  I 8 l  =  { / /  f o !  k i n d s  o f  n a m e s
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"LEMON" ,

vo ld  f lash  l iqh ts (char  n )  / /

I
f o r ( c o u n r  =  0 ;  c o u n t  <  n ,

{
fo r {de1ay  =  0 ;  de lay

l O R f B . l  =  0 ;
fo r  lde1ay  =  0 ;  de lay

P O R T B . I  -  1 ;

)
)

{

flash the liqhts a nunbe! of tines

count++)  / /  f lash  l i sh t  vhen done.

<  1 0 0 0 0 ,  a l e 1 a y + + )

/ /  jus t  count  up  ana l  wa i t

/ /  tu ro  the  LED on. .
<  1 0 0 0 0 ;  d e l a y + + )

/ /  t u r n  t h e  L E D  o f f . ,

i f { ( f i r s t  ==  CHERRY)  && (second == CHERRY)  && ( th i td  == CHERRY)  )
r e t u r n  J A C K P O T ;  / /  i f  a t t  " c h e r r i e s " . .

e lse  i f  (  ( f i r s t  ==  CHERRY)  |  |  t secona == c t tERRY)  |  l
( th i rd  == CHERRY)  )

r e f u r n  D I J ' 4 8 ;  / /  i  d n j  ä  e  " c h e r r i e s  , .
e l s e  i f ( ( f i r s t  = =  s e c o n d )  & &  ( s e c o n d  = =  E h i r d ) )

r c r u r n  N l c , { E L ;  / /  .  , h t - e  d r e  
" l  

i l e ,  o t  
" n y  

k : n d , ,

re tu rn  zERo,

v o i d  n a i n ( v o i d )

PORTA = OXFF,

DDRA = 0x00;

DDRB = 0x00;
DDRB = 0x02;

/ /  o therw ise  you lose .

/ /  dec la re  a  loca l  war iab le  fo r

/ /  tempora .y  use . .

/ /  pörL a -rr  i .prt"
/ /  porL  B-1  is  an  ou tpuE (1 iqhE)

/  /  Ta l t ia l i ze  the  UART concro l  red is te r

/ /  Rx  & Tx  enab led ,  e  da ta  b iLs

UCSRB=0x18;

/ /  i - i " I i z e  L h e  U A R ' I ' s  b d u c l  r ä L e
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r h i  l e  (  1 )

{ h i L e  ( P I N A . 0 )

I
f i l s t  ^ =  s e e d > > 1 ;

second^= seed>>2;

E h i r d  ^ =  s e e d > > 3 ;

/ / d.ö fotelet . .

/ /  wa iL  fo t  a  bü ! !on  and

// LeL tlle counter !o11 ower and

/ /  over  Lö  fo rn  a  seed,

second =  th i rd  =  seed;  / /  p re load the  co lums

/ /  M ix  up  the  nunbers

/ /  wh i le  qa iE inqr  fo r  bu t ton  re lease,

/ /  Exc lus iwe ORioq in  the  nov ind  seed

/ /  caD rea1 ly  s t i r  up  the  nunbe ls .

/ /  Keep lo l1 inq  ower  the  seed paEEeln

)  w h i l e ( p I N A - o  = =  O ) ;  / /  q h i l e  E h e  b D t t o n  i s  p r e s s e d .

f L a s h _ l i g h t s ( 5 ) ;  / /  f l a s h  l h e  t i s h t s  5  l i n e s , .

f i r s t  &= 3 ;  / /  1 ln i t  nunber  to  wa lues  f ron  0  Eo 3

/ /  show Ehe va1ues. .  BY NAME !  !

/ /  s i .@Iy  chanqe the  gd  to  Ss

/ /  aDd pass  the  po in te r  ro  the  s t r ing  f rom

/ /  t1 re  2D ar ray  k ind l l  lo  P l in l fo
p r i n t f ( ' - - >  S s ,  g s ,  a s  <  \ n ' ,

k i n d t t i ! s L L  r  i . d  l s c c o n d  l ,  k i n o l r n i t d l  ) ;

/ /  deEern ine  a  r )ayout .  ,

i  =  s e t _ p a y o u h { ) ;

sv i tch( i )  / /  aow pr in t  the  payout  resu lEs

I
Z E R O :

p r l n r f (  " P a i a t  o u E :  z E R o \ n ' )  t
break;

NICKEL:
p r i n E f ( " F a i d  o u t :  o n e  N i c k e t \ n  ) ;

p l i n t f ( " P a i a l  o u t :  o n e  D l n e \ n  ) ;
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I . I  O  S T R U C T U R E S  A N D  U N I O N S

Structures and rmions are used to group variables under one heading or name. Since the word
'bbject" in C programming generally reGn to a group or association ofdata members, stmc
tures and unions are tlle fundamental elements in onject-oriented progranning. Object
oriented programming (OOP) refen to the method in which a program deals with data on a
relational basis. A stluctule or union can be thought ofas an object. The members ofthe struc-
ture or union are the properties (vaiablcs) of that object. The object name, then, provides a
means to identifi the association ofthe properti€s to the object rhroughout the program.

I . I O . I  S T R U C T U R E S

A structure is a method ofcreating a single data object from one or more variables. The vari-
ables within a süucture are called members- This method allows for a collection ofmembers
to be referenced ftom a single name. Sone high-level languages refer to this q?e of object
as a record or based-rariablc. Unlike an arrav, the variables contained within a srructure do
not need to be ofthe samc gpe.

A structure declaration has the following form:

Lype neniber_1;

Lype nenbe._2;

JACKPOT:
p ! i n t f ( ' P a i d  o u t :  J a C K P O T !  ! \ n  , ;

Once a sm:cture template has been defrr'ed, t}re structure_tag_rrn e serves as a common
descriptor and car be used to declare structues of that tlpe throughout the program.
Declared below are two structures, oarl and var2, and an array ofstructures zar3:

s t L u c '  s r t u ^ l  ! , c _ l d q _ . " m -  v d r l ,  r ö t 2 ,  v d , J t 5 l j

Structure templates cän contain all sorts ofvariable gpes, including other structures, point-
ers to functions, and pointers to stucturcs- It shorid be noted that when a template is
defined, no memory space is allocated. Memory is alJocated when the actual sotcture
variable is declared.

Members within a structure are accessed using the member operator (.)- The member oper
ator connects the member name to the structure that it is associated with:

type menber 1;
tsype menber 2t

type mefrber x,
J  s t luchure var  nane,

st ructure va._nane.nember 1 s t ruc iu re  var  nane.member  x



Like arays, structures can be initializcd by following the structure name with a list ofini-
tializers in braces:

s l ruc t  DATE {
i n l  r o n  h ,  / /  d e c l c l e  d  l e m p l d r e  o r  ä

in t  day ;  / /  dare  sE luc ture

in t  year ;

/ /  dec la re  a  scruc ture  var iab le  aad in i l ia l i ze  i t . .

s r rucr  DATE dare  o f  b i rEh =  |  2 ,  2 t ,  1961 
. l  

i

This yields the same result as these assignments:

d a t e  o f  b i l t h . d a y  =  2 1 ;

da te  o f -b i r th  -year  =  1961,

Since structures themselves are a ralid gpe, there is no limit to the nesting of members
within a structure. For example, rfa set ofstructur€s is dedared as

STTUCL  LOCAT]ON I

i n t  x ;
in t  y ;  / /  Ehis is  Ehe tocat iod coordinates x and y

) t

s i luc i  PART {
cha!  par ! -nane l2o l  t  / /  a  s t r ing  fo r  che  par ts  nane

lonq in t  sku ;  / /  a  sKU nunbe!  fo r  the  par t

s l ruc t  LocATIoN b ln ;  / /  iLs  loca l ion  in  the  warehouse

]  w i d q e t ;

To access the location ofa "widget," you would provide a rderence Iike this:

/ /  the  x  coo ld ina te  o f  the  b in  o f  the  w idqeE

/ /  the  y  coord iDate  o f  the  b in  o f  the  w idget

To assign the location of the "widget," the same rules apply:

widget,bin.r  = 10; / /  the x cooral inate of rhe bin of the widget
widqet ,b i ! . y  =  23 ;  / /  the  y  coora l ina te  o f  rhe  b i !  o f  the  w idget

A structure can be passed to a function as a parameter as well as returned from a function.
For example, the flrnction

sl luct  PART nes locat ion{  in l  x ,  in t  y)

sLruct  PART temp;
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temp,par ts  .oane =  " " ;  / /  j ,n iL ia l i zed  the  nane !o  NULL

temp,sku  =  Oi  / /  zero  the  sku  nunbe!

cemp,b in .x  -  x ;  / /  sq t  t tq  lo rd t ion  to  fhe  pdssed x  d  d

renp.  o rn .  y  =  y ;
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// dd Ehen returns the structure to the ca11er

)

would retum a PART structure with the ,ä,r and är-J' location members assigned to the
parameters passed to the function. The slz and part nane rnemberc would also be cleared
before the structure was returned. The function above could then bc used in an assigr
ment like

w i d q e r  =  n e w  l o c a t i o n  (  1 0 , 1 0 1  ;

The result would be that t\e part naru ?nd,:Auwanld be deared and the ollger./iz.x and
widgx.bin.y tnlttes wodd b€ set to 10.

I , IO.2 ARRAYS OF STRUCTURES

As with any other variable type, arrays ofstructur€s can also be declared. The declaration of
an array ofstructures appears as follows:

s t ruc t  PART {

]  w t d g e L [ 1 0 0 ] ;

The access ofa member is still the same. The only difference is in the indexing ofthe struc
ture vuiable itsell So, to access a "particular widget's location," a reference like this may be
used:

char  par t_nane I2  0 l  , .

struct LOCATION bin;
/ /  a  sKU nunber for  the par t
/ /  i rs  locat ion in  the warehouse

1 2

7 2

In this example, there is a ch;rlctet strirrg ?art nazs, which can be accessed as strings nor-
mally are:

x _ 1 o c a l i o n  =  w i d q e t  [ 1 2 ]  . b i n - x ;
/ /  f h a  x  ^ o o r d i n d t e  o r  ! h e  b i n  o !  - h -  w i d g - -

y_1oca l ion  =  w idgre t  [12 ]  .b in -y ;

/ /  r h e  y  ^ o o r d i n ä l e  o r  r h e  b i n  o l  h e  w i c l q - -

w i d g e t l l 2 l . p a r t _ n a e ; / /  the  nane o f  w idse t  12

int nontsh;

)

wid9ret  [12]  .par t  nane t0 l  ;
/ /  Lhe f i - ts t  character  in  the nane of  widqe!  12

Arrays ofstructures can be initialized by following the structure name with a list of initial
izers in braces; there simply needs to be an initializer for each structure element within each
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st luc! DA'r 'E bir thdaces[3] -  {  2,  21, 1961-,
a ,  a ,  L 9 7 4 ,
' 1  ,  7 1 ,  1 9 9 7  l ;

I . IO.3 POINTERSTO STRUCTURES

Sometimes it is desirable to manipulate the membeß ofa structure h a generalized fashion.
One method ofdoing this is to use a pointer to reference th€ structure, for example, passlng
a pointer to a structure to a function instead ofpassing the entire structure.

A pointer to a sducture is dedared as follolrr:

The pointer operator (*) states that st'uetare_t'ar-nane is z poittet to a structure of gpe
structure tag name. J:ust as with any other qpe, a pointer must be assigned a value that
points to something tangible, like a rriable that has already been dedared. A variable dec-
laration guarantees memory has been allocated for a puryose

The following code would be used to declare the structule rariable, ru:7gel, and a pointer to
a structure variable, lilzrlgee The fnal line in the example assigns the addrcss ol uidget
to the polnter th;s_lridget-

s t ruc i  LOCAT1ON {
i n !  x ;

in t  y ;  / /  ch is  i s  che  loca t ion  coord ina tes  x  and y

) ;

s t ruc t  PART {
char  par t_nane l2o l1  / /  a  sLr ing  fo r  rhe  pa ic  nane
r o n s  - r  s \ u ;  / /  d  S K U  n u m b F r  r o r  - h 6  p a r -

s t ruc t  LOCATION b in ;  / /  i t s  loca t ion  in  the  warehouse

) ,

struct  PART widqet ,  r th is  widger;
/ /  declare a st ructsure and a poinLer  to a sLructure

/ /  ass igr !  the pointer  the adalress of  a s l ructure

\4lhen a pointer is used to reference a structure, the strucnrre pointer operator, -> (minus-

greater-than), is used to access the members ofthe structure through indirection:

lh is  v idqer  >sku = 1234;

This could also be stated using the indireaion operator to fi$t locate the structur€ xnd then
using the member operator to access the slz member:

( * t h i s - w i d s e t )  - s k u  =  1 2 3 4 ;
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Snce tbi uidget is a pointcr to zolgat, both methods of assignment, shown above, are
valid. The parentheses arovÄ lbi-zoilget Ne rcguired because the member operator has a
higher precedence than the indnection (*) operator- If the parcntheses were omitted, the
erpression would be misinterpreted as

which is the actual address of.pllgar (&widge$.

Structures can contain pointers to other structures but can also contain pointers to struc-
tues ofthe same qpc. A structüe cannot cortain itselfas a mcmber, because thnt would be
a recursive declaration, and the conpiler would lack the information required to resolve the
declaration. Pointers are ahvals the same size regardlcss ofwhat they point to. Therefore, by
pointing to a stucture of the same type, a structurc can be made'telf-referential.'A very
basic example would be as follows:

s t ruc l  L IST_I :CEI4  {
c h a r  * s t r i n g ;  / /  a  L e x L  s t r i n g
i n t  p o s i t i o n ;  / /  i t s  p o s i t i o .  i n  a  L i s t

' r  I ' S T r - E M ' n - y r  , t F n ; 1 / d  p o - 6  o o o  a

I  i r e m ,  i L e m 2 ;

! ten .  nex t  i ten  =  & i ten2;

ä s s  9 n  l h -  p o i n . P .  w i t  - h .  . o o ' - - -

Now

is thepasr'riaz member ofthe structure pointed to by next ien.This.no.id be equimlent to
a E e m 2 , p o s i t i o n

Self referential structures ,re qpicallv used for data manipulations like linkedlists and
quick sorts.

1 . 1 0 . 4  u N r o N s

A union is dedared and accessed much likc a structure. A union declaration has the follow-
ing form:

unaon un ioa  raq  nane {  un ion  un ion  taq  name {
type  senbe!  1 ;  Lype nember  1 ;
l ype  nenbe!  2 ;  o t  t ype  nember  2 ;

type  nember  x ;  t sype nenbe!  x ;

) ;  )  un ion  war_nane;

The primary difference betrvcen a union and a stncture is in the ray the mcmory is allo
*rted. The members of a union actually share a common memory allocated to the largesr
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member ofthat union:
un ion  SOME TYPES {

char  charac ter ;

rn t  in teger ;

long in t  long  one,

]  n y  s p a c e ,

In this example, the total amount ofrnemory alloc ted to mJ s?aceis equir"lent to th€ size
ol the long ir't long-one (a bftes). Ifa value is assigned to the long int,

my_space .  lons_one =  Ox1-234561ALt

then t\e vall:e of my space.c])aructet and nf s?aee.integr nre alsomodtÄed.In this case, their
ralues would now bc

my space. character = 0x12;
m y  s p a c e .  i n t e g e r  =  0 x 1 2 3 4 ;

Unions are sometimes used as a method ofpreservhg valuable memory space. Ifthere are
rariables that are used on a ternporary basis, arrd there is never a chance thxt they will be
used at the same time, a union is a nethod for defining a "scratch pad" area ofmemory

More often, a union is uscd as a method ofsrtracting smaller parts ofdata from a larger data
object. This is shown in the previous example. The position ofthe actual data depends on
the data q?es used nnd how a particular compiler handles numbers larger than 9?e char (8
bits). The example above assurna bigendian (most significant byte tust) storage. Compil-
ers vary in how they store data. The data could be byte order swapped, word order swapped,
or bothl This example could be used as a test for a compiler in order to 6nd out how the data
is orgnized in memory

Union declarations can save steps in coding to coß€n the format ofdata from one organi-
zation to another. Shown below are two enarnples where two 8 bit input ports are combined
in one 16-bit ralue. The lirst method uses shifting and combining; the second method uses

+ i n c L u d e  < s t d i o .  h >

+ incLude <MEGA8535.h> / /  reg is te r  de f in i t ion  header  f i le  fo r

/ /  an  a tne l  aTMEGA8535

v o i d  n a i n  ( v o i d )

uns igned in t  por t  v ,

v h i  r e  (  1 )

p o l t  q :  P ] N A ;  / /  g e t  p o r t  A  i n t o  t h e  1 6  b i t  v a L u e
p o ! t s  q  < < =  8 ;  / /  s h i f t  i L  u p . .

o o  !  q  I  P - N B ;  / /  n o w  . o n b i n F  r  p o .  B



60

p ! i n l f  (  " 1 6  B l E s  =  A 0 4 x \ n " , p o l l  v )  ;

I  /  /  puE the  conb ined wa lue  ouE to

.  / /  t h e  s l a n d d l d  o - l p u r

Now the same results using a uaion declaration:

+ i n c L u d e  < s t d i o . h >

+ inc lude <MEGA8535,h> / /  reg is te r  a le f in i t ion  header  f i le  fo r

/ /  an  a tne t  aTMEGA8535

vo id  na in  (wo id)

t
/ /  declare lhe lwo types of  data in
/ /  a  union Lo occupy the sane space. ,

u n s i g n e d  c h a r  p o r t  b [ 2 ] ;
unsigned int  por t  s , .

]  v a l u e ;

w h i  l e  (  1 )

wa lue .por tb lo ]  =  p INA;  / /  q re t  por t  A

waLue.por tb l1 ]  =  p INB;  / /  q re t  por t  B

/ /  Ehe un ion  e l in inares  Ehe

/ /  need to  conb ine  the  da ta

/ /  nanua l ly
p r i n E f (  1 6  B i E s  =  3 0 4 x \ n " , v a 1 u e . p o r ! _ w )  ;

)  /  /  pu t  rhe  conb inea l  wa lue  ou t  to

/ /  L ' e  s . d n d .  d  o . . p .

I . IO.5 TYPEDEF OPERATOR

The C language suppors an operation that allows for creating new gpe names. The gpedef
operator allows for a narne to be declared synon).rnous with an existing type. For example,

L l p e o e J  . n s i g n e o  c h a r  b y r  e ,

typedef  uns igned iDL ro rd ;

Now the aliases "bne" and "word" can be used to dedare other variables that are actually of
qpe unsigned char and unsigned int.

b y c e  v a r l :  ' /  t h i s  i s  E h e  s a m e  d s  a n  u n s i q n e c l  c l c
w o t d  v d t 2 ;  / /  L h i s  i s  L h e  s q m e  d s  d n  u n s i q n e d  i r  L

This method ofalias works for structures and unions as u.ell:

t ypedef  s t ruc t

I
char  nane t  20 l  ;
coar  age;

int hone roon nuhle.;

]  s t u d e n t ;
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stsudent Bob; / /  these al locaEe menory in bhe forn of
sEudent sa11y; / /  a structure of lype srudenL

The #define statement is sometimes used to perfonn this alias operation through a text
substitution in the comp;Ier's preprocessor. gpedd is evaluated by the compiler directly
and can work with dedarations, castings, and usages drat would exceed the capabilities of

I . I 0 . 6  B I T S  A N D  B I T F I E L D S

Bits and bitfelds are often used when memory space is at a premium- Some compüers
support a gpe bit, which is automatically allocated by the mmpiler and is refereoced as a
l.ariable ofits own. For example,

blr  running; / /  the conpiter al locaEes a sinqte bi t  of
/ /  s t o r a g e  f o r  t h i s  f 1 a q . .

runn inq  =  1 ;  / /  L l le  on ly  tso  poss ib i l i t i es  fo r  va lue  are  1  and 0
runn inq  =  0 ;

i f  ( runn ing)

;  / /  E l )e  va tue  can be  tes tea l  as  ve l1  as  ass igned

Unlike bits, bitfrelds are more mrrmon for larger, more generalized s1.'stems and are not al-
rvals supported by embedded compilen. Bitfields are associated with structures because of
the form ofthen declamtion:

unsisned int  b iE-1:1;  unsisnei l  in t  b i t - l  :1 ;

, " .  n . - O  . '  O ' , - ' r ' r ,  , . . ' s . - d  i . '  U . - ' t ,  ,
j j ' struct_var_nane;

A bitfield is specified by a memb€r name (oftype unsigned int only), followed by a colon 11
and th€ number ofbits required for the value- The width of the member can be ftom 1 to
the siz€ of tne unsigned ht (16 bits). This ,llows several bitfields within a structure to be
rcprcsented in a single unsigned integer memory location.

s t r u c t  {
unsisned iaE runninq :  1 ;
unsisned inE sropped :  1;
unsisned inE counter  :  4 ;

I  nachine,

These bitfelds can be accessed by member Irame, just as you would for a structure:

nachine,stopped = 1,  / /  these are s inqle b i ts ,  so only
1 and 0 are a1loweal . ,

nachine.  running = 0;
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nach ine .coun ler++;  / /  Eh is  i s  4  b i t  wa1ue,  so

0  1 5  a r e  a 1 1 o w e d . .

Sometimes in embedded qstems bitfields arc used to describe I/O port pins:
Lypedef  s txuct

b i t  0 :  1 ;

b i t  4 :  1 ;

b i E , 6 : 1 ;

The following #define labels the contents of memory at location üI38. (Remember, #define
is treated as a textual substitution directive by the preprocessor) This allows the program-
mer to access memory location 0x38 by the nam e PORTB, as if it were a variable, through-
out the program:

/ /  PoRTB is  the contents of  aala l ress 0x38,  a b i t f ie ld "b i ts '
+def ine PoRT'B (*  (b i rs  * )  0x38)

The /it birfield allows the individual bits ofVO port PORIB to be accessed independendy
(sometimes called "bit banged"):

/ /  b i t f ie lds  can be  used in  ass iq rnneDts
P O R T B .  b i t _ 3  =  1 ;

P O R T B .  b i ! _ 5  =  0 ;

/ /  b iE f ie lds  can a lso  be  usea l  in  cond i t iona l  express ions
i f  (PoRTB.b i r_2  |  |  PoRTB.b i r_1)

PORTB.  b i t_4  =  1 ;

I , I O . 7  S I Z E O F  O P E R A T O R

The C language supports a unary operator called sizeof This operator is a compile-time
feature that creates a constant value related to the size ofa data object or its qpe. The forms
ofthe sizeofoperation are as follows:

/ /  c h a ! ,  1 o n g ,  e r c ,

s  z e o r (  o b j e c t  r  / /  o b j e c t  c o u l d  b e  d  v a r i - b I e .  
"  

d y .

/ /  s t ruc tu re ,  o r  un ion  var iab le  nane

These operations produce an integer that reveals the size (in bltes) ofthe gpe or data ob-
ject located in the parenfieses. For exarnple, assuming these declaratrons,

i n t  v a t u e , x ;
t o n q  i n t  a r r a y  1 2 I  I 3 l  ;
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{
c h a r  n a n e t 2 4 l ;

]  s r u d e n r s [ 1 0 0 ] ;

here are some of the resulting possibilities:

set  x=2,  s ince  an  in t  i s  2  by tes
set  x=2,  s ince  va lue  is  an  inEs i z e o f  ( v a l u e )  ;  / /  L h i s  w o u l d

x  =  s i z e o f ( s L u d e n t s ) ,
/ /  x  = 100 Elmentss t  (24 characrers + s izeof( inL)  )
/ /  x  =  1 4 0 ' ( 2 4 + 2 1  = 2 6 A A  l l

x  =  s i z e o f  ( a r r a y )  ;
/ /  .  =  s izeo f  l lonJ)  *a r ray  k id th*ar ray  lens th= 4*2 '1  =  2 -

x  =  s i z e o f  ( r e c o r d )  ;
\  -  2 a t 2  t o .  r ' e . h d ! d ^ r  F r  s t J i n g  p  -

I . I  I  M E M O R Y  T Y P E S

The architecture ofa microprocessor may require that variables and constants be storcd in dif
ferent qpes of memory. Data that will not change should be stored in one type of memory
while data that must be read fiom and wrinen to repetitivdy in a program should be stored in
another 9?e of memory. A thnd gpe ofmemory can be used to store variable data that must
be retained even when power is removed from the system- When special memory q?es such
as pointers and register \'äiables are accessed, additional factors must be considered.

I . I I . I  C O N S T A N T S  A N D  V A R I A B L E S

The AVR microcontroller was designed using Hanard aichitecture, with separate
address spaces for data (SRAM), progräm (FLASH), ard EEPROM memorp The
CodeVisionAVR@ and other conpilers irnplement three gpes of memory descriptors to
allow easy access to these very different rypes ofmemory.

The default or automatic allocation ofvariables, where no memory descriptor ke)'word is
used, is in SRAM. Constants can be placed in FI,ASH memory (program space) with the
flash or const kel.words. For rariables to be placed in EEPROM, the eeprom ke) \,vord is used.

When declarations are made, the positions ofthe 0ash and eegorn keywords become part
ofthe meaning. Ifcons! flash, or €eprom appear first, this states to the compiler that the
actual allocation of storage or the location of data is in that memory area. If the gpe n
dcclared lollowed by the flash or eeprom kelvord, this indicates that it is a r.ariable that rrf
rrezas FLASH or EEPROM, but the variable itself is phlsically located in SRAM. This
scenario is used rvhen dedaJing pointers into FLASH or EEPROM.



The following declaratiom will place physical data direcdy in program memory (FLASH).
These data values are all constant and cannot be changed in arry way by pro$am execution:

' _ " s h  i !  : n t e q e r _ c o n s t " n t  2 J n  |  ) ;

_ _ " s i  _ o  
9  r o , q _ i n t _ c o - s . a n t l  9 9 L ;

fLash lonq lonq_ in ts_cons tan ts2  =  0x10000000;
- .  '  ! e s e  d r r a y l l l  | L 2 . 1 ) ;

/ /  The f i rs t  two e lenents wi l l
fLash int  ln teger_af tay2 [10]

const  char  s t i ing constant2 [ ]

eepron s . rucr  r

c h a r  c t 1 5 l ;

be  1  and 2 ,  the  res t  v i l l  be  0
=  { 1 , 2 \ ;

=  I 1 1 , 2 , 3 1  ,  1 4 ,  a , 6 l  I  t

- ' T F  s  i s  ä l s o  ä  s r -  - g

i n t  a ;
c h a !  b t 3 l ,  c t 3 l ;

]  s f  =  {  { 0 x 0 0 0 a 1 ,  { 0 x b l ,  0 x b 2 ,  0 x 1 t r 3 } ,  { 0 x b 1 ,  0 x b 2 ,  0 x b 3  }  I  ;

EEPROM space is a non-volatile yet variable area ofmemory- Vaiables can be placed in
EEPROM memory simply by declaration:

d l locd tes  
"n  

in teser  sp"ce  |  - tDDOv

a l loca tes  a  20  by te  a rea  in  EEPROI4

/ /  a l loca tes  19-b1 ' te  s t ruc tu re  "se"  in  EEPRoM

These permanent (FLASH) and semi-permanent (EEPROM) memory areas have many
system-specilic uses in the embedded world. FIÄSH space is an excellent ar€a for non-
changing data. The program code itself resides in this region. Declaring items such as text
strings ard arithmetic look-up-tables in this region direcdy frees up valuable SRAM space.

If a string is declared with an initializer like
c h "  v s !  r  

' . o  
l J 0 l  " ' r h i s  s L r i n q  i s  p l a c e d  j n  S R A I 4  :

30 bltes of SRAM wil be allocated, and the text "This string is placed in SRAM" is phys-
ically placed in FLASH memory with the program. On startup, this FLASH resident data
is copied to SRAM and the program works ftom SRAM whenever accessing qrtring.'fhts
is a waste of30 bytes of SRÄM unless the string is intended for alteration by the program
during run time. To prevent this loss of SRAM space, the string could be stored in FI,ASH
memory direcdy by the dedaration:

'  
" s h  

. h ä .  m j s l  :  g [ 1 0  ' T h i s  s l  r ' a q  i s  p  d  a d  i n  S R A T  ,
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The EEPROM area is called non volatile, meaning that when power is removed from the
microprocessor the data will rcmain intact, but it is semipermanent in that the program can
alter the data located in this region. EEPROM also has a life-it has a maximum number
ofwrite cycles that can be performed before it will electrically fail. This is due to the way
thät EEPROM nemory itself is constructed, a function of electro-chemistry In many
cäses, this memory area will have a rating of 10,000 write operations, ma.rdmum. Newer
technologies are being developed all the time, increasing the number ofwrite operation to
the hundreds of thousänds, even millions- There are no limitations on the number of times
the data can be read.

It is important to understand this phpical constraint when designing software that uses
EEPROM. Data that needs to be kept and does not change ftequently can be stored in ttls
area. This region is g:eat for low-speed data logging, calibration tables, runtime hour me-
ters, and software setup and conf,guration values-

t .  I  t . 2  P o t N T E R S

Pointers to these special memory regions are each hardled differendy duriog program exe-
cution. Even though the pointers can point to FI-ASH and EEPROM memory areas, the
pointers themselves are alwals stored in SRÄM.In these cases, the allocations are normal
(char, int, and so on) but the g?e of memory being referenced must be described so that
the compiler can generate the proper code for accessing the desned legion. The flash and
eeprom keyrvords in these cases are used to expound on the name,like this:

/ *  Po in te r  tö  a  s t r ins  tha t  i s  loca ted  in  SRAM * /

cha!  *p t !  ro  ran  =  "Th is  ser ing  is  p laced in  sRÄM",

/ *  Po in te r  ho  a  s t r ing  tha t  i s  locaLed in  FLASH * /

cha!  f lash  *p t !  to  t lash  =  "Th is  s t r ins  i s  p laced in  FLASH' ;

/ *  Po in rer  Lo  a  s t r ing  tha t  i s  locaLed in  EEPRoM * /
' h - !  e e p r o m  r p F !  f o  e a p r o m  -  "  r h i s  s r  '  i n 9  i s  p l d . - d  - - P o o v  '

I . I  I .3 REGISTERVARIABLES

The SRAM area of the AVR microcontroller indudes a region ca11ed the Register Fi1e. Tnrs
region contains VO ports, timers, and other peripherals, as well as some "working" or
'tcratch pad" area. To instuuct the compiler to allocate a variable to a register or (egisters, the
storage dass modifier register must be used.

req is te r  in l  abc ;

The compiler may choose to automatically allocate a rariable to a register or registers, even
ifthis modifier is not used.In order to prc\,ent a vadable fiom being allocated to a register
or registers, the volatile modifier must be used. This wams the compiler that the variable
may be subject to outside change during cvaluation.

v o l a t i l e  i n t  a b c ;



The volatile modilier is fiequendy used in applicadons \dhere vrriables are stored in SRAM
while the microcontroller sleeps- (Sleep is a stopped, low-power mode gpically used in
battery applications.) This allows the value in SRAM to be valid each time the microcon-
troller is awakened and returned to normal operation.

Global variables that have not been allocated to reeisters are stored in the General or Global
Variable area of SRÄM. Locrl variables that have not been atlocated to registers are stored
in dynamicalty allocated space in the Data Stack or Heap Space area of SRAM.

sfrb and sfrw

The I/O ports and peripherals are located in the register file. Therefore, special instructions
are used to indicate to the compiler the ditrerence between an SRAM location, an VO port,
or another peripherälin the register file.

The sftb and sfrw kelwords indicate to the compiler that the IN and OUT assembly in-
structions are to be used to access the AVR microcontroller's I/O reeisters:

i o n  R F g  i s  I  F r s  r s F R ) '

s f rb  P INA=0X19;

s f !b  TCNTI ] ,=0x2c ;

s f !b  TCNTlH=0x2d;

s f rw TcN' l  l=0x2c , .

vo id  ma in  (vo id )

t

/ /  I  b i r  access to lower parE of  r iner
/ /  8  t ' i t  access ro uppe!  parE of  r iner

/ /  t b  b i t  d c . e s s  t o  t h e  r i m e -  r u n s : g n e d  - . .

// Read PORTA inputs pins

/ /  wr iEe to  TCNTIL  & TCNTIH reg is te rsTCNT1=0x1111;

)

The bit-level access to the VO registers is allowed by using bit selectors appeflded after the
nnme ofthe yO r%ister. Because bitlevel access to VO registers is done using the CBI,
SBI, SBIC, and SBIS assembly language instructions, the register address must be in the
0x00 to 0x1F range for declarations using s&b, and in the O,<00 to 0x1E range for declan-
tions using sfrw. For example,

s f ib  PoRTA=0a1b;

s f rb  DDRA=0X18;

s f rb  P INA=0X19, .

vo id  na i !  (vo id )
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DDRA. 1

t
i f  ( P r N A . 1 )

PORTA.  O =

0 o f  Por l  A  as  ou tpu !

0 o f P o r ! A t s o a 1

*"*y in" 
"*, ""0 "* 

kelw,ords are found in a header files included at the top ofthe
progran with the #include preprocessor directive. These header files are gpically related to
a particular processor. The header files pmvide predetermined names for the VO and other
usefirl registers in the microcontroller being used in a particular application.

Listed below is a t)"ical indude file that might be provided with a compiler
(MEGA8515.h):

/ /  I /o  reg is te rs  de f in iE ions  fo r  the  ATI {8G48515
sf rb  OSCCAL=4;

s f r b  P I N E = s ;

s f rb  DDRE=6;

s f rb  PORTE=?;

s f rb  ACSR=8;

s f tb  UBRRL=9,

s f rb  UCSRB=oXa;

s f rb ,  UCSRÄ=oxb,

s f rb '  UDR=oxc,

s f rb  sPcR=oxd,

s f rb  sPsR=oxe;

s f rb  SPDR=oxf ;

s f rb  P IND=0x10,

s f rb  DDRD=0x11,

s f rb  PoRTD=ox12,

s f rb  P INC=0x13;

s f rb  DDRC=0x14,

s f rb  PoRTc=ox l5 ;

s f !b  P INB=0x16,

s f rb  DDRB=0x1?;

s f rb  PORTB=0x18,
s f rb  P INA=0x19;

s f rb  DDR- \=0x1a;

s f r t '  PoRTA=ox1b;

s f r t '  EECR=0x1c;

s f rb  EEDR=0x1d;
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sfrb EEARH=0a1f ;
s f rw EEAR=0x1e, .
s f rb UBRRII=0a20;
sf rb UCSRC=0a20;
sf rb WDTCR=0x21;
sf rb ICR1L=0x24;
sf rb ICR1H=0x25;
sf rw ICR1=0x24;
sf rb oCRIBL=0x28;
sf rb OCRIBH=0x29, .

/ /  16  b i l  access

/ /  1 6 - t  i t  a c c e s s

sfrw ocRlB=ox2a;  / /  16- t ' i t  access
sfr l '  OCRIAIJ=0x2a;
sfrt' ocRlAII=0x2b;
sf fu ocRlÄ=0x2a;  / /  16-b i t  access
sfrb TCNTIL=0x2c;
sfrt' TcliITlH=0x2al,
s f .w TcNTI:ox2c;  / /  16 b ia access
sl rb TCCRIB=0x2e;
sf rb TCCRIA=0x2f ,
s f rb SFIoR=0x30;
sf rb OCRo=0x31;
sf rb TCNTo=0x32;
sf rb TCCRo=0x33;
sf rb üCüCSR=0x34;
sf rb MCIJCR=0x35;
sf rb EMCUCR=0x36;
sf rb SPMCR=0x37;
sf rb TIFR=0x3a;
sf rb TMSK=0x39;
sf rb GIFR=0x3a;
sf rb GICR=0x3b;

sf .b SREG=0x3f ;

/ /  In terrup!  vectors a lef in iEions

EXT_INTO 2
EXT_INTI 3
TIMI_CAPT 4
TIMI_COI{PA 5
TIMI_COI{PB 6
TIMI_OVF 7
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TIMO OVF 8
SPI_STC 9
USART RXC 10
USART UDRE 11
USART TXC 12
ÄNA.COMP 1f
EXT fNT2 14
TIMO.COMP 15
EE RDY 16

I . I 2  R E A L - T I M E  M E T H O D S

Real-time programming is somctimes misconstrued as some sort of compler and maeical
pro"ess rhrt can onll be performed on largc mac}rhes wirh operaring sy"rernr like LinJx or
Unix. \or .oi Embedded.ysrems car, in many cxes, perfoim on a more real rime brsq
than a large system.

A simple program may run its course over and over It may be able to respond to changcs to
the hardware environmenr it operates in, but it will do so in its own rime. The termirel-
time" is used to indicate that a program frrnction is capable ofperforming all ofits flnctions
in a regimented way within a certain allotment oftime. The term mav also indicate thar a
orog'am ha" rhe abil;g ro respond immediarely ro oudde (hardwaJe inpur) jr:Tulur.

The A\rR, with its ich periph€ml se! has the äbility to not only respond to hardware
timers, but to input changes as well- The ability ofa progmm ro rcspond to these real-world
c\a.lgcs i. caled ;nrerrupr or exception processing.

I . I 2 . I  U S I N G  I N T E R R U P T S

An interupt isjust that, an exception, change offlow, or intemrption in the program oper-
at;on cnused by an arternal or internal hardware source. An internpt ii, i; effect, ,
hardware-generated function call- The result is that rhe interrupr wiJl cause rhe flow of
e{ecution to pause while tie intemrpt function, called the interupt service routine (ISR), rs
erecuted. Upon completion of the ISR, the program flow wilt resurne, c.rnrinuing from
where it was interupted.

In an AVR, an interrupt will cause the sratus rcgister and program counter to be placed on
the stack, and, bascd on the source ofthe interupt, the proglam counter will bc assigaed a
value lrom a tablc ofaddresses. These addresses ,re refered to as vector

Once a program has been redirected by intemrpt vcctoring, it can be returned to normal op
eration through the machine instmction RETI (RETirm from Interruot). The RETI nr
stnrction restotes the status rcgister to irs pre-intcrnrpt value and 

"ets 
the program counrer

to the next machine instruction following the one thar was interupted.
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There are many sources ofintermpts available on the AVR microcontroller. The larger the
AVR, the more sources that arc available. Listed below are some ofthe possibilities. These
def,nitions are usually found in a header 6le, at the top of program, and are specific to a
given microprocessor. These would be found in a header for an ATMegal28, Mega128.h:

-  ! e  r u p t  v e c t o r s  d e t i n i t i o n s

+def ine Exr  rNTo 2
+def ine EXT_INT1 l
+def ine EXT_INT2 4
+def ine ExT_rNTl  5
+def ine EXT_INT4 6
#def ine ExT rNT5 ?
+def ine ExT rNT6 8
+def ine ExT fNT? 9
+def ine Tr l r2 coMP 10
+def ine Trn2 ovF 11
+def ine TrMl  CAPT 12
+def i .e  TrMl  coMPA 13
+def ine TrMl  coMPB 14
+def ine TrMl  ovF 15
+def ine TrMo coMP 16
+def ine TrMo ovF 17
+def lne SPr STC 1a
+def ine USARTo RxC 19
+def ine USARaco_DRE 20
+def ine USARTo_TXC 21
+def ine ADC_INT 22
+def ine EE_RDY 2l
+define ANA_COüP 24
+def ine TIMI_COüPC 25
+def ine TIM3_CAPT 26
+def ine TIM3_COüPA 27
sdefine Trnt3_col{PB 28
*def ine TrM3 col {Pc 29
+def ine TrM3_ovF 30
#def ine USARTI_RXC 31
#def ine USARTI_DRE 12
+def ine usaRTl_Txc 33
+def ine Ti r r  34
+def ine sPM RDY 35

This list contains a series ofvector indices associated with a name describing the inte(upt
source. To aeate an ISR, the function that is catled by the intemrpt system, the ISR, is de-
clared using the resewed word intemrpt as a frrnction g?e modi6€r.

in terrup!  [EXT_INTo]  void ex lernal  inro(void)
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t
/ *  cat led äutonat ica l ly  on external  in terrupt  0 * /

I

i nEe l fup t  IT IMo ovF l  wo id  L inero  ower f low(vo id )

/ *  ca t led  au tonaEica l l y  on  T IMERo over f low * /

The inteffupt kelr,.ord is followed by an index, which is the r,cctor location of the interrupt
sorrce. The \'€ctor numbers start with [1], but since the first vector is the reset vector, the
actual interupt vectors ävailable to the programrner begin with [2].

ISRs can be executed at any tirne, once the intemrpt sources arc initialized and the global
interrupts are enabled. The lSR cännot return any values, since technically there is no
"cal1er,' ard it is alwal.s dedared as gpe void. It is for this same reason that nothing can be
passed to the ISR.

Inteffupts in an embedded environment can genuinely create a real-time execution. It is not
uncommon in a peripheral-rich system to see arr empty zubile(1) loop Ln $e nain0 ftrc-
tion. In these cases, zaä1J simply initializes the hard\,%re and the interrupts perfom all the
necessary tasks when they need to hnppen-

/ /  I /O leg is te .  de f in i t ions  fo r  ATI {EGA8515
+ inc lude <M8cA8515.  h>

/ /  quar tz  c rys ta l  f requency  [Hz ]
+def ine  xTÄL 4000000

/ /  LED b l ink  f requency  [Hz ]
+def ine  B l ink  Rate  2

/ /  T IMERI  ove l f1ow in te r rup t  serv ice  rou t ine
/ /  occurs  every  0 .5  seconds

in teüupt  IT IM1-OVFl  vo id  t iner l  over f low(vo id )

/ /  p rese ts  aga in  T IMER1
TcNTI=0x10000 (  XTAL /1024/  B t ink  Rare) ;

PORTB-o ^=  ! ;  / /  togg le  the  LSB o f  pORt tB

J

woid  na in  (vo ia l )

{
/ /  ser  the  I /O por ts  and in i t iä1 ize  TTMER1
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DDRB=0x01, .

TCCRlA=0;

TCCRlB=5;

TCNT1=0x10000 IX . IAL/1024/  B t ink  Rare) ;  / /  p lese !  T IMER1

/ /  c l e a r  d n y  I . t M h R l  i n t e ! ! u p c  f l a s s

TIMSK=oX80;  / /  enab le  T I l4ERl  over f los  in te r rup t

GIMSK=o;  / /  a l l  o lher  in le r rup t  sources  are  d isab led

/ /  q loba l  enäb le  in te r rup ts

/ /  PORTB.o  p in  i s  an  oucput

// TIr'IER1 is disconnecled from pin OCl, no Phrr"i

/ /  T T M B R 1  c 1 0 c k  i s  x r a t / 1 0 2 4

done by  the  " t iner l  over f low"  func t ion

( 1 )

In thls exanple, nain) is used to initialize the system and enable the TIMER1 overflow in-
teffupt. The interrupt futcüon tinerl ooerfow blinks the LED every half second. Note
th^t main) sits i^ a ,."lilep,,l loop while the blinking goes on-

I.I2.2 REAL-TI] ' IE EXECUTIVES

A Real-Time Executive (RTX) or Real-Time Operating System (RTOS) is a proeram,
commonly reteffed to as a "kernel," that coordinates the management ?nd ex€cution ofmul-
tipl€ sub-progräms or "tasls." Arr RTX srrictly coordinates program runtime operations,
while an RTOS is usually associated with e:<trx functionality such as file management and
other generalized I/O operations. There are many rcal-time executives avarlable for the
AVR. Some are in the public domain and are frce of charge. Others are commercially li-
censed and supported but are still inexpensive. In this section, we are only going to touch on
the R.T)i, specifcally the Prograsive Resourca'PR-RTX that is readily available and sim
ple to contrgure and use.

An RTX utilizes a time-based intenupt (i.e., TMER0) to guaiantee that various sub-
program executions happen on time and as often as is required to obtain the desired oper-
ational results. The beauty of an RTX is that the program operation, from a timing
perspective, is defined in a header block and the tasks arc usually configured with a call into
an RTX initialization tunction. Characteristics such as the number oftasls allowed to be
executing within the s'ßtem, how often the operation is to switch from one task to another,
and whether tasks are to run in a rcund robin or top to bottom (sometimes called pre-
emptive or priority) fashion, are defined by the header. Since each subprogram stands
somewhat alone, each is given its own stack space to work in keeping the processes truly
independent. For example,
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/ /  PR RTX Conts lo1
/ /  Systen crysta l  f requeocy [Hz]
#def ine PR_xta1 t41 45600L

/ /  Task swi tch Eine In icroseconals l
+def ine PR swi tch Tine 5000

/ /  Opelar inq node 1 = rounal  lob in
/ /  2  = pr ior i ty
+def ine PR,op node 2

/ /  Se t  1ow po in t  in  RAM for  the  task  s tacks
+def ine  PR_Stack  Ran_Low Ox6O

/ /  Def ine the stack s izes for  hhe a lefautr  task.  these
/ /  a le opt ional  def ines.  r f  e i rher  is  nor  presents,  rhe defautr
/ /  !a6k gets the sane defaulL srack s izes as rhe otsher  rasks.
+def ine PR defaulE-Eask dara-srack 40
+def ine PR defaul t_Eask systen sLack aO

/ /  Def ine  the  nax inun nu id ,ber  o f  rasks  fo r  ahe pro jec t .
+def ine  pR Max Tasks  10

/ /  Def ine  the  presca le r  d iv iso !  hype.  See docs  fo r  dera i ts .
+def ine  PR Div isor_Type 1

+ inc lude "PR RTX Conts ro t .c '

Once the operational characteristics are defned, the RTX is initialized with definitions of
what tasks you wish to have run and the priority you would like ro have the tasks assigned
to. Priority is impo.tant in tÄat if for some reason a task could not complete its funation
within the allocated amount of time, the RTX can rake the operation back to the highest
priority task and start again. This allows for the important and generälly time critical tasks
to get processor time no matter what is going on with lower priority or less important tast$.
In the following example, two LEDs are being flashed by two independent ;sks. You wil
see that each task is simply wiaen as a C function ofqpe void and that each function con-
tzins a. utbik(l) loop.This is because the functions do not retum to a caller-they are each
running as stand-alone programs.

void blnksrn {  vo iat)
I

w h i l e  ( 1 )

PoRTc _= 0x01;  / / chaoge green LED s ta ie
PR i ta i t_T icks  {40)  ;  / /wa i r  2OO ns

l



vo id  b lnkred  (wo id)

{
uns lgned char  x  =  255 i  / / sLarL  s low t ,1 ink
D O P T C  l -  0 x 2 ;  / / s L ä r r  d i t h  l i g h -  o n

w h i l e  { 1 )

{
?oRTc ^= 0x02;  / /changre real  LED state
P R  W a i r  T i c k s ( x ) ;  / / w a i r  5 0 0  m s
x = 10;  / /change to fasE bl ink af ter  f i rs t  b l ink

J

)

P R  c r e a r e _ t a s k ( 0 , b 1 D k r e d , 0 , 0 , 1 )  ;  / / s t a r t  t a s k  0
P R _ C r e a t e _ T d s k ( r , b l n t q ' n , 0 , 0 ,  l ) ;  / / s L d r l  l d s k  I

t

vo id mai !  (vo id)

/ /  D e c ) . t e  y o u r  l o c d l  v d t  i d b l e s  h e t c
/ /  I ^ p u L / O u t p u I  P o  L s  a i L i d l i z d l i o n

/ /  Patx c
PORTC=0x00;
DDRC=0x03;

PR_RTX ( ) ; //start RTx

/ /  The nain prog.an 's  whi le{1)  loop becones
/ /  the 'defaul t '  or  lowest  pr ior i ty  task.
w h i l e  (  1 )
{

/ /  oLher operat ions can t ,e  done here
/ /  i f  d e s i . e d .

t

The while(l) loop in the Anctror' na;nQ becomes the 'default' or lowest-level task.

Since each task is responsible for rcleasing time back to the system using the
PR-Wa;t-ncks0 tllncdon, that unused sptem time is nrneÄ o'vet to na;n). In a tlpical
application development, the dow operations su ch zs pr;ntfj ot scanfl) would be performed
'n 

ma;nQ arÄ f,.obal'ranables would be used to communicate needed infomation to the

other tasls in the program-
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I . I2.3 STATE HACHINES

State machines are a common method ofstucturing a program such that it never sits idre
waiting for input. State maclines are generally coded in the form ofa switcVcase construcr,
and flags are used to indicate when the process is to move fiom irs cunent state to its ncxr
state. State machines also offer a befter opportunity to change the function and flow ofa
program without a rcwrite, simply because states can be added, changed, and moved with
out impacting the other states that sur.ound it-

Srate macJlires allow for rhe primary logical operation ofa program ro happen son-ewhar in

1,:Ig'9""d !'!*.)"'.zllv |erylitde rime is spenr actualJy processing each srare. mo"e free
CPU time is left available for time-critical tasks like gathering analog-information, process_
ing serial^communicarions, arrd performing complex mathematics. The additio; CpU
tlme rs otten de1'oted to communicating with humans: user interfaces, displays, kevboard
services, data ent)! alarms, and paraneter editing_

Figures 1 1 and 1 2 show an example state machine used to control an .,imaginary'' traffrc
llcnf.

The.rare n achine in rhis example uses PORTB ro dr ir ,e rhe red,qreen, and veUow.i ! .hr.  r
rhe North-Sou r-h and Easr Wesr directions. N ore th^t n naid );he d qt.,z"17 n nc"rion t.
used to control the time. This keeps the example simple. In real tife, this time could be used
for a myriad ofother tasks and functions, and the timing oftle lights could be controlled oy
an interrupt from a hardware timer.

Th€ state machine Dr-srardrl'l is called every sccond, but it executes only a few instructions
before retnrning to ;zaä Q.-fhe glob vtiable canerü nak controls the flow ofthe executior
thtough Do-Sta*s). 'fhe 

PED xlNG_EW, pED ^fNG_NS, arÄ FOUR_WIy STOp
mputs create exceptrons to the normal Ilow ofth€ machine by altering either the timing, the
prth ofthe machine, or both.

The arample system tunctions as a normal stoplight. The North-South light is green when
the East-West light is red. The traffic is allowedto flow for thirty-seconä De;ds in each
direction. There is a five-second yellow warning light during the change fro; , geen_light
tr a red-light condition. If a pedestrian wishes t" .-"s th" fl"*ing t 

"fic, 
p;essing ;he

PED XING_EWor PED XING-NS bunon will cause tlc time remaining for traf6Jflr,*
to-be slgrtened to no longer than ten seconds before changing diiedions. If the
FOUR_WAY STOP stwltch is turned on, the lighr"la,ill corr.,.n on , ro ,ll four flashins red.
Thi..conver.ion wiJJ happcn onJy dur'Lng rhe waming (ye[ow) tighr tran.iLion to nir<e rr

User interfaces, displaTs, kel.board services, data enry, alärmsJ and paramerer editine can
also be performed using state machircs. The more "thinly sliced; a program beämes
through the use offags and states, the more real-time it is. Morc things are be;ng dealt with
continuously without becoming stuck waiting for a condition to change.
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# i n c l u d e  < M e q a 8 5 1 5 . h >
# i n c l u d e  < d e 1 a y . h >

+def ine  E i -RED L ITE poRTB-o  / *  a le f in i r ions  to  accua l  ou tpurs  + /

+dEf iNE EW_GRN_LITE PORTB.2
#def ine  NS_RED_LITE poRTB.3

+def ine  NS_YEL_LITE PoRTB.4
+def ine  Ns GRN L ITE PoRTB.5

+def ine  PED XINC Ew PINA-o  / '  pedes t r ian  c ross inq  push bur ton  r /

+def ine  PED-XINC Ns PINA-1  / '  pedes t r ian  c ross ing  push bur ton  + /

+def ine  FOUR-WAY sTop prNÄ_l  / "  sv i tch  input  fo !  4  way s töp  * /

char  t ine  Le f t ;  / /  L lme ia  seconds spent  in  each s rare
inE cur ren t_s ta te ;  / /  cn t rea t  s la re  o f  rhe  l igh ls
char  f lash  toss le ;  / /  tags le  usea l  fo !  FLASHER sra te

/ /  Th is  enunerar ion  c rea tes  a  s inp te  way to  aa l i l  s tsa les  ro  the  nach ine
/ /  by  name.  Enune.a t ions  genera tse  an  in teqer  va lue  fo !  each nane
/ /  au tonat icaL ty ,  mak ing  the  code eas ie r  ro  na in ta in .

ENUM 1 Ei' MOVING , Eli IIARNING , NS_I4OVING , NS WARNING , FLASHER ],

/ /  T h e  a c t u a l  s t a t e  n a c h i n e  i s  h e r e . .
v o i d  D o  S t a r e s  { v o i d )
{

s w i t c h  ( c u r r e n r  s b a t e )
i

case  EW_MOVING:  / /  eas t  wesr  has  rhe  s reea! !
EW_GRN-LITE = 1;
NS GRN_LITE =  O;
Ns RED_LITE =  1 ;  / /  nor th  sourh  has  Lhe rea l t l
Ei.l RED_LITE = 0;
EW YEL_LITE =  0 ;
NS YEL I , ITE =  0 ;

i f {PED XrNG EW l l  FOOR WAY STOP)
{  / /  pedes t r ian  w ishes  to

/ /  a  4 -way s top  is  requ i red
i t  (  c i n e  l e f r  >  1 0 )

t ine  le f t  =  10 ;  / /  shor ren  the  E ine
)
i f ( t i n e  l e f t  ! =  0 )  / /  c o ü n t  d o w n  t h e  t i n e
t

t i n e  t e f t ;
.e tsurn;  / /  rerurn to main

Fiaurc l-2 tmogjnatyTtofrc Light Softworc (contim'es)
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\  /  /  t ine  exp i red ,  so .  -
t ine  le f t  =  5 ;  / /  g ive  5  seconds to  waRNrNG
curent sLafe = EW $TARNI\IG;

/ /  t ihe  exp i red ,  move
break ;  / /  to  - "he  nex t  sca te

CASE EW I'IARNINC:
Ei{_GRN_I-ITE = 0;
NS-GRN-iJITE = 0;

EIt_RED LITE = O,
Ew YEL L ITE =  1 , .  / /  and  eas t - res t  has  the  ye11or

IIS YEL LITE = 0,'

i f ( l i m e  l e f l  l =  0 )  / /  c o u n r  d o w n  l h e  l i n e

t ine_ le f  E ;
re tu rn ;  / /  re tu rn  to  na in

I  /  /  t ine  exp i rea l ,  so . .
i f (FouR waY sroP)  / /  i f  4 - ray  reqüesred rhen s rar !

cur ren t  s ta te  =  FLASHER;  / /  the  f lasher

|  / /  oEherwise .
E ine_1efE =  30 ;  / /  . tLee  30  seconds ro  MoVTNG
current_stsale = NS_üOVING;

1  /  /  t i m e  e x p i '  e d .  m o \  e
l r reak ;  / /  Lo  Xt rc  nex t  s ta te

CASE NS MOVING:
EW GRN LITE = 0;
NS_GRN_LITE = 1;
N S _ R E D _ L I T e  O ;  / /  n o r t h  s o u L h  h d s  L h e  g l e e n l l
F ! {_RED_LTTE -  l ;  / /  eös l  wes t  has  Lhe _ed l

EW_YEL_LITE = 0;
NS_YEL_LITE =  0 ;

i f {PED XING NS I I  FOUR ! t ]AY STOP}

I  / /  i t  a  pedes tx ian  r i shes  to
/ /  d  4  \ | a y  s t o p  i s  l e q u i l e d . .
i f { l i n e  l e f t  >  1 0 }

t ime te f t  =  10 ;  / /  shor ten  the  t lne

)
i f  ( t i n e _ f e f E  ! =  0 )
{

/ /  coun!  down the  E ime

- - t ine- le f t ;

re tu rn ;  / /  re tu rn  to  ma ln
' )  

/  /  f i m e  e x p i l e d ,  s o ,  ,
l i ne_1ef t  =  5 ;  / /  q ive  5  seconds tso  j 'ARNING

Fiaure l-2 ImosinsryTrufi. üst't SoFwsre (Contlnües)
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currenr_stsale = Ns waRNrNG,. // tifre expired, nove
break;  / /  to  L]ne nex!  sra le

CASE NS_iIARNING:
EW_GRN LITE = O;
NS_GRN LITE =  O;
lüs_RED L ITE =  0 ;  / /  no . rh -south  has  the  ye l low. ,
ET{_RED.LITE = 1;
EW YEL_IJ ITE =  0 ;  / /  and easr ,west  has  rhe  red . .
NS YEI_LITE =  1 ;

i f { t ine  te f t  !=  O)  / /  counr  a lown rhe  r ine
t

-L ine- fe f r ;

recü .n ;  / /  re tu rn  ro  na in
j  / /  E i n e  e x p i l e d ,  s o . .
i f (FoUR_wAy sTOp)  / /  i f  4 - ray  requesrea l  lhen  s ta r r

cur renr  s ta tse  =  FLASHER;  / /  the  f lasher

|  / /  o the tu ise . .
c ine_1efc  =  30 ;  / /  s i . !e  30  seconds to  MoVTNG
current-state = EId üOVING;

) // tine expired, nowe
break; // Lo E}re next srate

EW-CRN LITE =  0 ;  / /  a1 t  ye t low ana l
NS_GRN LITE =  0 ;  / /  g reen l i res  o f f
EI'_YEL LITE = O;
NS_YEL L ITE =  0 , .

f lash_togq le  ^=  1 ;  / /  roqqte  LsB. .
i f { f t a s h  t o g g l e  &  1 )
t

NS_RED LrTE = 1, / /  bl ink reat l ishrs
EW_RED LITE =  O;

]
e t s e
I

NS RED_LrTE = 0;  / /  a l ternarely
EW RED_LITE = 1;

J
if ( ! FOUR-rirAy_STOp ) // j,t \o loager a 4_way slop

currenr srate = EW_WARNING;
break;  / /  Ehen return ro normal

Figufe t-2 Inosjnoryhofrc Ught Software (Contjnues)
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cu l ren t  s ta te  =  NS WARNING;
break ;  / /  se t  any  unknown s ta te  io  a  good one l  l

]

void nain (  vo ia l )
I

DDRB = oxFF;  / /  por tb a l l  out
DDRA = 0x00;  / /  por ta at t  in

curren!_sta le = NS_OARNING; / /  in l r ' iar ize to a qood star t inef

{
d e l a y  n s ( 1 0 0 0 ) ;  / /  |  s e c o a d  d e l a y - -  t h i s  t i n e  c o u l d

/ /  t 'e  used for  other  neealed processes

Do_Stales0;  / /  ca! !  E} le s late nachine,  i t  knows
/ /  wbere iE is  and ehar to do next

l
I

Figure l-2 lmaginorylaffrc Dght Softwote (Contjnued)

I . I  3 PROGRAMMING STYIE, STANDARDS, AND GUIDEIINES

Using the C language to write sowce code is just part ofthe entire softwa-re development
process. Theie are many considerations that fall outside ofwriting the code arrd the desired
operatior of a program. These considerations indude:

. Readability and maintainability of tne sofalvare

. A docum€nt€d develoDment Drocess

. Project manatement

. Quality controland meeting outsid€ requir€ments such as lSO900l and lSO9003

. Configuration management and revision control

. Design-rule and code-style requirements of your company or organization

. Verification and validation processes to meet medical and industrial r€quir€m€nts

' Hazard analysis

As you begin to develop code for products and services that are rcleased into the market-
place, these aspects will become as much or more a paft ofthe de!€lopment prccess xs ffitt-
ing the actua.l operating software. Many companies har€ software "style guides" that de6ne
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how the software should be physically strucrured. Items such as header block fornrai,
bracket and parentheses plac€ment, naming conventions for variables and definitions, and
rules for lariable types and usage will be oudined. This may sound a bit ominous, but once
you begin writing using a deined sg4e and developrnent criteria, you rvill 6nd it easier to
collaborate and share cffort with others in your orgarrization, and you rvill have fewer errors
in your code from thc outset, as well.

Organizations such as X1ISRA (]lotor Industry Software Reliabilit_v Association) ha\.e cre-
ated documents that show horv following some basic rules and guldelincs during software
development can greadl, improra the safetv and reliability ofthe developed software-and
reduce some ofthe anno)'ing "got yah" npe errors during the developmc n r p roress. You can
6nd morc inlormation about these guideJines at

hnp://www.misra.ore.uV

I . I 4  C H A P T E R  S U M M A R Y

This chapter has provided a foundation for you to bcgin writing C languagc progrnms.

The beginning concepts demonstrated thc basic structure ofa C program. Variablcs, con
stants, enumerations, their scope and construction, both simple as well as in aravs, struc
tures, md unions, have been shown to bc useful in defnjnu how memorl is ro bc allocateo
and how rhe daLa sirhin r l -rr  memow i .  ro be interprereLt Ly r  C program.

Expressions and their operators, induding VO operations, were discussed to provide a basis
for perlorming arithmetic operations and determining logical conditions. These operations
and exprcssions were also uscd with control constructs such as while and do/while loops, for
loops, and switch/case and itelse statements ro form funcrions as well as suide tbe florv of
executlon m a program.

The advanced concepts ofreal-time programning using intenupts executives and state mr-
cJrines were crplored to demonstratc how to streamlinc the erecution ofprograms, improve
their readabiliq', and provide a timel)' control of tie processes within a C language project.

l . l 5  ExERCISES

| . Define the terms vortoble and co,stort (Section | .4).
*2. Create an appropriate de€larätion for the followinS Gection | .4):

A. A constänt called "x ' that will be ser to 789.

B. A variable called "fred" rhar will hold numbers from 3 to 456.

C. A variable called "sensor out" that will contain numbers from - | 0 to +45.

D A variable array rhat will have ten el€ments, each holding numbers from 23
to 345.

E. A character string consranr that will cont in the strinS'Press here ro end".
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3_

5.

F A pointer called "ärräy_pti' thät will point to än äräy of numbers ranging from 3
t6 567-

G. Use an enumeration to set"uno"," dos",'1r€s" to 21,22,23, respectively.

Evaluäte the following (Section 1.6):

A. unsigned char q t = 0x23 * 2i I r= |

B. unsigned int  qt  = 0x78 /  34; / / t=l

C. unsigned cha. xi x= 67Ai x= |

D char d;d = 456; // d = ?

E. enum {stäft = ll, otr,on,rone}; /sone=l

F x= oxc2ty = 0x2iz = x ^ Y Jtz= |

G .  e : o x t r e d i  e  = e > > 4 i  l l e =  |

l .  f  =  0 x 9 0  1 7 i  l l l = l

l .  x =  l z i y = x + 2 t I y = 2  x = l

Evaluate as true or false as if used in a conditional statement (Section 1.6):

For all problems: x = 0x45; y = 0xc6

A. (x == 0x4s)

B. (' lv)
c . ( ">v)
D (y 0x06 == oxc)

Eväluate the yalue of the variables after the frägment of code runs (Section | .7):

unsigned €har loop counq

unsign€d int value = 0;

for (loop-count = l23i loop-count < l3lJoop count++)

//value = ??

Evaluate the value ofthe \"ariables aft€r the fragment of code runs (Sedion l.4l

unsiSn€d char cntr = l0;

unsiSned int wlue = l0;

t
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] while (cntr < lo)i

//value = ?? cntr = 1?

7. Evaluate the mlue of the variables after the fragment of code runs (Section | .7):

unsigned char cntr = l0;

unsigned int value = l0:

while (cntr < t0)

{

value++;

l
ll y^lüe = ?? cntr = ??

8. Given: unsisned char num_armyl ] = { 1,2,3J,s,6,7,8,9,10, I I, l2}; (Se€tion 1.9):

i/ num arny[3] = ??

9. Giv€n: unsign€d int*ptr array; (Section 1.9):

unsiSned int num_arrayl ] = {10,20,30,,{0,50,60,70h
unsigned int )<,),;

Ptr array = num-a ?yi

x = *ptr_affäy++j

y = *ptr_array++i

l lx= l l  y=l l  ptr_array = l l
* | 0. Writ€ a frägment of C code to declare an appropriat€ arry and then frll the array

with the powers of 2 from 2r to 26 (Section 1.4.

I l. What does the acronym MISRA stand forl

"*" preceding an exercise number indicates that the question is answered or partially an-
swered in the appendix.

I .  I6 LABORATORY ACTIVITIES

A. Creat€, compile and test a program to print"C Rul€s andAss€mbler Droolsl!" on
the ständard outDut device.

B. Modit the program to use a for loop to print th€ same phräse four times.

C. Repeat usinS a while loop to print the phrase three times.

D And yet ägain u$ng a do/while to print th€ phrase five times.
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2. Creare a proSräm to calculat€ the capaciq ofa septic tank.The three dimensions
heiSht, width, and l€n8th should be read from three parallel pons,\ B,and C (in feet)
and the result printed to th€ standard output device.The maximums the program
should händle are 50 feet of width,so feet of length, and 25 fe€t of depth (itt a bi8
tankl). Use appropriat€ variabl€ sizes and use caning where required to correctly cal-
culate the capacity and print the result as follows (a y, z, and qq should be the a€tual

The capacity of a tank x feet long by y fe€t high by z feet wide is qq cubic feet of

The program should run once,printthe results, and stop.

3. Modify the program inActivity 2 so that if any ofthe three inputs exc€€ds the allowed
nnge, the ProSnm says

'  -  a m  - a n g ö  '

4. Creat€ a proSram to print tlle powers of 2 from 20 to 2r'?.

5. Use a switch/case construct to cr€ate a prognm thät continuously reads port A and
provides oütput to port B according to the following table:

0r00 0b00000000
ü.01 0b00001111
ü.02 0b11110000
OJ.O3 0b01010101
0.04 0b10101010
OJO5 0b11000011
oo6 0b00111100
(M)7 0b10000001

0b11111111

5. Create a program to determine the order of storäge oflongvariables accordinS to the
suggestion in the "Structures and Unions" section (Section | . | 0) relative to unions
lnear the middle of the section).

7. Create a prognm d'at can search an arräy of structures for specific \alues- Declare an
array of structures containing the members "rnonth", "doy'', and "y€or". Initialize the
array to contäin one and only one instan.e of your own birthday. However. the month,
day. and year of your binhday must show up in other places in th€ array, just not all at
the same pointThe pro8ram must search the array to find your binhday and then
print a message to indicate at what index in the ärräy th€ binhday resides.

8. l',1odit the program in Activity 7 to search the array of structures using Pointers.
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9. Create a progräm to use tie standard inpüt function g€&hod to r€triev€ one charac-
ter and compare irs value to tie ralu€ placed on portA lf they match, print a m€ssäge
to that eff€ct on the standard output device usin8 prinaf0. Otherwise, output a 0x0 | to
Port B if portA is higher in value th:n the charrcter received, or output an 0x80 if

| 0. Us€ an external hardware interrupt to prirt a message to the ständärd output devi€e
each time an interrüpt occurs. Also print the number of times the interrupt has
occorred.You moy not use a Slobal yariable to count rhe irrerrupt occurr€nces.



The Atmel RISC Processors

2. t  oBJECTIVES
At the conclusion of this chapter, rrcu should be able to:

. Define, describe the uses oi and identify the m€mory spaces and r€gisters of
the RISC microcontrollers

. Allocrte the mi€rocontroller resources to ä projecr

' Apply int€rrupts to C programs

. Write C programs to complete simple l/O tasks

. Apply the major peripheräls oftheAVR microcontrolleß to solve problems in
interfacing to el€ctronic devices

. Write C programs to accomplish s€rial communication

. Read and determin€ the resultJ ofAVR assembly language programs

2 . 2 ,  I N T R O D U C T I O N

This chapter provides most of the hardware background needed by an engineer to
successlirlly apply the Atmel AVR RISC microcontrollers to a problem. It is based
on the premise that in order to be successftl, designers must be as intimately famil-
iar with the hardware as they are with the programming language.

The chapter begins with the basic oven iew ofthe processor, its architecture, and its
functions. Next, the rnemory spaces are discussed in detail so that you can identi$'
and understand where 1'our variables are stored and rvhy. The uses of interrupts are
next discussed, along with the most common built-in peripherals. These topics are
then combined into the process of allocating processor resources for a project.

A variety of the peipherals common to many of the Atmel microcontrollers are
discussed. Many of the Atmel para have additional peripherals or ertended

a7
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functionality in their peripherals. Consult the specification for your pafticular pait to d1s
cover the full nnge of peripheral functionality for your particular microcontrollcr Each of
the pcripherals is shown as it applies to projects- Lasdy, assemblv language is described as rt
pertains to understnnding th€ microcontroller's functions.

2.3 ARCHITECTURAL OVERVIEW
The microcontrollers being considered are the Atmel A\rR RISC microcontrollers. This
one sentence sals volumes about the architecture ofthe devices.

First, they are RISC devices. RISC stands for leduced instruction set computing" and
means that the devices ,re designed to run very fast through the use ofa reduced number of
machine-level insüuctions. This reduced number ofinscuctions contributes to the speed
due to the fact that, with a limited number ofmachine instructions, most can run in a single

rycle of the processor clock In terms of MIPS (millions ofinstructions per second), this
means that an A\rR processor using an 8 MHz dock can execute nearly 8 million instruc-
tions per second, a speed of nearly 8 MIPS.

Secondly, the devices are niracantrollers- A mlctocontoller is a complete computer slßtem
optimized for hardware control that encapsulates the entire prccessor, memory and all of
the I/O peripherals on a single piece of silicon. Being on thc same piece ofsilicon means
that speed is once again enharrced, because internal I/O periphcrals take less time to read or
write than external devices do.

Being optimized for hardware control means that the machine-level instruction set provides
convenient insfructions to allow casy contol ofVO devices-thue will be instructions to
a11ow setting, clearing, or interrogating a single bit ofa parallel I/O port or a register The
ability to set or clear a bit is g?ically used to tum a hardware device off or on- In a p(oces-
sor not optimized for hardwre control, the setting, cleaing, or reading ofthe individual
bits of an I/O port (or any other rcgister) wornd requne additional AND, OR, XOR, or
other instructions to affect a single bit ofthe port-

As an axample, consider the following code fragment that sets the third bit of Port A high:
P O R T A = P O R T A i O x 4 ;

\Älhile this linc of code is conect for use with either a standard microprccessor or a micro
controller, the actual results are different for the two dcvices.

The following snippet shows some assembly code generated for a standrrd microcomputer
and for a microcontroller to cxecute the line shor,lrr above:

Standa!d  n ic roconputer  :
I N  R 3 O ,  O X 1 B
MOV R2 6 ,  R30

r , D r  R l 0 ,  L o w ( 4  )
o R  R l 0 ,  R 2 6

O U T  0 x 1 8 . R 3 0
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M a c r o c o a E r o l l e r :

s B r  0 x 1 8 , 2

As these cramples demonstrate, the standard microproccssor shoü,n tales nve instructions
to set the bit high while the microcontroller täkes onl,r, one. This equates to a 6ve times
speed increase for port operations in th€ microcontroller and a 6ve rimes decrease in code
size for thesc operations. Microcontrollers allow for reduced code size and increased erecu-
tion speed by providing instructions that ,re direcdy applicable to hardware control.

Overall, the architecture of the Atmel AVR devices is that of a microcomputer It is orga
nized into a CPU (cenual processing unit), a memory and an l/O section. The CPU is
masked *om our vision, but the memory and VO sections are very visible and need to be
understood by the applications designer Each ofthese is discussed below.

2.4 MEMORY

The memory section ofthe Atmel RISC AVR processors is based on the Harvard moocr,
in which wrious portions ofthe memory äre separated to allow faster access and increased
capaciry The CPU has a separate interface for the FLASH code memory section, the data
memory section, and tie EEPROM memory scction, ifone is present.

The actual memory being discussed is that ofthe medium sized microcontrollers such as
the AIMega16. Check the specification ofyour particular microcontroller to s€c the exact
memory coon$llaüon ror your Par.
?.4.I  FLASH CODE MEHORY

The FI-ASH code mcmory section is a block of FI-ASH mcmory that starts at location
0d000 and is of a size that is dependenr on the particuta Atmel AVR microcontroller in
use. The FLASH code menory is non-volaile nemory (retains its data even when power rs
removedl, and ir i. u,ed to srore r he cxccur able code and consrants. becau,e rhev mu,t remain
ir rhe menory even when pouer is removed from rhe device. The codF memür) \pace .
16 bits wide at each locatior to hold the machine-level insmrcrions that are gpicaLiy i single
16-bit word. Figrre 2-1 shows the menory map for the FLASH section of memory

AJthough the FLASH memory can be programmed and reprogrammed with erecutable
code, there is no provision to write to the FI-ASH by means ofan executable program; rt
must be programmed by extemäI means. Consequendy, it is viewed as read-only memory
ftom the programmer's perspective and is therefore used only to store constant rype var;
rb1es, along with the executable codc. Constants are automatically promoted to int siz€ van-
ables when thev are stored in FLASH code memory space because of the memory width.

2.4.2 DATA MEMORY

The data memory of thc Atmel AVR proccssor gpicaly contains thrce separate areas of
read/write (R V) memory The lowest section contains the thirry two general-purpose
working rcgisters, followed by the sirty-four VO registers, which are then followed by the
internal SRAM.
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Figu}e2-l FIASH Code Menory

The general-purpose working registers are just that they ?re used for the storage of local
variables and other temporary dau used by the program whne it is executing, and they can
even be used lor the storage ofgtobal variables- The sixg-four I/O registers are used as the
interface to the I/O devices and peripherals on board the microcontroller And the internal
SR-AM is used as a general variables storage area and also for the processor stack.

The memory nap for the data memory area is shown in Figure 2-2.

Registers

The general purpose worhng registers occupy the lowest thirty two cells in the data mem
ory These registers are used nuch like the storage locations in a calculator, in that they store
temporary or intermediate results. Sometimes they are used to store local variables, some
times global variables, and sometimes the pointers into memory that a re used by the procer
sor In short, the processor uses these thii:ty-two working registers as it erecutes the pro-
gram. The use of the thirty-two working registers is controlled by the C compiler and ß
g?ically out ofthe programmer's control unless assembly larguage is being used.

I/O Registers

In an AIMega16, the VO worhng registen occupy the next highest sixty-four byes in the
data memory space (refer to Figure 2-2). Each ofthese registers provides access to the con
trol registers or the data registers ofthe VO peripherals cortaircd within the microcontroller.
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Figorc 7-2 Dota Menoty of the ATMegal6

The programmer uses the I/O registcrs extensively to providc interhce to the I/O peripher
als ofthe microcontroller Other Atmel devices such as the ATMeea128 have more I/O
registers then will ät in the 64-byte spacc.These devices occupyspace up ro 0x100 ro accom-
modate thc larger number ofllO rcgisters.

In Chapter 1, "Embedded C Language Tutorial," you have already seen examples using the
I/O registers called PORTA and DDRA. Thcse VO registers were used in the examples
relative to writing to and reading from a parallel port- Figure 2 3 shows a selection ofthe
I/O registers, cmphasizing those associated with rhe parallel ports.

uo O
SRÄ,lvI

DDRÄ Data DftLtion Register for Porr A

DDRB 0 t t 7 0x37 Data Di.€dion Register for Port B

PORfA 0)<18 0x3B Ou9ut Lxtches for Port A

PINB 0x16 0^lö

SREG 0^rF 0^5F Prcce$or Statxs Registü

Figure 2-3 Exdmple l/O registers



92

Each I/O register has a :rame, an VO address, and an SRAM address. A C language pro-
grammer will nost commonly use the VO register name. The two different numeric ad-
ilrcsses are important when witing in assembly language because somc of the instructrons
relate to the SRAM address arrd some relate to the VO address. For further informatron
xbout the AVR instruction set and assembly language, see Section 2.12, 'The AVR RISC
Assembly Language Instruction Set-"

The I/O register names are much more convenient for thc C language programmer to use
than the addresses. Hon"ever, the C languag€ compiler does not inherendy know what these
names are or know what addresses to associate with the names. Each program contains a
#include header fle that defines the names and the associated addresses for the C language
compiler. The header file* were detailed in the Chapter 1, "Embedded C Language Tutor-
ial." The C language progrun in Figure 2-4 demonstrates these concepts.

t
DDRA = OXFF;  / iA l l
D D R B  =  0 x 0 0 ;  / ' a I I
w h i  t e  ( 1 )

t

t ' i ts  of  Por ts  a are output* /
b iEs are inpuEr/

PORTA = PINB;  / * reaa l  por t  B  ana l  s r i te  to  Por t  A* /

)

FiBure 7A Pott lnirjalizdtio, usi,4g Register Nomes

This program reads the pins ofPort B using the PINB I/O register and writes the results to
the output latches ofPon A using the PORTA register. The C compiler gets the addresses
to use with these register names ftom the #include header file in the lirst line of the pro
gram, in this arampte, mega16.h.

In summary, the C languag€ programmer uses the VO registers as the intedace to the I/O
hardware devices within the microcontroller- Subsequent sections of this chapter descibe
the use and function ofeach ofthe VO peripherals in the microcontroller and their associ-
ated I/O registers.

SRAM

The SRÄM section ofmemory is used to store vrriables that do not 6t into the registers and
to store tle processor rtzcn- Figue 2-5 shows the SRAM section of data memory

As Figure 2 5 shorm, there are no special areas or ahvisions of memory within the SR-AM.
The addresses shown in this figure are those for the SRAM section; their physicat addresses
will not be the same. Data is usually stored staning at the boftom ofthe SRAM, and the

Vocessor starA or stack start at the top of memory and utilize memory from the top down.
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Figur€ 2-5 SRA^.4 Section of Data Menory

The processor uses the sta& area of memory as temporary storage for function return ad-
dresses, intermediate results ftom calculations, and any other shorr-term temporary data
storage. The CodeVisionA\R C language compiler actuälly implements two stacks: The
slstem stack st^rts zt the top of the SRAM area and is used to storc return addresses aqd
processor control informatton.The data Xa& stars bdow the system stack and works lts
\d"y down through memory in a manner similar to the system sraclq and is used to store
temporary data, such as the local rariables used in a function.

While the use ofthe SRAM memory for data storage is fairly straighdorward, its use for
the stack is not. The stack may be thought ofas art area ofmemory set aside for temporary
storage, much as a spot on your deskwould be set aside for the storage ofpapeß. New dara
(or a new piece ofpaper) ts ?L'hed onro d\e st?.ch and old data (or the rop piece ofpaper) is

?a?ped off the stackÄ a ZIFO (last in, 6rst out) manne L't\e stac( po;nter (SP) holds the ad-
dress ofthe memory cell that is currendy available for use.

The stack pointer keeps track ofthe ns.t available locatior to store dxta onto the stack. It
works as follows:

| . When new datä is ready to be placed onto the stack, the processor uses the SP to
lind where in memory ro place the datä. For example, if the SP contains the value
0x200, the data will be plac€d in SMM memory location 0x200.



2. The SP is then decremented to location oxlFE and the processor begins to execute
the next instruction- ln this manneithe SP always contains the location ofthe nexr
memory cell ofthe srack that is available to be used.

At some later point, the processor may want to retrieve the last piecc of data pushed onto
the stack. The retrieval process rvorks as follows:

| . Wh€n the processor is ready to retrieve or pop data off the stack. it reads the SP and
immediately increments th€ SP contents by one.Since rhe stack pointer is alMys
pointint to the next availa-ble (empty) location on the stack, incrementint the stäck
pointer means that the address now in the stack pointer is the address ofthe last
used location that contains data-

2. The processor uses the addr€ss in dre SP to pop or retri€ve the data from the stack.
Since the data has been retri€ved frcm this location. its address is left in the SP as
being the next available location on t]|e stack.The next byte pushed onto the deck
will oveBrite the data that was presenr at that location.

Stack operations are summaized in Figure 2-6.

The major concept relative to the stacL is that as data is pushed onto the stack, the stack uses
progessively more memory in the SRAM area, starting at the top of SRAM and worhng
dorvnward. As data is popped off the stac\ the memory that has been previously used is re
lea.ed. and the avai lablc stack locat ion moves up in memorv.

Likewise, the data stack is located in SRAM below the sptem stack. The aract location is
set by the programmer in the compiler confguration settings. The data stack worli:s vcry
much like the system stac\ using a data stack pointer just like the svstem stack pointer,
growing downward through mcmory as it is used and back upward as it is released.

Global variables may also be stored in the SRAM m€mory aJea starting above the I/O reg-
ister area. The SRAI4 is used in an upward direction until space is made available for the
global variablcs. It is the programmert responsibility to ensure that the system stack does
not come down lolv enough in SRAM to overwrite the data stack and that the data stach
does not come down lorv enough in memory to overwrite the global variables area. In nost
cases, the compiler takes care of thcsc limits, but ultimätely it is the rcsponsibiliqv of the
programmcr.

2.4.3 EEPROM l. IEMORY

The EEPROM section of memory is an area of read/write memory that is non volatile. It
is g?ically used to storc data that must not bc lost when porver is removed and then rerp-
plied to the microconaoller. The EEPROIVI space starts at 0x000 and gocs up to a maxl-
mum value that is dependent on the specific microcontroller in use.

Although the EEPROM section of memory may be both read and written, it is seldom used
for general variable storage. The reason is that EEPROIVI memory is very slow to write; rr
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Purhing dato oDto the std.k Popting dd2d fton the no<k

SRAM

0x25F
ox25E
OX25D
0x25C
OX25B
OX25A

SRAM

0x25F
0x25E
OX25D
ox25C
OX25B
0x254

SRAM

OX25F SP:
OX25E
0x25D
ox25C
OX25B
ox25A

SPnqM

OX25F
OX25E
OX25D
OX25C
ot25B
0x254

SR]\M

0x25F
0x25E
0x25D
OX25C
0x258
0x254

SRAM

0x25F
0x25E
0x25D
0x25C
0x25B
0x254

SP:

SP:SP:

Fißt steo: Wrhe n€wdoto E nn+; lr.Emert SP

Noter AI ofihe cells mdkcd "aEilable" adually ontain some data. Either it omes fron whatder
ws there at power u!, or it may be data pftviously on the stäcL But rhc data is no longer needed
od so the cels de auilable to Mite ns dzta into.

Figure 2-6 Stsck Operotions

can take up to on€ millisecond to complete a write operation on one blte of memory The
e.(ensive use ofthis memory for variable stonge would slow the processor down apprecia-
bly. AJso, EEPROM memory can withstand only a limited number ofwrite cydes, as was
mentiooed in Chrptff 1- So, for these reasons, EEPROM memory is usually reserved for
those \'?riables that must maintain their rdue in the event ofa power loss.
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Chapter 2 Example Proiectr PartA

This is the 6rst part of a project eyample that will be used to funher demonstrate the con
cepts presented in Chapter 2.The example project will center on a data collection system for
a .Lock ca; according to rhe folJowing scenario:

Assume that your boss hands you a data collection s)'stem based on an Atmel AIMegal6
microcontroller. He erplains that this system was designed to collect data for a drag racer
over their Sfteen sccond flln, but that he would Iike 1ou to modi! the s]'stem to collcct data
once per second over an entire two-minut€ lap for his stock crr. The collected data is then
uploaded to a PC lor analysis- The system was originally designed to record engine rpm
based on a pulse ftom one spark plug, drive shaft rpm from a magnetic sensor reading a
magnet attached to the drir.e shaft, and engine temperaturc ftom an RTD thermocouplc at-
tached at the cylinder head. Your boss explains that he ticd to have the progrrmming mod-
i6ed once before, but, unfortunately, the inept programmer succccded only in errsing the
entire progam. Happily for 1.ou, this means that all of the conditioning circuitry for the cn
gine signals exists and tbat vou need only to provide a prcgtarn to collect the data and scnd
it to the PC.

The frrst task for you is to verify that the processor has suffrcient resourccs to do the job.

First, we verifr that the memory is big enough to hold the data nnd proc€ssor variables.
The data is to be saved every second for two minutes, so the number ofsets of data is as
folowsl

2 * 60 seconds/minute * 1 data set/second = 120 sets ofdata

So what you now need to kaow is the number ofbytes in each set ofdata. According to your
boss, engine rpm is in the range of2000 to 10,000, shaft rpm is in the range of 1000 to
2000, and engine temperature is in the range of 100'F to 250'F. Your boss specifies that he
wants rpm accurate to 1 rpm and temperatü€ accurate to 1"F.

Therefore, you will be storing two integer sized numbers (two bltes each lor a total offour
bytes) for the two rpm readings and one bne sizc number for the temperature in cach set
of data. The total storage needed is as follows:

120 sets ofdata . 5 b1'tes/set = 600 b)'tes

In addition to the data storagc, 1ou will need about twenty fu'e btes for ^ tlstem rta& ^nd
torrybyres lor ^ data star*. (As you progress in your programming prowess, you will leffn to
judge the size of stack required; in general, the more math you do and the more functions
you nest, the more stack you will necd.) Checking the ATMegal6 spccification, you ots
cover that the microcontroller has 1024 bytes of SRArV memon', and so the memory re
sources are sufEc.ient for the task. Normälly, at this point, you would also consider whether
the peripherrl resources are sullicient as well. ln this case, howcrer, ),ou dont know about
the peripherrls yet, and besides, the system worked for drag racers, so the peripheral re
sources must be there.
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2 . 5  R E S E T  A N D  T N T E R R U P T  F U N C T I O N S

Interupts, as discussed in Chaptcr 1, "Embedded C Language Tutorial," are essentinlly
hardware-generated function calls. The pu+ose ofthis section is to dcscribe how the inter-
rupt. tunct:on ard hos 'e.er, *hich is a spetial interrupt, tuncrions.

Interrnpts, as their name $ggests, ;nttrtu?t the flow ofthe processor program and cause it to
bta;\ch to an interrupt leruie routine QSR) that does whatever is supposed to happen when
the interrupt occurc. Interrupts äre useful for those situations in which the processor must
immediately respond to the inteIrupr or in those cases where it is very rvasteful for the proces-
sor to poll for an event to occur. Eramples ofthe need for immediate response include usirrg
inteüupts to keep track of time (the interrupt may provide a ti& for the dock's time base) or
an emergency offbutton th^r ;nnediateb stops a machine rvhen an emergency occurs.

Examples ofthe other useful applications ofinterrupts include devices like kelpads or other
input devices. In terns ofthe microcontrollert abiJity to process insmrctions, we hurrans
are very very slow. It would be wastetul for the processor to poll a keypad in hopes that one
of us slow humans has pressed a key. In this instance, the pressing of a key might cause an
interupt and the microcontroller would then briefly pause to see if the key press required it
to do anlthing. Ifthe key prcss w€rc th€ 6rst ofseverat required to cause an action to occur,
the processor would return to its tasks until enough kels had been pressed to require action.
Using interrupts frees the processor fiom polling the kelpad constandy at a rate that is
much, much fastcr than we can press the ke),s.

AJI ofthe interrupts, induding /.rcr, tunction in exacdy the salrre marner. Each intenupt
has a vector address assigned to it low in program memory The compiler places the startirrg
address ofthe associated interupt servicc routine and a relative jurnp instmction at the vec
tor location for each interrupt. When the intenupt occurs, the program compl€tes execur
ing its curent instruction and then branches to the vector location associated with that in
terupt. The program then executcs the relatii'e jump instruction to the ISR and begins
executing it.

Whcn the internrpt occurs, the fttam a.ldrcls (the address ofthe next instruction to be exe-
cuted when the interrupt is 6nished) is storcd on the systen statA.^fhelast instruction iü the
interrupt service routine is an RETI assembly language instruction, whl,ch \s a retumfram
interru2t.This rnstnctton catrsesthe ret m address to be popped offthe stack and program
execution to continue from the point at whicl it was intemrpted.

In the AVR processors, all interrupts have the samc priority. There is no allowance for one
intefupt to interrupt another interrupt, that is, one interrupt cannot have priority over an-
other interupt. It is possible, however, for two intcrrupts to occur simultaneoudy. An arbi
tration scheme, sometimes refened to as ?r;oitf, is provided to determine which interupt
executes in these cases. In cases where two interrupts occur simultaneously, the interrupt
with the lowest numbered vector will be cxecuted 6ßt. Refer to the vector table in the nerr
section or in the specifcation for a specific processol
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2.5.I INTERRUPTS

Figure 2-7 shows the tust six intenupt sources available in an AIMega16. The choices for
interrupt sources and their vectors will depend on the Focessor being used.

FiBure 2-7 Sonqle lnkiuqtUe.aoß

Interrupts must be initiäIized before they become active, or usable. Initializing interupts is
a two-step process: The fust step is to unmask the intenupts that are to be active, and the
second step is to globally enable all of the umrasked intermpts.

Unmasking amounts to setting a 1 in the control register bit that corresponds to the intcr-
rupt that is to be used. For instance, the general inteüu?t cont,ol reg;ner (GICR) register rs
shown in Fizure 2-8.

B i r 0

INTl INTO INT2

\ 
\ mck bit ror *te-ar i'tc-pt 2

\ masL bit for demal int€npt 0

mi5kb i t  fo rqrcmal  in teml t  I

Bltt 7 Bit 6 Bit 5 Bit 4 Bit l Bit 2 Bn l

Figur€ 2-8 6lCR

GICR is used to enable the externnl interupts. As an example, setting the INT0 bit w l en-
able external interupt 0 (an arternal hardware signal appJied to the pin that 1s also named
INT0), or seaing the INT1 bit wiLI enable external intemrpt 1. Sening both bits will enable
both interupts. The mask bits are used as c<acdy that, a mask.

When an appropriate hardware signal occurs on INT1, for instance, that signal is logically
ANDed with the INT1 bit in GICR.Ifthe result is a 1, the interupt may be allowed to
occur (see the following paragraphs), but if the INT1 bit in GICR is set to 0, then the re-
sult ofthe logical AND is always 0, and the intenupt wifl never be alowed to occur. Setting
the inteffupt mask bit is necessary for an interrupt to be allowed to occur

5to.titrg

0x0000 rlatmal r€se! Porcr up, W.tchdog timcout

0x0002 2 Occm on a hrd.w+ignal on p n INT0

0x0004 l Oc(]ß on a hddMre sign,.lon pin INT1

Oxo006 Ocrus on a Tiner 2 compare matci

llx{1)08 5 Timer 2 Overflow Oc(u on m derndv ofTimer 2
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The second step to enable an interrupt is to set the global intemrpt enable bit in the #dlrr
regrirer (SREG) ofthe processor. This is accomplished as follows:

+ a s n ( " s e i ' )

This line of code is inserted in a C language progam at the point where you want to enable
the global intenupt bit. This line uses a compiler directive, "#asm", to insert in the
program the assembly language instruction SEd the instruction to set the global interrupt
enable bit.

When an interupt occurs, the intemrpt signal is first logically ANDed with the mäsk bit
from the control register appropriate to that particular int€rrup! and the rcsult is then log-
ically ANDed with the global intenupt enable bit. Ifthe result ofall ofthis is a logic 1, then
the interupt is allowed to occur and the processor vectors to the appropriate address in the
interrupt vector table. The program/hardwarc example in Figur€ 2 9 illustrates the use of
external interrupt 0.

+incLude <meqa16.h>
in teüupt  IExT INTo]  wo id  exE iE lo  i s r (wo ia l )

PORTC = PORTC ^  0x1 ;  / t toqrqr le  the  LSB o f  por t  c * /

vo ld  na in  (wo id)

{
DDRc=oxo1r /*port  c LsB set for oulpur*/

GrcR=0x40;  / *seE the rNTo b iE Eo enable ex lerna1 inter .upt  0* /
McucR=oxo2;  / 'set  the rsc01 Eo act ivate on a fa l l idg edge*/

+asn(  se i  )  / ' enab le  the  s1oba1 in te r rup t  enab le  b i t * /

/ *do  no th lnS -  the  in te tup t  does  lL  a t l * /

Figurez-g lnteluptE omple Pn'gan

This program toggles the LED attached to Port C, bit 0, each time the pushbutton aftached
to the INT0 pin is pressed. Figure 2-10 shows tlre hardware setup for this program.

Looking at the program critically, $,e see that the #indude statement in the 6rst line defines
the regist€/s and intenupt vecton for an AfMegal6 microcontroller. The next four lines are
the intenupt service routin€ (ISR) for Extemal Interrupt 0- Notice that the 6rst line of the
ISR, the function declaration, begins with the reserved word interrupt to tell the compiler
that the following firnction is an intemrpt sewice routine- The compiler uses this information
to know that the register contents must be saved arld restored by the function (by pushing



AOCT|PAT
RESEI ADC6/PA6

AOC'PA5
AOC4PA4
ADCSIPA3
ADA2IPpC

VCC ADC1/PA1
ArcO/PAO

SCKPBT
AVCC M|SO/PB6

MOS/PBs
ss/PB4

oco/AtNl/PB3
AREF ]NT/A]NO/PB2

T'PB1
xclvr0/PB0

aazFDT
ICP'PD6

oclL/PDs
XTALI OC1B/PD4

INT'PDO
tNTo/PO2
TXD/PDI

XTAL2 RXD/PDO

TOSCzPCT
TOSCI/PC6

TDI/PC5
TDO/PC4

AGND TMS/PC3
lCKtPC2

GND SD&PC1
scuPc0

100

Figure 2- | 0 Interrupt Progrom Hardwore

them onto the data stack at the start ofthe function and by popping them off the data stack
at the end of the function) and that the function must end with an RETI instruction rather
than an RET instruction.

The " luxt_ruto l " definition comes from the #include file and amounts to the number 2,
because External Interrupt 0 has 2 as its vector number. The compiler uses this information
to place the relative jump to the ISR function at the appropriate place in the interrupt vec-
tor table. The balance ofthe function declaration is a normal one.

The third line ofthe ISR is the active line in the ISR. It uses an exclusive OR to toggle the
least significant bit of Port A each time it is executed.

In the first line of the main) function, the least significant bit of Port C is set for output.
The following line sets the interrupt mask bit in GICR to allow External Interupt 0 to
function when the global intemrpt enable bit is set. The next line sets the Interrupt Sense
bits in the MCU control regisrer (MCUCR) so that External Interrupt 0 is triggered by a
falling edge applied to INTO. The Interupt Sense bits for external interupts 0 and 1 are
shown alons with their definitions in Fizure 2-11.



Th. ,4 tn e l  RIS C Pra.er)  a ß t 0 l

Bit 7 Bir 6 Bit 5 B T 4 B,tJ B n 2 Bit 1 B i t 0

ISClr ßc10 ISCOl tsc00

sense cont'ol birs for qrmal t*^f ?-==4

sense onüol bits for d\temal irterropt 0

,scr,

0 Inrcrupt x is trig€red by a low leve1

0 I Inrcroptx is triggered by an). chmge in l%ic ldel

I Inteftpt x is lriggü€d b,y a f'xing edg€

I .I
Intmpt x js üjggmd b) r d sing .dgc

Figure 2-f I MCUCR lnlfnupt Seße Control Nß

The "+asn ( " sei " ) " line is an assemblylanguage instruction, ,Set Enable lnterrupt, which
sets the global int€fiupt enable bit so that a falling edge applied to INT0 will cause the
interrupt to occur and toggle the LED- The 'while 

tt)" in the nain) function does
nothing except keep the proce"sor bu'y untii the inrerrupl occurs.

2 , 5 . 2  R E S E T

R6rl is the lowest rumbered interupt It is also a special intenupt in that it always takes
precedence over all executing inteffupts and aoy code that may be runring. Three sources
can cause a reset to occur: a logic low applied to the extemal reset pin for greater than 50 nsr
as a part ofthe power-on sequence ofthe microcontroller, and by a timeout ofthe watch-
dog timer Reset is used to preset the microcontroller to a known state so that it can start ex-
ecutrng the program located at location ü10000 in code memory

The microcontroller state following a reset will vary slighdy depending on the processor
being used, but it is essentially the following:

. All peripherals (in(ludinS the wätchdoS timer) are disabled.

. All pat?llel ports are set to input

. All interrupts are disabl€d.

By disabling all the periph€räls and intenupts, the microcontroller can begin executing the
program without unerpected jumps due to interupts or periph€rals that might cause unex
pected or enatic behavior Setting the parallel ports to in? / node ensle;ies rhat a port and an
externa.l device will not be tying to drile a port pin to opposite levels, which could damage
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Watchdog Timer and Reset

The watchdog timer is a safety device. It is designed to cause a processor reset in the case
where the processor is lost or confired or doing anything other thar running the program
it is supposed to be running.

The watchdog timer is a tirner that causes a processor rcset to occur ifit is allowed to time
out. When a progtam is operating normally, the progam consistendy reloads or resets the
watchdog timer to prevent a timeout- As long as the program is operating normally and re-
sets the *?tchdog timer, the processor reset will not occur, but if the program gets lost or
gets hung somewhere, the timeout will occur and the processor will be reset. The theory $
that a reset ofthe prccessor will get the program back to operating normally.

Figure 2-12 shows the bits of the Ilaxhdog t;ner untrol register,WDTCR.

Bit 2 tsit 0

WDTOD \VDE \\.DP2 \4DPI \\DPtl

Bir(s)

WDTOE watchdog Tiner Otr Enable Äxows disbljns the UDT

WDE wat ndog Tind Enabre Enables the Watchdog Timer

Warchdog PGcalü Bit x Scts the timeout period for the $DT

Figure 2- f2 Wokhdogfinet Contlol Reg:ßtqWDTCR

The oscillator that clocks the watchdog timer is separate fiom the system clock. Its
lrequency is dependent on the voltage applied to the processor. With 5 V applied to Vcc,
the frequency is approximately 1 MHz This creates a situation in which, although the
Watchdog Prescaler Bits in \Ä/DTCR are set to determine rhe timeout, the actual time rt
takes to time out will also depend on the Vcc applied to the proc€ssor. Figure 2-13 shows
the approximate timeout periods determined by the watchdog prescaler bits at two levels

The times shom in Figure 2 13 are approximite, because the oscillator frequency is ap-
proxinate and depends on the €xact voltage applied to Vcc- The program and circuit in Fig-
ure 2-14 denonstrates the use ofthe watchdog timer-

The program and hardware in Figue 2-14 demonstrate the use of the watchdog timer.
When the program starts, it hangs in the 6rst ?r, ile)loop wüang fot the pushbutton to be

Bit 7 Bir 6 Bit 5 Bir 4 Bit 3 Bir l
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Time out @ 5V Y.. rime out @ 3VY<.

I

0 I 0
0 .I .I 130 ms

1 0 0 260 ms

I 0 I 520 ns

1 I 0 1000 ms 1000 ns

1 I I 2100 ms 2200 ms

Note: Times sh@r m apprdiute.

Figure 2- | 3 WatchdogTineout Peiod Seledion

# inc lude <nesa16.h>
s ta t i c  uns igned ln t  wa l te r ;  / *var iab le  to  t ine  b l inks* /

vo id  na in  (vo id )

{
D D R C  =  o x l ;  / * s e L  P o R T c . o  f o r  o u t p u t * /

' w d i -  f o !  b u r r o n  ! o  b e  p l p s s e d ' /

t h i l e  ( P I N A . 0  = =  1 )

{
;  / *wai t  for  PB to be pressedr/

l

I , tDTcR = 0x0b;  / *enable rcDT oi th 130 ns t ineoür* /

/ *s tay in  th is  loop whi le  bur ton is  held* /
w h i l e  (  P I N A . 0  = =  0 )

+ a s m ( " w d r " ) ;  / t r e s e t  I t T  c o n t i n u o u s l y r /
++wai ter ;  /  r increnent  wai ter  war iable i /
i f  ( w a i t e r  = =  5 0 0 0 0  )
{

PORTC.o = PORTC.o  ̂  1 ;  / -conplenent  por t  b i t * /
waiLer  = 0;  / * reset  wal ter  fo i  next  a le lay t ine*/

l
t

w h i l e ( 1 ) ;  / * l o c k  u p  t o  a l l o w  l i D T  t o  t i n e  o u t t /
l

Fizure 2-14 WDT Ptoson E ompte (Continues)
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Figure 2- l4 (Continued)

pressed (pressing the pushbutton provides a logic 0 to PINA.O). At this time, the program
falls out of the ubile) Ioop and enables the \AIDT by setting WDTCR to 0x0b, setting
Watchdog Enable bit high, and selecting the timeout period. At this point, the \A{DT is
active and needs to be reset at least every 720 ms to avoid having it reset the processor.

As long as the pushbutton is held down, the program now remains in the second zohile)loop.
In this loop, the \AfDT is continuously reset by the assembly language instruction udr.-fhe
\A{DT must be reset using the embedded assembly language instruction because there is no
equivalent instruction in C. The LED blinks continuously while program is in this loop.

When the user releases the pushbutton, the program falls out ofthe secon d rahile)Ioop and
enters the tuhik(l) loop, where it is held forever. Since the \AIDT is no longer being reset,
approximately 130 ms after entering the whih(I), the \A4DT times out and resets the
processor. This can be verified by noting that the processor resets and restarts the boodoader
or by noting that the program is now back in the first tu hile) loop waäng for the switch to
De presseo.

In order to prevent the program from accidentally disabling the \Ä{Dl it takes a two-step
process to disable the \AIDT once it is enabled. Specifica1ly, the \4{DTCR must be first
loaded with 0x18 (setting the both \AIDE and \A{DTOE bits high sirnultaneously). Then

ADCTIPAT
RESET ADC6/PA6

ADC5/PA5
A0c4/PA4
AOCSPA3
ADC2PA2

vcc ADcl/PA1
ADCO/PAO

sct(P87
AVCC lvl SO/PB6

MOS/PBs
ssrP84

oco/AtN't/PB3
AREF INTZAINO/PB2

T1lPB1
XCK,/TO/PBO

OCZPDT
ICP'PD6

ocl pJPD5
XTALI OC1B/PD4

INTl/PD3
INTO/PD2
I)(D/PD1

XTAL2 RXD/PDO

TOSC2/PCT
TOSCl/pC6

TD /PC5
TDO/PC4

AGND TIVS/PC3
TCK]PC2

GND SDI/PC1
scuPco
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the \\rDE bit must be deared as the ncxt instruction. Arr exanple is shown belorv:

I IDTCR = 0x18;  / ; se t  IJDE and i tDTOE s inu l taneousLy* /

l rDTcR =  0c00;  /1se t  t tDE Lo 0  inned iare ly* /

Normally the watchdog timer, once enabled, is never disabled because the purpose of en-
abl ing i r  ro .rar wirh is ro pfo(ecl  I  he prores$r agäinsl  errant o '  r ' rar ic proce".  rg.

2.6 PARALLEL I 'O PORTS

The parallcl I/O ports are the most gencral-purpose VO devices. Each of the parallel I/O
ports has three associatedvo rcgsteß. the data dnernon regnftr,DDk\ (where "x'is A, B,
C, and so on depending on the specfic processor arrd parallel port being used), thepori
drtuer register, qpic ly called PORTx, and the parr pins regbtr,PlNx.

Thc data direction register's purpose is to determine which bits ofthe port are used för input
and which bits are used for output. The input and ougut bits can be mixed as desired by the
programmer A processor reset clcars all ofthe data direction rcgister bits to logic 0, setti ng
all ofthe port's bits for input. Scfting any bit ofthe data direction register to a logic 1 sets
the conesponaLng port bit for output mode. For instance, setting the least significant two
bits of DDRA to a logic 1 and the other bits to a logic 0 sets the least significant two bits of
port A for output and the balance of the bits for input.

Writing to the output bits ofport A is accomplished as follows:

PORTA = 0x2;  / *sers  Ehe secona l  b i t  o f  por l  A* /

/ *and c lear  the  o the i  seven b iEsr /

Reading from the input bits ofpon A is accomplished as follows:

x  =  PrNA;  / r reads  a l l  8  p ins  o f  por t  a ] /

In this laner enmple, "x" rvould contain the ralue from all ofthe bits ofport A, both inPut
and output, because the PIN register refects the valuc of all ofthe bits of the port.

Input port pins are floating, that is, there is not necessaily a pull up resistor associated with
the port pin. The processor can supply the pull up resistor, ifdesired, by writing a logic I ro

the corresponding bit ofthe port driver registcr as shown below:

DDRÄ = OXCO;  / *upper  2  b ibs  as  ou tpu i ,  lower  6  as  inputa /

PoRTA = Oxf ;  / *enab le  incerna l  pu1 l  ups  on  lodesr  2  b i r :s * /

In general, although this raries by the specific processor, the port Pins are capable of sint<-
ing 20 mA, but they can source much less current. This means that the ports can dircctly
drive LEDs, provided that thc port pin is sinldng the curent as shown in Figure 2 10.

Figue 2-15 shows a program that uses the least significant four bits of port C as inPut and
the most significant four bits as ougut. Pull up resiston are enabled on thc input pins of the
least signiicant two bits ofthe port.

Additional information and eramples relative to the yO ports are shown in Section 1.5,
"I/O Operations," in Chapter 1, "Embedded C Language Tutorial."
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* i n c l u d e  < n e g a 1 6 . h >

vo id  na in  (vo id )

DDRC = 0x f0 ;  / t seE upper  4  b i ts  o f  PoRTc as  ou tpu la /
PoRTc =  0x03;  / tenab le  pu t l -ups  on  the  2  leas t  s lsn i f i can t r /

/ *b i t6  o f  PORTC* /

w h i l e  ( 1 )

P O R T C  =  { P I N C  < <  4 ) ;

)
]

Figure 2- fS Parc el Pott Exarnple

/*read the tower 4 b iEs of  POTRC*/
/*shi f t  then 4 b i ts  le f t  and output* /
/ * then to the upper 4 b i ts  of  PORTC*/

Chapter 2 Example Proiect: Part B

This is the second part of the Chapter 2 er<ample program to deate a s'ßtem to collect op
erational data for a stock car racer- ln the fust part, it was determined that the system has
suffrcient memory resources to do the taslc In this part, the overall code structure and user
interface will be created.

It is impo.trnt to determine which peripheral resources are to be used for each measure-
ment, input, and output. Ifyou were creati:rg the data collection qntem from scratch, you
could determine the resources to use, ln4 as you assigned the resou-rces, you would be sure
that the processor had suflicient resources- In this case, however, you oeed to derermne
which peripherals are being used for each measurement so you can write your program
accordingly.

Investigation, and perhaps a little circuit tracing, has shou'n that the system connections are
as follows:

. The Start button is connected to the lNTl pin on the f4€ga 163. Pressing it pulls
lNTl low.

. The Upload budon is connected to PonAbit 0- P.essing it pulls the bit low.

. The engin€ rpm pulses are connected to the ICP (input capture pin).

. The drive shaft rpm pulses are connect€d to the lNTo pin.

. The engine t€mperature signal is connected to theADC3 (analog-to-digital convener
input #3) pin.
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For now, all that you need to be concerned with are the Start and Upload buttons. The other
signals will be handled in Part C ofthe example project-

You will now want to plan the overall structure of the program. Thinking back to Sec
tion 1.12, "Real-Tim€ Methods," in Chapter 1, it would make sense to apply those meth
ods to this project. In generrl, this progräm is supposed to record data at specific intervals
and eventually upload the data to a PC for analysis. Using real-time programming methods
allows us to keep the measurements running in real time (using inteffnpts) and then to sim-
ply record the cunent values when the one-second interv'rl has elapsed. In other words, the
measurements are kept as current as possible all the time, whether they are being recorded
or not. When the time comes to record the data, the recordrng function simply grabs the
latest data and records it.

So you will eventually need intemrpt service routines for the two rpm measurements and
the one temp€rature measurement. Addrtionälly, you must handle the Start and Upload
buftons. A simple way to handle the job is for the program to record 120 sets of data and
then stop; pressing th€ Strrt buttor simply dears the data set munter so it then records an
other 120 sets of data at the time you want. The advantage here is that pressing the Start
bufton will ah€ys start a new set ofdata ir the case where sorneone sta-rted the recording
process enantly. The Upload button would send the data whenever it is pressed if the 120
sets were complete.

The following program skeleton seems to 6t the needs and will be 6lled in as the Chaptcr 2
crample proceeds:
+  i n c l u d e  < n e s a 1 6 . h >
X  i n c l u d e  < s t d i o . h >

' s r ö o  a ä /  o a  a  s 6 L  c n - r j  / " n - m b e r  o i  d . r a  s - f ,  r . ( o ! d e d '
r ' 9 r 6 0  i 1  F  r p m r l 2 0 r ,  s  r p m l l 2 0 J ;  / { d l L o y -  ! o !  I z 0  c e  s  o _  d - . -

u n s i q n e d  c h a r  t e n p [ 1 2 0 ]  ;
unsigned int  currenL e rpm, currenL s rpm; / 'nost  current  vaLues*/
unsigned char  current  tenp;

' . e , . u p r  0  s c  ! i . c  r o u r  i r P . /
in !e r rup !  [EXT_INT0 l  vo id  ex t_ in t0_ is r (vo ia l )

/ *pLace code here  to  hand le  d r ive  shaf t  RPM measurenent* /

I

1  serv ice  rouh ine* /
v o i d  e x t  i n h l  i s r ( v o i d )

/ tc lear  counter  to  s ta r t  count ing* /

'  -  - c  0  o . e - r ' o ,  i n L e - - u p L  s p r v i . 4  i o u f i n a r /
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/ *  T ine !  1  input  cap lu re  in te r .upr  serw ice  rou t i .e* /
in te i rup t  IT IM1 CAPTI  vo id  r iner l -capr  i s r (wo id)
I
/ *  P tace  code here  ro  hand le  eng ine  RpM neasurenenr* /
)

+def ine ADc vREF_TypE 0x00
/*  ADC interrupt  serv ice rour ine*/
in terrupt  IADc_INTI voia l  adc- isr  (vo id)
I
/ *  Place code here to measure enqine renperaEure*/

void main {vold)
I
/ *  Input  /output  porrs in l r ia l izar ion*/

inter iupt ITIMo ovF]
{
/ *  p lace  code here  to

)

D D R C = 0 x 0 0 ,
PORTD=0x4C;
DDRD=OXOO;

/*  T ine! /counrer  0 in ic ia l izaEion*/
/ *  In i r ia t izar ion Eo be aalded late.* /

/ '  Tr iner /Counter  1 in iEia l izat ioai /
/ *  In i t ia l izat ion to be addeal  laEer ' /

/ *  External  hEelrupt  (s)  in ic ia l izaEion*/

woid  t inero_owf  i s r  (wo id)

Proa luce  1  seco4d in te rwats i /
<  a2O)  / *  coa le  Eo reco .d  a  ser  o f  da ta  r /

/ r i f  less  t t lan  120 se ts  a re  done* /

/ *enab le  pu1 l  up  on  b i t  0  fo r  up load swi rch* /

/ * e n a b l e  p u l t  u p s  o n  p o l i  D ,  B i t s  2 , 3 ,  &  6 * /

G I C R = 0 x c 0 ,
MCUCR=0x0,A,
M c U C S R = 0 x 0 0 ,
GIFR= OXC O, '

/ *  both externat  ia tserrupts enabled*/
/ *  set  boEh for  fa l l inq ealse t r iggered*/
/ ' . l p d r  t h e  i n r e r r u o L  ! _ ä g s  i n  c a s e  l - p y  

" ' e ./ *  e r a n t t y  s e t * /

/ x  T l n e r  ( s  )  / c o u n r e r  ( 6  )  r n r e t u p E ( s )  i n i t i a l i z a r i o n l /
TIMSK=oX21;  / *  t iner  inre. rupEs enableal  for  larer  user /

/ '  UART in i r ia l izaLion* /
/ * i n i ! i a l i z a t i o a  t o  t e  a d a l e d  l a r e r ^ /
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/ *  Analoer  conparator  d isabled as i t  is  not  used*/

S F I O R = 0 x 0 0 ;

/ *  A D C  i n i t i a l  i  z a t i o n *  /
/ *  A D c  i n i r i a l i z a t i o n  t o  b e  a d d e d  l a L e r * /

/ *  c1obal  enable in terruptsr /

{
i f : P  \ A . 0 )  s F n d  d d r d ( ) ;  / ' s a n d  d ä r d  r o  P .  : -  s r : r  h  p ! .  . . d '

This code structure sets up the opeßtion of the entire system- INT1 is connected to the
Start button; when the button is pressed, it resets the data set counter to 0. Timer 0 will be
set (details to fo11ow in the next part of the example) to produce an interrupt that will pro
vide a one-second interval. Within the Timer 0 intemrot service rcutine. the data is
recorded at a one-second interval whener.er ttre data counteiis less than r20. So the scherre
is as follows: pressing the Start button sets the data counter to 0, and data is then recorded
until 120 sets have been recorded. In the meantime, all of the data is kept up to date in a
real-time fashion by the various interupts. The last piece, uploading to the PC, is handled
in the while(1) Ioop it nain).When the Upload button is pressed, the data is sent out
seriallv.

After turther sections of this chapter, more pieces of the exampte program will be added.

2 , 7  T T M E R / C O U N T E R S

Timer/counters are probably the most commonly used complex peripherals in a mic(ocon-
troller. They are highly versatile, being able to measure time periods, to determine pulse
width, to measure speed, to measure frequency, or to provide output signals. Examplc
applications might include measuring the rpm ofa car's engine, timing an exact period of
time, such as that necessar,v to time the speed ofa bullet, producing tones to create music or
to drive the spark ignition systen ofa car, or providing a pulse-width or variable lrequency
drive to control a motor's speed. In this section timer/counters will be discussed in the
generic sense, and then g?ical timer/counters in the AVR microcontrollers will be
discussed-

Although used in two distincdy ditrerent nodes, timing and counting, timertountcrs afe
simply binary up counters. \[rhen used in timing mode, the binary countcrs are counting
tirne periods applied to their input, and in counter mode, they are counting the events or
pulses or something of this nature. For instance, if the binary counters had l-millisecond
pulses as their itrput, a time period could be measured by staning the counter at the beginning
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of an event and stopping the counter at th€ end of tÄe event The ending count in the
counter would be the number of miliseconds that had elapsed during the event.

When a timer/counter is used as a counter, th€ events to be counted are applied to the input
of the binary counter, and the number of events occürring are counted. For instance, the
counter could be used to count the number ofcans ofpex coming down an assembly line by
app\ing one pute to the input ofthe counter for each can ofpeas. At any time, the counter
could be read to determine how many cans ofpeas had gone dorvn an assembly line.

The A\ß. microcontrollen provide both 8-bit and 16 bit timer/counters. In either case, an
important issue for the program is to know when the counter reaches its mllximum count
and. ralh aeer.In the case of ar 8-bit counter, this occun when the count reaches 255, in
which case the next pulse will cause tlle counter to roll over to 0. In the case of a 16-bit
countcr, the same thing occurs at 65,535.The rcloru events are extremely important lor
the progrnm to be able to accurately read the results ftom a timer/counter In fact, rollovers
are so important that an interrupt is provided that will occur when a timer/counter rolls

Some A\fR microcontrollers have two 8-bit timers (typically, Timer 0 and Timer 2) and
one 16-bit timer (tpically, Timer 1), although this configuration will vary depending on
the exact type ofAVR microcontroller being used. The following sections will discuss the
timer prescaler and input selector, a feature common to all of the timers, and then discuss
each ofthe common timers in turn- The most common uses for each timer/counter will be
discussed, although many timers have more functions than are discussed in this tc'<t. For
any specific processor, check the specifications to determine all of the various functions
possible with the timer/counten.

2.7.I  TI] . IER/COUNTER PRESCALERSAND INPUT SELECTORS

Timer/counter units may use a vaiety ofinternal frequencies derived fron the system clock
as their input, or they may get their input ftom an extemal pin- The timer conntet eontrol
.cg,ltd,. (TCCR, associated with thc timet corrta,trrs rhe rounter selscz bits (CSl, CSx1,
CSx0) that control which input is used with a speciEc counter. Figure 2 16 shows the
prescaler and input selector configuration for a timer munter control rcgister as used rn
most A\aR micf oconüollers.

The following code fragment shows, as an exarnple, how to initialize Timer 0 to use the s1s-
tem clock divided by 8 as its clock source (the counter select bits are tie three least signifi-
cant bits ofTCCR0):

TCCRO = 0x2; / *T iner  0  uses  c lock /A ' /

2.7.2 TTMER 0

Timer 0 is gpically an 8 bit timer, but this vades by specific processor gpe. It is capable of
the usual timer/count€r functions but is most often used to create a time base or ,d for the
prcgtam. Timer eunter nntrol regitter 0, TCCRO, controls the function of Timer 0 by



.- Time,/Count€r 0 Inpu r

\

\
Switch position controled
\, coxntn Ek.t bils

Figure 2-|6 Tiner 0 Prcscole Selectol

selecting the clock source applied to Timer 0. Figure 2-17 shows the dock prescaler bit
defrnitions for TCCR0. Other bits ofTCCR0 control additional tunctions ofTimer 0 u
a manner similar to the control bits forTimer 1 presented later.

Bi to

T,ner 0 ,rput Source!

Tne /ltnel RISC Praceßars l

Bit 1

S]6tem Clock (CK)

cK/8 --------------{
cw64 -------------1a
cw256 ------------a
cw7024 a

ExternalPinT0 
l

Bit 7 Bit6 Bir5 Bn4 Bit 3 Bir2

< Othcr biß

cs02 cso, c500

cs02 cs01 cs00

0 0 Smp,Timu 0 is stopped

SFtem Cloclg CK

0 0 System Clock / 8, CK/8

0 Slsten Clock / 6d CKl64

0 S)ßten Clck / 256, CK/256

0 S]ßtm Clock / 1024, CK,/1024

0 Eftm,t Pin T0, comts a faling edge

Ext@ar Pin m, couts a risi.g cdg€

Figure 2- l7 TCCRo Prcscalet Defnitktß
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A program ti.ck,like the tick of a clock, provides a highly accurate timing event. The overall
scheme is that a number is selected and loaded into the timer. The timer counts from this
number up to 255 and rolls over. Whenever it rolls over, it creates an interruPt. The inter-
rupt service routine reloads the same number into the timer, executes any time-critical ac-
tivities that may be required, and then returns to the program. The cycle then repeats, with
the counter counting up from the number that was loaded to 255, and rolls over, creating
another interrupt.The interrupt, then, is occurring on a regular basis when each time period
has elapsed. The number loaded into the counter determines the length of the period. The
lower the number, the longer it will take the timer to reach to 255 and ro11 over, and the
longer the period ofthe tick will be.

As an example, assume that a program is to toggle the state ofan LED every 0.5 seconds.
The LED is attached to the least significant bit ofport C as shown in Figure 2-18.

For a timer to be used as a ticlq the first necessary task is to determine the number that is
loaded into the timer each time the inteffupt occurs. In this example, we want the LED to
toggle every 0.5 seconds. One obvious solution would be for the interrupt to occur every

ADCT/PA7
RESEI AOC6/PA6

ADCS/PA5
AOC4iPA4
ADC3/PA3
ADC2IPA2

VCC ADCI/PA1
ADCC'PAO

SCKPBT
AVCC M|SO/PB6

MOS|/PB5
ssiP84

oco/AlN1/PB3
AREF IN TZAINCVPB2

T1lPB1
XCK/'IO/PBO

OC2IPDT
lcPl/PD6

ocl A/PD5
XTALI OC1B/PD4

INTI/PD3
INTCVPD2
]xD/Po1

XTAL2 RXD/PDO

TOSC2/PC7
TOSCtPC6

TD/rc5
TOO/rc4

AGND TMS/rc3
TCKPC2

GND SDA/PC1
scuPc0

Figure 2-f 8 LEDToggle Hordwore
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0.5 seconds. In the case ofTimer 0, the slowest setting of the clock prescaler is systen
dock/1024.

6 MHzJ1024 = 5.859 kl1z, which has a period of 7/5.859 kllz = 171 ps

This shows that every 171 microseconds another clock pulse will be applied to Timer 0.
Timer 0 is an 8-bit tirner/counter, and so it can count up to 256 such periods before it rolls
over So the total time that is possible rvith this hardware is as follows:

256' 771 ps = 43.69 ms

Forty-four milliseconds is not sufficient to time 500 millisecond events. In order to accom-
plish longer periods, a global countervariable is plac€d in the interrupt service routine ofthc
tick. So, for instance, ifthe tick occurs evcry 50 milliseconds, in this example we would want
the countcr to count up to 10 bcfore toggling the LED (10 " 50 ms = 500 ms).

The choice ofa reload number is up to the programmer Usually, it is desirable that the re-
load number produce an even and easy-to-use time delay period, such as 1 millisecond or
10 milliseconds. In the case ofthe 6 MHz do& shown in the example, using the divide-by-
eight prescaler wiJl give a clock period of 1-33 microseconds for each clock pulse applied to
the counter Given a 1.33-rnicrosecond clock applied to an 8-bit counter, the mlximum
time possible using the counter alone would be as follows:

1.33 us '256 counts = 340 us

340 microseconds is not a verv even period of time to work with, but using 225 counts
would give a timeout period of 300 microseconds. Therefore, the counter reload number
would be as follows:

2 5 6 - 2 2 5 = 3 1

Rollover occus at count numbcr 256, and it is dcsirablc for thc courtcr to count 225 coun$
beforc it rolls over: therefore. the reload number in this case is 31. This means that the ir
terupt senice routine will be executed once er"ery 300 microseconds (1.33 ps/clock cycle -

225 clock cycles/interupt clde = 300 Fs/intenupt clde). A global variable will be used to
count to 1666 to produce the entire 500 milliseconds time period (300 gs - 1666 = 500 mt.
The en üe progrm is showr in Figure 2- 19.

Figure219illustratesalloftheconceptsdiscusscdabovc.Thetimcr/counterregisteritself,
timer caunter 0 (TCCN-f 0), is reloaded with the value 31 each time the ISR cxccutcs so that
it can once again count up 225 steps to reach 255 and roll over.

A global variable called 'tinecount" is used to keep track ofthe number of times that the
interrupt senice routine is executed by incrementing it each time the ISR is e.recuted.
"tinecount" is both incremented and checked inside the expression ofthe ifstatement.
When "t imec ount" rcaches 1666, the most signifcant bit ofport A is toggled, and " t ime
count" is reset to zero to count up for the next S0O-millisecond period. This tick could also
handle any other event tlnt occurs on an even number of300 microsecond increments in
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+  i n c t u d e  < m e g a 1 6 - h >
s taE ic  uns iqned in t  t ine-count ; / * - 5  s e c o E d  c o u n r e r * /

/ /  T iner  0 over f low interrupt  serv ice rout iEe
interrupl  ITIMo ovF]  woid t ine lo ovf  isr (woid)
t

TCNTo = 31;  / *set  for  300 us Eineout* /
++t ine_count ;  / * increnent  .5 second counter* /
i f  ( t i n e _ c o u n E  = =  1 6 6 6 )
{

PORTC.0 = (PoRTC.0 ^  1) ;  / *co(p lenenE porr  b i !  ro b l ink r ,ED*/
Eine count  = 0;  / t .eset  t ine counler  for  nexr  .5 second*/

)

vo id  na in  (vo id )

DDRC = 0x01;  / ' se r  1sb  fo r  ou tpuE* /

' s e r  L i m e r  0  p r e s c d l e r  t o  c L k / 8 / /
T C C R 0 = 0 x 0 2 ;
T C N T 0 = 0 x 0  0 ;

/ *  unnask  T ime!  0  ower f los  inEer rup t * /
T IMSK=0x01;

{
i  / *do  loLh ing  in  here  r /

)
)

FiSure 2-f9 LED Blinket PrcCrcn

2.7.3 TTMER I

The 16-bit timer (Timer 1 &om an ATMegal6 is used as an erample) is a much more
versatile and complex penpheral than the qpical 8-bit timers. In addirion to the usual
timer/counter,Timer 1 contails one 16 bit input capnue register and two 16-bit output com-
pare rcgisters. The input captre register is used for measuring puJse widths or captudng
times. The output compare registers are used for producing frequencies or pulses from the
time/counter to an ouq)ut pin on the microcontroller. Each ofthese modes will be discussed
in the sections that follow. Remember, howeveq that atfhoügh each mode is discussed sepa-
rately, the modes may be, and often are, mixed together in a program.
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Timer 1 is also conceptualy very different from Timer 0. Timer 0 is usually stopped,
started, reset, and so on in its normal use. Timer 1, on the other hand, is usually left run-
ning. This creates some considerable differences in its use. These differences will be dis-
cussed in detail in the sections that follow, co\,ering the special uses of Timer 1.

Timer 1 Prescaler and Selector

In spite of its many special features, Timer 1 is still a binary up-counter whose count speed
or timing intervals depend on the clock signal applicd to its input, just xs Timer 0 was. As
with all peripherals in the microcontroller,Timer 1 is controlled through a control register

T;ner/caanter cantnl reg;ster 7, TCCR1 (the AIMegal6 tirner control register for Timer 1),
is actually composed oftwo registen, TCCR1A arrd TCCRIB. TCCR1A controls the com
pare modes and the pulse width modulation modes ofTirner 1. These will be discussed later
in the section. TCCR1B controls the prescaler and input multiplerer for Timer 1, as well as
the input capture modes. Figure 2-20 shows the bit definition for the bits ofTCCRlB.

Bit 4

8it

ICNCl Input Captur Noüe Ceceld (1 = enabled)

ICESl Intut Capture Edge Selet (1 = rising edse,0 = faling edgr)

WGM 1x Ouqut *arcfom mntrcl. See TCCR1,{

cs12
Counter Input Seled Birs

Encdv the sme detuition as for Timer 0
CS11
CSlO

Figure 2-20 TCCRI E Bh Defrnitions

"lCCRlB eoanter selett brrs control the input to Timer 1 in exacdy the same manner ff the
counter select bits of Timer 0. In fact, the three select bits provide clock signals that are ab-
solutely identical to those ofTimer 0.

Timer 1 Input Capture Mode

Measuring a time period with Timer 0 involves strrting the timer at the beginning of the
event, stopping the timer at the end of the event, arld linally reading the time of the event
fiom the timer counter rcgister The särne job with Timer 1 is handled diff'erently because
Timer 1 is always running. To measure an event, the time on Timer 1 is captured or held at
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the beginning ofthe event, the time is ,lso captured at the end ofthe event, and the two are
subtracted to 6nd the time that it took for the evcnt to occur. You would do nuch the sarr
ifyou are t5'ing to frnd out how long it took you walk fiom your history class to the book-
store. You would note the time when you left history dass, again note the time when you ar-
rived at the bookstore, and subüact the two times to determine how long it took you get to
the bookstore. In Timer 1, these tasks are managed by rhe ;n?xt ta?türe reg;ster (1CR1).

ICR1 is a 16 bit r%ister (made up ofICRlH and ICRIL) that will capture the actual read-
ing of Timer 1 when the nicrocontroller receives a certain signal. The signal that causes a
capture to occur can be either a rising or a falling edge awlied to the in?ut capture ?in, lCP,
ofthc microcontroller. As sho\.tn in Figure 2-20, the choice ofa rising or falling edge trigger
for the capture is controlled by t]\e ;npt capture edge.r/a'l /4 ICES1. Setting ICES1 will
allow ICR1 to capture the Timer 1 time on a rising edge, and dearing it wil allow ICR1 to
capture the tirne on a falling edge.

As is probably obvious by noq since there is only one capture register ardlable to Timer 1,
the captur€d contents must be read out as soon as they are captured to prev€nt the next cap-
ture from overwriting and destroying the prcvious reading- In order to accomplish this, an
interrupt is provided that occun whenever new data is captured into ICR1. Each time the
capture interrupt occus, the prcgram must determine whether the interrupt signals the be
ginning or the ending of an event that is being timed so thar it can treat the data in ICR1
aPpropriately.

Timer 1 also provides an input noise canceller feature to prevent miscellaneous unwanted
spikes in the signal applied to the ICP ftom causirg a capture to occuJ at the wrong time .
When the noise canceller featur€ is active, the ICP must remain at th€ active level (high for
a rising edge, or low for a faling edge) for four successive samples before the microconuolier
will treat the trigger as legitimate and capture the data- This prevents a noise spike from
triggering the capture register. Sernry the ;x?at ca?ture noise cancelhr /ia ICNC1, in
TCCR1B enables the noise canceler feature (rcf€r to Figure 2 20).

The hardware and software shown in Figures 2-21 arrd 2-22, respecrively, demonstrate the
use of the input capture register. The goal of this hardware and software is to measure tlle
period ofa squan wave appli€d to the ICP of the microcontroller and to output the result,
in milliseconds, on port C.

The software in Figure 2-22 has sweral features worth noting. A #defne statement is used
to connect a meaningful name with the output port.

The ISR for the Timer 1 overflow does nothins more than increment an overflow counrer
when the overllow occurs during a period measurement. The numb€r ofoverflows is used in
the calculation for the period.

The In?ut Ca?ture h)ent ISR occurs evcry time the input waveforrn is a dsing edge. At this
instant, the ISR reads the input capture register to get the time that was captured when the
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Pulse input, TTL level
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Figure 2-2 | Period Meosurement Hordwore

+ inc lude  <mega16  .  h>

/ *de f i ne  Po r t  C  as  ou tpu t  f o r  pu l se  w id th * /
f r oe rane  pe raoo_ouE  PoR lu

uns igned  cha r  ov_coun l : e r ;  / * coun te r  f o r  t ime r  1  ove r f l ow* /
u n s i g n e d  i n t  s t a r t i n g _ e d g e ,  e n d i n g _ e d g e ;  / ' s t o r a g e  f o r  t i m e s * /

" h c i ^ . a Ä  
i h r  ^ l ^ ^ L c .  F ^ r . ^ f , , . 1  - l ^ ^ L  ^ ^ ! ! n r c  i h  r } ! Ä  ^ " 1 c ö * /

/ + r n i m o r  1  ^ ! r a r F l ^ L ,  T c D * /

I

+ + o v _ c o u n E e - r ;  / * i n c r e m e n c  c o u n c e r  w h e n  o v e r f l o w  o c c u r s * /

/ *T imer  1  i npu t  cap tu re  ISR* /
i n t a r r r r h t  l ' r ' T M 1  c A p ' r ' 1  l t ^ i . l  r i m a y l  . ^ ^ l  i < . 1 \ / ^ i d )

{

Figure 2-22 Period Meosurement Softvtore (Continues)
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/ *combine  rhe  two I  b iE  capru ie  leg isLers  id to  the  16-b i t  count r /
a n o i n S  e o g -  2 5 6 . l . R l H  '  I C R I L ;  / ' g e t  a n d  f i m e  r o -  p 6 r ' o o
c locks  =  {uns iqned tons)  end inq ,edqe

+ ( (üns igned loDs)oLcouoter  *  65536)
(  uns iqnea l  long)  s ta r t inq_ea lqe ;

p e r i o d  o u t  =  - ( c l o c k s  /  ? 5 0 ) ;  / * o u ! p u t  n l l l i s e c o n d s  r o  P o l r  c * :
/ *c rear  over f low counter  fo r  th is  neasurenent i /
ov_counter  =  0 ;
/ *sawe end t ine  to  use  as  s la r t ing  ea lge* /
s ta r t ing  edse =  end inqr_edse;

]

vo id  na in  (vo id )

I
DDRC=oXFF;  / *se t  Po l t  c  fo r  ou tpu t t /
TCCR1A = 0 ;  / id isab le  a l t  wavefom func t ionsr /
TccRlB =  0xC2; /aT ine !  1  input  to  c lock /8 ,  enabte  input  cap turea /
T IMSK = 0x24;  / rumask E iner  1  over f low and capture  in te r rup ts*1

+ - s m r ' _ e i  )  / ' e n a b l F  q l o b d l  i n t e r  r u p L  b i t ' /

w h i l e  ( 1 )

{
;  / 'do oolhiner here*/

)
l

Fiaurc 2-22 Peüod MeosuEnent sofblore (Contnved)

rising edge occured. This number is the actual count of dock ticks that was present when
the input capture event occurred.

Because ICR1 is composed oftwo separate 8-bit registers (ICR1H and ICRIL), they must
be combined into an integer sized number to use in the period calculation. This is accom
plished by:

e n d i n g  e d g ö  -  2 c 6 ' r c P l H  I  t C P l r ;  / ' q ö r  a n o  r j m -  r o -  p - r  o o

Multiplying the 8-bit result is exacdy the same as shifting the number form ICR1H eight
bits to the l€ft, making the more significant bne ofthe integer count. The result ofthis mul-
tipl ication is added to the value ftom ICR1L to form the complete integer result. This num
ber is the timer count at the azzl of the period being timed. The count from the start ofthe
period is the same as the ending count from the previous period.

The total number ofclock ticls that occurred during the measurement period may then be
calculated as follows:

c locks  =  (uns isDed long)  end ing  edge
+ ( (uns tqned long)  ov  counter  ]  65536)
-  (uns iq rned long)  shar t ing  ea lge ;
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The second line ofthe equation accounts for arry overflows that occurred during the mea-

The timer is being clocked by Fclk/8 (6 MHz / 8 = 750 kllz), which means that lor every
millisecond that has elapsed, 750 counts have occurred. Finally, dividing the total number
ofcounts by 750 produces the actual number ofmilliseconds in the measurement pedod.

Timer 1 Output Compare Mode

The output compare mode is used by the micmcontoller to produce output signals. The
ouguts may be square or asymmetrical war.es, and they may be varying in frequency or sym-
metry Ouput compare node, for instance, would be appropriate ifyou attempt to program
a microcontroller to play your school's fght song. ln this case, the output compare mode
would be used to generate the musical notes that make up the song.

Out?ut comparc mode is sort of the antithesis of input capture mode. In input capture
mode, an exernal signal causes the cunent time in a timer to be captured or held in the
input capture register In output compare mode, the prcgram loads an ,üt?ut ünPare re9^
lrr. The value in the output compare register is compared to tÄe r€lue in the timer/counter
register, and an intefupt occurs when thc two values match. This interupt acts as an alrJm
clock to cause a processor to executc a function relative to the signal it is producing, exacdy
when it is needed.

In addition to generating an interupt, output compare mode can automaticaly set, clear, or
toggle a specilic output port pin- ForTimer 1, the output compare modes are controlled by
timer eaanter cantral regito 1A, TCCRIA. Frgre 2-23 shows the bit definitions for
TCCRI A thar relare ro ourput compare operatlon.

Bit I Bir 0Bn7

COM1Ao & CO]lIlAl Co'dol thc comparc modc tundion for compc resister A

CONI1B0 & CONIlBl Contrcl the compare mode fi,nction for compüe resister B

contrcI Bit Deltnitiors

Bn6 B i ! 5 B i r 4 Bir. ] B i r 2

COI,I1A1COMlAOCOM181COMlBO FOClA FOClB WGM11 WGMlO

COMI|I COMI\O Function. ('l it'A' or'g 6 aPprcttiote)

0 No Output

1 Compre mtch mggles the OClx line

1 Compre match cleß the OClx line to 0

1 I Comp@ match sets the OClx line to 1

Figure 2-23 TCCRI A Bit Definitjotß fot Output Conporc Mode
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As shown in Figue 2-23, compare mode control bits determirc what action will be taken
when a match occurs between the comparc register and the timer register. The associated
ouQut pin can be unaffected, toggled, set, or cleared- The match also causes an intetrupt to
occur The goal of the interrupt service rcutine is to reset or reload the compare register for
the nerr match that must occui

By way of example, assume the microcontroller needs to produce a 7.5 kHz squrre wave.
This scheme works something like this:

| . When the first match occurs, the outpur bit is toSgled, änd the interrupt occurs.

2- In the int€rrupr service routine, the progmm will calcolate when the next match
should occur and load that numb€r into the compare registe'i In this €ase,the 7.5 kHz
wävefrcrm ha5 a period of 133.3 microseconds with 0.667 microseconds in each half of
the waveform. So rie time from one toggle to the next is 0.667 microseconds. Using
the frequency of the €lock appli€d to the timeri the p.ogram calculates the number of
clock t'cks rharwilloccur in 0.667 microseconds.

3. This number of clock tick is ädded to the existing contents of the compare register
and reloaded into the compar€ reSister to cäuse the next toggle and to repeat the cal-
culation and reload €ycle.

An example ofhardware and sofrware demonstrating these concepts is sho*'n in FiguJes 2 24
and 2-25, respectively Note that no ertemal hardlvare is requied because the signal is pro-
duced entirely by the microcontroller

In the program in Figure 2-25, notice first the initializations that occur in na;n0. Register
DDRD is set to üx20 so that the output compare bit, OC1A, that relates to output compare
register A, OCR1A, is set for output mode, so that the output signäl can appear on the bi!.
TCCR1A and TCCR1B set the prescaler to clock /8 (in this case ctock = 6 MHz, so clock
/8 = 750 kHz) and set the output compare mode for output conpare register A to toggle the
output bit, OC1A" when a match occun. And finally, the compare interupt is unmasked by
setting the OCIE1A bitin the t;mer intenu?t mask rcg;ne\TlMsK.

Information such as that shown in Figure 2-26 is used to calculate the number that is added
to the compare r€ister contents to determine the point ofthe n€).1 toggle. In this case, one-
half of the waveform is 66.7 microsecords long. Since the clock applied to the counter is
750 kHz (dock/8), the number of clock cycles between match points (waveform toggle
points) is given by the following

length of time between toggle points/clock cycle time = interval number

or, for this example,

66.7 ;rs/1.33 ps per clocL cyde = 50 dock c1'cles per match point

And so, for this arample, each time the compare match intermpt occurs,50 is added to the
cunent contents ofthe comp?re register to determine when the next match and toggle of
the output waveform will occur
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7.5 kHz output

Figure 2-24 7.5 kHz Hordwore

One additional important point to consider relative to the output compare registers, and
specifically relative to the calculation of the next match point number, is the situation in
which adding the interv-al number to the curent contents of the compare register results in
a number bigger than 16 bits. For example, if the output compare register contains a num-
ber 65,000, and the interval is 1000, then

65,000 + 1000 = 66000 (a number greater than 65,535)

As long as unsigned integers are used for this calculation, those bits greater than 16 will be
truncated and so the actual result will be

65,000 + 1000 = 464 (drop the 17th bit from 66000 to get 464)

This will work out perfecdy, since the zut?ut comPare reghter is a 16-bit register and the
timer/counter is a 16-bit device as we11. The timer/counter will count from 65,000 up to
65,536 (a total of 536 counts) and then an addttional 464 counts to reach the match point.
The 536 counts plus the 464 counts is exacdy 1000 counts, as desired. In other words, in
both the timer/counter and the compare register, rollover occurs at the same point, and as
long as unsigned integers are used for the related math, rollover is not a problem.
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+ inc tude <nega16.h>

' T i  e '  r  o u l p u c  c o m p d r F  A  i n l a | u p L  s e r v i c e  r o u F i n e '
'  

e  u o .  I r I M t  C O M P A I  v o i d  l  i m a r  l _ c o m p d _ i s r  ( v o i c l )

{
/ *oc lÄ  is  rea11y  OCR1AH and ocRlAL bu t  CVAVR prov idesr

' a  o - u e d o  ' e q i s t e !  O C R I A  t h o r  i s  l h e  i n l e s e '  r e s u r t
/ *o f  conb in inq  the  lwo I  b i t  reg is te rs* /
0cR1A =  ocRlA +  50 ;  / *se !  tso  nexc  naLch { rogg le )  po in r } /

vo id  na in  (vo id )

{
D D R D = 0 x 2 0 ;

TCCRlA=0x40;

T C C R 1 B = 0 x 0 2 ;

/ *unnask  ou tsput
T I M S K = 0 x 1 0 ;

v h i l e  ( 1 )

t

/ *se t  OC1A b i t  fo i  ou tpu t * /

/  t seE presca le r  to  c lock /8r l

conpare noile to Eoqqle oclA pin on natch*/

compare  na tch  in te r rup t  fo r  req is le r  a* /

/  t se t  q1oba1 in re . lup t  b i t l /

]

Figure 2-2s 7.5 kHz Softwore

<- 133.3 gs

Figurc 2-26 7.s kHzwovefom

'< 66.7 Vs ---------



Timer 1 Pulse Width Modulator Mode

Pulse tridtb nadalation (PWM) mode is one ofa number of methods of providing digital-
to analog conversion. P!14\4 is the scheme in which the duty cyde of a squarc wave output
fiom the microcontroller is raried to provide a varying DC output by frltering the actual
output waveform to get the ar.erage DC. Figure 2-27 illustrates this principle.

As is shol'm in Figure 2 27, warying the duty cyr:le, or proportion of th€ cycle that is high,
will vary the average DC voltage of the wavdorm. The waveform is thefl filtered and used
to control analog devices, creating a digital-to-analog converter (DAC)- Examples ofP\AM
control schemes are shown in Figure 2-28.

In Figure 2-284, the RC cncuit provides the filtering. The time constant of the RC circuit
must be significandy longer than the period ofthe PWM wavdorm- Figure 2-288 shows
an LED whose brighmess is controlled by the PWM waveform- Note that in this exampte,
a logic 0 wi[ turn the LED on, and so the brightness will be inversdy proportionäl to the
P\4M. In this case, our eyes provide the fihering because we cannot distinguish ftequencies
above about 42 Hz, which is sometimes called the flicker rate. In this case, the ftequency of
the P\4M waveform must exceed 42 Hz, or we will see the LED blinl:

The final arample, Figure 2-28C, sho*s DC motor control using PWM. The filtering in
this cncuit is largely a combination of the mechanical inertia ofthe DC motor and the in-
ductance of the windings. It sirnply cannot physically change speed fast enough to keep up

Tbe 4tnet  RISC Pnrü 'at '  123

--..-..-..-.-.-' -<-As. DC

Fisure 2-27 PWM Wovefoms

-<-Avg. DC
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PWM Input Average DC output

DC

Q1

PWM Input

PWM Input

Figure 2-28 PWM Exomples

with the waveform. The capacitor also adds some additional filtering, and the diode is im-
portant to suppress voltage spikes caused by switching the current on and off in the induc-
tive motor.

One method of creating P\ÄM with Timer 1 would be to use the output compare register
and, each time a match occurs, vary the increment number being reloaded to üeate the
P\AM waveform. However, Timer 1 provides a built-in method to provide P\ÄM without
the need for the program to be constandy servicing the compare register to create a pulse
width modulator.

Timer 1 changes its mode of operation in order to provide P\AM. When operating in
PWM mode, Timer 1 counts both up and down, making it difficult to use any of the other
Timer 1 modes with P\MM mode. During PWM operations, Timer 1 counts from zero up
to a tap value andback down again to zero. The top value is determined by the resolution de-
sired. PWM is provided in 8-bit, 9-bit, or 10-bit resolution as determined by the Waveform
Generation Mode (WGM) selex bits in TCCR1A (refer to Figure 2-23). Figure 2-29
shows the effect of these bits on P\AM.

Figtre 2-29 shows that the resolution chosen wi.ll determine the top value for the counter
to count up to and down from, and it will also affect the freguency ofthe resulting P\AIM

cB + Motor Volts
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PWVIR€soru.ion TimerT.öValue

wctIl1 wct410
0 0 P$.1\4 Disablcd

0 I I  b ir 2ss (oxlf)
0 511 (0x1lI)

1 1 1 0 - b n 1023 (oi3tr)

FiAure zJq Wovefon Generutot Mode Select Bits

r.rveform. For example, choosing 9-bit resolution will result in a top count of511 and the
P\\M ftequency as calculated below Given a 6 MHz system clock with a + 8 prescaler):

fnun = fq*.-a-t /(prescaler * 2 * top count) =

6Mhz /  (8" 2.511) = 733.aHz

Resolution is the 6neness, or accuracy, ofPlVM control. In 8 bit mode, P\ÄM is controlled
to 1 part in 256; in 9-bit mode, PWM is controlled to 1 part in 512; and in 10 bit mode,
P\\M may be controlled to 1 part in 1024. In PVy'M, resolution must be weighed against
frequency to determine the optimum choice as higher resolutions produce lower ftequency
P\4M signals.

The actual dury cycle being output in PIAM mode depends on the value loaded into the
ougut comprre register for the timer/counter. In normal PJAM mode, as the counter
counts down, it sets the output bit on a match to the output compare register, and as ir
counts up, it clerrs the o\rtput bit on a match to thc output compare rcgister. In this man
ner, loading the outp\rt compare register with th€ value equal to, say, 20 percent of the top
value will produce a 20 percent duty cycle waveform. It is also possible to provide the in
verted P\\M for applications such as controlling the brightness ofan LED connected in a
cuüent sink mode direcdy to the PIVM output pin-loading the output compare register
to 75 pcrcent ofthe top value in the inverted mode will produce a 75 percent low duty cycle

Figures 2-30 and 2-31 shorv the hardware and software, respectively, ofan cxample pro-
gram using P\Ä/J\,I. This program providcs four ditrerent duty cycles (10, 20, 30, and 40 per
cent at a frequency close to 2 kHz) based on the logic levels applied to port A.

Sening the exact frequency ouput requires juggling the timer prescaler and the resolution
to get as close to the desired frequency as possible-The table in Figu-rc 2 31 shows the fre-
quency output (calculated using the formna presented previously) for all possible combina-
tions of the prescaler and resolution, given the 8 MHz system clocL From the table, we can
pick the combination that provides the frequenry closest to the one we desire. If the prob-
lem had requned a particulr resolution of the PWM, the choices from the table would be
Iimited by the resolution, and the frequency might not have been as close.
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Figure 2-30 PWM Hordwore

For this e-rample, Figure 2-31 shows that 8-bit resolution and system clock/8 would give
1.96 kHz, which is very close to the desired frequency. Figure 2-31 also demonstrates that
the frequency choices for any given combination ofcrystal, prescaler, and PWM resolution
are fairly limited. If a project requires a very specific P\ÄIM frequency, the system clock
crystal will likely have to be chosen to allow this frequency to be generated at the desired
resolution.

The program shown in Figure 2-32 uses a switch/case statement to select the duty cycle of
the P\AM output. A #define statement is used to mask port A so that only the two lower
bits are used as input, and port A is set to 0x3 so that the internal pull-ups are enabled on
the same lower two bits. This avoids the need for external pull-up resistors.

TCCR1A andTCCR1B are initialized to select the P\ÄM mode and the orescaler to oro-
vide the desired frequency output.

Processor time in many microcontroller applications is precious.In this program, an ifstate-
ment is used along with the variable "otd-sd' so that new data is written to the pulse width
modulator only if the switches are actually changed, thereby preventing continuous writes
to the output compare register.
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PWM Mode

e-ah (op= 255) g-Bi. (T6p='tt) ILBit (Top = t023)

616r = 15.7 kHz fa*' = 7.8 kUz fFor = 3.91 kHz

f$vM = 1.96 kHz fp\lir = 978 Hz lavM = a89 Hz

fM =245H2 hw = 722}f2 fP\w = 61 Hz

fBr.Ir =61H2 fnll"l = 31Hz fPlvni = 15 FIz

fi6r = 15 Hz fFF =8Hz fA6r =,1H2

fm.rr = &"-a* / (prcscalcr'2'top count

Figure 2J I Frcquency Seledon Chottfot on a MHz Systen Cb.k

# i n c l u d e  < n e q a 1 6 . h >

' - s -  -  d - f  p  o  s e l  l h c  L w o  l o w e s t  b i ! s  o a  p o ' .  C  
" s  

r ' e '
/  *  c o n t r o l  i n p u t .  * /

+def ine  P i tM se lec t  (P INA & 3)

vo id  na in  (vo id )

l
r  s  o n e d '  !  o l d  s w :  / t s r  o ! d g e  t o !  p o s f  v d . u a  o t  i n p u c '

PORTA = 0x03;  / *enab le  the  inEe lDa1 pu1 l  ups  fo r  in  the  inpu l  b iEs l /
DDRD = 0x20;  / *OC1A as  ou tpu l t /
TccRlA =  0x91; / *compare  A fo r  non inv .  PwM and I  b iE  reso lu t ion* /
TccRlB =  0x02;  / *c lock  /  a  p resca le r t /

i f  ( P m 4  s e l e c l  ! =  o 1 d  s w )

t
o ld  sw =  PwM se lec t ;  / rsave togg le  swi tch  va lue* /

case 0 :  OCR1A = 25 ;  / ' !0  S  duEy cyc le  des i red t /
b reak ;

case 1 :  ocRlA -  51 ;  / *202 a lu ty  cyc le  des i red* /
b reak ;

Figure 2+2 PWM Soft://orc (Contjnues)
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case 2 :  OCR1A =

case 3 :  OCR1A =

)
,

Figure 2-32 Pw Sofülorc (Continueq

' 16 i  
/ *34$ a lu ty  cyc le  i les i red* /

A02;  / *4A$ duLY cye te  a les i red* /

2.7.4 TTMER 2

Timer 2 is usually (depending on a specifrc microcontroller in use) an 8 bit timer/counter
with output compar and PWM features similar to Timer 1.

The most interesting difference with Timer 2 is that it can use a crystal separate from the
slstem clock as its clock source. Selection of the extemal crystal as the clock source for
Timer 2 is accomplished by setting the AS2 bit h dte arynthronour xatu /qg,rrer (ASSR).
The bit definitions for the bits ofASSR are shown in Figure 2-33.

Setting the AS2 bit allows Timer 2 to use the extemal crystal as its clock source. This means
that the clock source for Timer 2 is running asynduonously to the microcontroller system
clock. The other three bits in th€ ASSR rcgister are used by the programmer to ensurc that
data is not written into the Timer 2 rcgisters at the same moment that the hardware is up-
dating the Timer 2 registers. This is necessary because the oscillator ofTimer 2 is asyn-
chronous to the slstem oscillator, and it is possible to corrupt the data in the Timer 2 regis-
ters by writing data to the registers as they attempt to update.

A single control register, TCCR2, controls the operation ofTimer 2. The TCCR2 bit def
initions are shom in Figure 2-34.

Using, for instance, a 32.768 kHz crystal allows Tirner 2 to firnction as the time bäse for a
real time clock. UsingTimer 2 in this vlzywill allow the microcontroller to keep accurate
time when necessary Simply allowT2 to run with the 32-768 crystal and it will overflow ex-
acdv 128 times each second.

Bir 6 Bit 5B r 7

A52 TCN2IJB OCR2UBTCR2LIB

Figure 2-'33 ASSR Bit Deltniüons

Bir4 Bir 3 Bn2 Bit 1 Bir 0
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Bit 4 Bit 3 Bit2 Bit t Bit 0

FOC2 Force a Compm march i. no. PWNI mode-

WGM2O Setting this bit dables the Tind 2 PIVM ftn tion.

COrvI2t These tvo bns set the outDut @nDd node ftnction. The bit definitions
cotI20 a( ,dcnd(rl to the COMrxl dd COIUlxo b,t! of nner l

WCM21 S* to enable ounter cler on compre match.

cs22
Courter Dßc.ler selet bits for Timer 2. See AVR sDe.. for details.cs21

CS2O

Figure 2-34 TCCR2 Bit Defnitjons

Chapter 2 Example Proiec* Part C

This is thc third part ofthe Chapter 2 example system to collect operational data for a stock
car. This part will be concerned with using the timers to measure the one second recordi"c
interval and the two rpm measurements.

ONE-SECOND RECORDING INTERVAL USINGTIHER O

Using a timer to producc a "tick" or delay interv-al has been discussed. In this case, you are
trying to produce a long (in rnicrocontroller terms) time inten'al, and you have several other
interupt dependent processes running as well. So it would be well to use as dow a clock as
practicd for the tick dock so as to ninirnize the amount of time used in the tick routine.

Further investigation of the Mega16 system you have becn assigned to use shows that the
systemclockis8MHz.TheTimer0prescaleral lowsdivis ionrat iosof7,a,64,256,a.
1024. Choosing a prescaler value of 64 produces a 125 kFIz clock applied to timer 0.

Now you can ligure out the number ofclock pulses that must elapse for 1 second to have
passed. In this case it is easy, and 125,000 clock pulses must occur for 1 second to have
elapsed. Timer 0 is an 8-bit counter and can only count up 255, so you select to have it count
250 counts per tick. 125000 / 250 = 500, meaning that the timer interrupt must occur
500 times for 1 second to have elapsed.

The foüowing code is plzced n na;nQ to rnneJuznT'tnelt:
/*  Tiner/counter 0 ini t ia l izat ion* /

Bir 7 Bir 6

T c c R 0 = 0 x 0 3 ;
T C N T 0 = 0 x 0 0 ;

air

/ *c1ock  se t  to  c lk /64*  /
/ *sLar t  t inero  a t  0  * /

FOC2 wctJ20 cot121 colu20 WGIVI2l cs22 C521 CS2O
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The following code is placed rbo\te na;n0 ^s the interrupt service routine for the Timer 0

i n r  t i n e  c n t r  =  0 ;

/ *  T i n e !  0  o v e r f l o s
inEe l lup t  IT IMo oVFl

)

/ *  T i n e r / C o u n t e r

T C c R I B = 0 x 0 2 ;
T C N T l H = 0 x 0 0 ;
T C N T l L = 0 x 0 0 ;

Notice that the "aata set cntr" vriable is post-incremented as a partofthe storing of

ENGINE RPM MEASUREMENT USINGTIHER I

The input capture feature is used to capture the period ofthe engine rpm pulses. The period
is used to calculate the rpm- Note that one pulse occun for every two engine revolutions rn
a I cycle engine such as this one-

The system clock is 8 MHz in this system, so using a prescaler of8 will providc clock pulses
of 1 MHz with a convenient period of1 microsecond. These clock pulses drive Timer 1, and
the i ? t ca?tare regbter flCR1) will be used to capture the Timer 1 count each time a
falling edge occLrn on the ICP ofthe AIMega16. When this occurs, an interupt will be
generated. In the intenupt service routine, the current captured count is compared to the
previously captued time to determine the period ofthe pulscs, which is used to calculate the
engme rPm.

The following code is pbced n nain) 1o'ann:Ize Timer 1 to capture the time on the
falling edge:
/ *  T i m e r  ( s )  / c o u n t e .  ( s )  I n t e r r u p !  (  s )  i n i t i a l i z a t i o n * /
TIMSK=0x21;  / *  t inero  over f low,  ICP in te r ruprs  enab led* /

TCNTo =  6 ;  / i re toad c ine i  0  fo r  nex t  per iod* /
i f  ( t ine  cn t r++ == 500)  / ' check  fo r  one second,  inc renent  counter * /
{

i f  (da ta  se t_cn t r  <  120)  / ' record  dara  i f  less  Lhan 120 se ts* /

e  lpmldata  se t  cn t r l  =  cur renE e  !pn '  / * record  eng ine  rpn* /

/ *q loba1 var iab le  fo r  nunber  o f  T iner  0* /

in te r rup t  serv ice  rou ! ine* /

/ * rese t  counter  fo r  nex t  1  second in te rva l  r /

l  i n i  t  i a l  i  zah ion *  /

/ ' p r c s c d l e r  8 ,  ^ d p f u i e  o n  r a  1 9  - o 9 6

/  * s t a r t  a E  0 t l
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A,nd the following code males up the ISR for the capture event:

unsiqned inE previous caprure t lne; /*saweal t i f re fron previous*/
/ * captDte* /

/ *  T imer 1 inpui  capture in terrupt  serv ice .out ine*/
inLerrupt  ITTM1_CAPT] voia l  E iner l  capt  isr (void)
{

. n s i g n e o  ' r .  c u  ' F i . _ c d p l L r e _ L i m e ,  p e ' i o d ;  / , c u ! ! e n r  t i m -  a n o '
/ .Eer ioa.  /

current_capture Eine = (256* ICRIH) + ICRIL;  / *get  captured t ine*/
i f  (cu4ent_capture Eine > previous capture t i (e)  / *check ro l lover* /

o e  o d  -  c u r  ' e . t _ c d o l u r e  L i m e  p r e v i o u s  r a p r u r -  : n e ;

pei iod = oXFFFF -  current_capture t ine + previous capture t ine;
cudent_e_rpn = (unsiqneal  lonq)120E6 /  (unsiqned long)per iod;
p ) a v i o l s  . ä p l u - 6  I  i m e  . L I e n L _ c d p L u i e _ t i m e ;  / ' s a v e  t o !  n e x . '

/  *ca lcu la t ion t  /
)

In this code, a global r,ariable, "previous caprure Eime", is initialized to retain the
value from the previous capture. The ISR function reads the curent capture time and uses
it, aiong with the previous captured trme, to calculate the rpm. Notice the ifstatement that
checks for rollover; this is another method to allow for the case in which the 16-bit
trmer/counter rolls over from OxFFFF to Or0000 during the elapsed period. The last state-
ment in the ISR saves the "current capture tine" for use as the'previous_
capiure-line" the ner.t time a pulse occurs.

The rpm is being calculated as follovs:

RPM = 1E6 micro seconds/second ' 1 oulse / oeriod in micro-seconds * 2 revolu-
tions per pulse'o0 seconds per minute

Note that casting is used to ensure accuracy with the large numbers. Also, combining con-
stants shortens the calculation formula.

DRIVE SHAFT RPM MEASUREMENT USINGTIMER I

This measurement gets a litde bit more involved, because there is not a second capture reg-
ister in the Mega16 and the shaft rpm signal is connected to 1NT0. You can üeate your own
capture register within the INT0 ISR by reading the Timer 1 count when the interrupt oc-
curs. Then the rest of the function wod<s very much like the one above for the engine rpm:

unstqned in t  p rev ious  shaf t  cap ture_Eine ;  / *saved E ine  f ron  prev ious* /

/+capttte'/

T ,  t e '  u p L  0  s e ! v i c e  r o u t i n e ' /
in te r rup !  I :EXT_INTo]  vo i ( I  ex t  in t0  i s r (wo id)
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unsiqned int  currents captsure t ime,  per iod, . /  *currene t ine and* /

. .  -  _ - o p .  T C N - ' :  / ' q e t  r i m e  r  t  e
/ * e h e c k  f o r  r o 1 1 - o v e r * /

'  . - p r  u r F  i m e  p r c v i o u s _ s h o t r _ . d p  - r c _  c
^ r ^  ,  r a  L i m e

prev ious  shaf t  cap ture  t ime,

per iod  =  oXFFFF cur renr  capLure  r ine  +

cur ren t_s_rpn =  (uns iqne i l  lonq)60E6 /  (uns ic rned lonq)per iod ;
p l e /  o . s . s r d  t _ - d p . u  6 _ t  m c  - . u r r e n . - c d p t u , e  . i m e ;

/ * n e x E  c a l c u l  a t i o n * /

)

The calculation is the sarne, except that there is one pulse per revolution instead oftwo. A.1so
note that some ofthe local variables have the same name. Since they are local, this is ac-
ceptable, but it is not acceptable with some programing standards.

2.4 SERIAL COMMUNICATION USING THE USART

Serial communication is the proc€ss ofsending multiple bits of data over a single wire. It rs
an offshoot ofthe original telegraph, in which the bits were the dots and dashes of Morse
code. The bits ofa serial byte are separated by time so that the receiving device can deter-
mine the logic levels of each bit

The USART is used to communicate from the microcontroller to various other deviccs.
Examples of such devices include üe terminal tool in CodeVisionA\ß. (used for trou-
bleshooting and program debugging), other microcontmllers that need to communicate to
control a system, or a PC that is communicating with the microcontroller to complete a task.

The usual form ofserial conmunication, and the form being discussed herc,ts astnürana s
serial communication. It is asynchronous h the sense that a common clock signal is not re-
quied at both the transmitter arrd the receiver in order to rynchronize the data detection.
Asynchronous serial conmunication uses a stan bit and a stop bit added to the data byte to
allow the receiver to determine the tirning of each bit.

Figure 2-35 shows the elements of a standard asynchrcnous serial comrnunication bne.
This ligure shows both the rvaveform and a defnition for each bit ofthe serial word. The
serial trarsmit line idles at a logic 1 and drops to zero to indicare the beginning ofthe start
bit. The start bit takes one tull bit time and is followed by the eight bits of the data blte that
appear on the seial line in invene order, that is, the least significart bit appears frrst and the
most signifcant bit appears last. The stop bit follows the most signifcaat data bit and is a
logic 1, the same ler"el as the idle state-

The falling edge ofthe start bit begins the timing sequence in the serial receiver Beginning
from the falling edge of the stan biq the receiver waits 1.5 bit times before sampling the
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receiving line to get the fißt data bit- After that, the receiver $'aits 1 bit time per bit, therebv
sampling each successive data bit in the center of its time pcriod lor ma,ximum rcliabiliqr

Fortunately, all of the timing relative to the serial blte formatting, thc sampling of thc sc
rial bits, and the addition of the start stop bits are handlcd automatically by thc
unioersal slnclronous asycbrcnos rc.e;eeFtransn,irer (USARI pronounced "you sart").
None of these issues directly affects thc programmer.

The only issue conftonting the progammer is to ensure that the scrial communication pa
rameters ofboth the transmitter and the receiver rnatch. Spccificalll; this includ€s setting
the corect number ofdata bits (usually 8), determining rvhcthcr or not to include a parig,
bit (usually not), and setting the baud rate. The baud ratc is the speed ofserial communica
tion and determines the timing ofthe bits. Baud rate is defined as the imrrse of the time
per bit (baud rate = 1/bit time)-

The serial war.eform and other parameters relating to the serial communication discussed
above are all involved wit\ the ;nfamatiarbciog transmitted. The serial information is in
dependent of the nediun being used to carry the serial information. The medium may con
sist ofa wire. an inftared beam. a radio link. or oth€r means.

The most common medium is defined as RS-232. It was dcvelooed in order to Drovide a
greater distance for reJiable serial communication using wire ro c;rv the signal. RS 232 is
an inveted scheme, in that a logic 1 is reprcscnted by a negtive voltrge more negative than
-3 V and a logic 0 is represented bv a positive voltage more positive than +3 V Using a dif
ferent nonzero voltage for each logic level allows some hardware error checkng, becluse a
broken line will present 0 V at the rcccivcr and so ma1'be detected. Most microcontroller
to-PC communication is RS-232.

CodeVisionAVR, like most C languagc compilers, provides built in library tunctions to
handle the common serial communication tasks. These tasks usuallv involve communicat
ing with a terminal device, for cxample, a PC executing a terminal program to transmit se-
dally the charactcrs qpcd on the keyboard and to display in a window the characters
received serially from thc microcontroller. CodeVisionAVR prorndes a built-in terminal
emulator in the devclopmcnt enüonment as a conenience to the programmer. The stan-
dard library functions are included in the header fle stdio.h, rvhich may be included in the
C language program.

Using the header file with its built in tunctions makes serial communication very easy. T he
erample prograrn shorvn in Figurc 2 36 prints üe rnessage "Yrbba Dabba Do' on a termi
nal der-ice.

As the simple serial example shows, other than initializing the serial port (thc first trvo lincs
ol nain)), serral conmtnication is ertrernely easy using the built-in library functions. For
more details on the Pinf) tunction, see Chapter 3, "Standard I/O and Prcproccssor
Functions."
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+ i n c L u d e  < n e g a 1 6 . h >
+ incLude <s td io .h> / *  S tandar ( I  Input /OuEpuE func t ions* /

vo ld  na in  (vo id )

I
U C R = 0 x 1 8 ; /  *ser ia l  po . t  in i t ia l i zedr /

/ *ser  taud ra te*  /

p r in t f  ( ' \n \ rYabba Dabba Do"  )  ;  / *p r inL  phrase* /

w h i r e  ( 1 )
/ *do  no th ins  e lse t /

'

Figure 2-36 Sinple Sefial Exol'l,ple

The USART interface consists ofdree registers- These üe rhe USART contral arul status
regi:ter, the UMRT baud rute reg^ttr, ^nd t\e USAPT data iegister.These rcglsteß may be
either 8 or 16 bits in length depending on the complexity ofthe USART contained in the
processor being used. (Nots in the simpler processors, the USART may be called a UART
due to the fact that the peripheral cannot handle s).nchronous communications.)

In the AIMegal6 for example, for norrnal asyndronous operatior\ the USART control
and status register is a 16 bit register consisting oftwo 8-bit registers, UCJR 4 ̂ nd UCSRB,
and the USART baud rate register is a 16-bit register consisting of {,ERR11and, UBRßI,
which ar€ the high aüd low bytes, respectivdy, of I/3RR. For other modes of op€ration an
additional USART control and status rcgister, UC,SRC is also available.

Regardless ofthe processor type, the UDR is actually two registers sharing a single I/O ad-
dress. One is a read-only register and one is a write only register. The read-only register
contains ary seial blte received, and the wdt€-only register conuins any serial bye to be
transmitted. So, when a program reads the IIDR" it is reading the receiver UDR to get data
that has been r€c€ived serialba When the program writes to the tansmitter UDR, it is wrr-
ing data to be serially transmifted.

Figure 2-37 shows the bit definitions for the U&4R? eonfiol and statas regüte\ part B, ftom
an ATMega16.

UCSRB is used to initialize and set the firnction ofthe USART in the AIMeea16. The
most signficant three bits are öe mask bits For the three int€nupts associakJwith the
USART RXCIÄ is the mask bit for the intemrot which occurs wh€n a s€rial chancter is rc-
ceived by the USART TXCIE is the mask üit for the interupt thac occurs when the
USART has successfr y completed transmitting ^ charao.e\ and UDRIE is the mask bit
for the interupt that occlrrs when the üansmit UDR is rexdy to tiansmit another charader.
Refer to Figure 2-37 for other bits and how they affect the USART operation.
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RXCIE Nlask bit for the Receive intetupt cnablc. Set to unmask the interrupt.

TXC]E l,lask bit fo. the Tlmnit intetutt enablc. Sct to unmxsk the intedupt.

UDRID ]\{6k bit for the UART Dxta Registd Rmpty i.ternpt en.b1e.
Set to unmask thc i.tempt.

RXEN Ser ro €mble the 
"üJ 

eceivcr.

TXI]N Set to enäble the sdiat tnnsniftci

UC5Z2 Wnh UCSZl:o, seß nrnbd of datdbits.

RXB8 9th bit rccciEd in 9-bitmode.

TXBS 9th bit tü.smincd in 9-bit mode.

Figure 2-37 AlMeEo l6 UCSRB

In an AIMEGA16. UCSRA reflects thc curent status ofthe USART. The UCSRA con
tains the intemrpt flag bits (most signficant 3 bits) and other bits that indicate the results
o|USART activiry Figure 2-38 shows the bit definitions for the USR.

The USART status is important due to the fact that serial communication is always slower
than parallel communication. During the 1-04 milliseconds that it takes to transmit a single
serial blte at 9600 baud, a microcontroller using a slstem clock of8 MHz can execute as
many as 8000 instructions. So, in order for the microcontroller not to be waiting around lor
the serial port (remember Real Time Processing from Chapter 1?), it is imPortänt for the
program to be able to tell the state of the serial port.In the case ofa received character, it
takes the same 1.04 milliseconds from the time the start bit is reccived until the character
has been completely received. After the eighü bit is received, the PJC bit is set in the USR
to indicate that a serial ble has been received- The program uses the RXC bit to know
when to rcad valid data from the receir.e UDR. fie data must be read lrom th€ UDR be-
fore the next character is received, as itwill ove.write and destroy the data in the UDR. This
explains the provision for an intermpt to occur when a setiäl character has been received so

thrt it may be read prompdl' without consuming largc amounts ofprocessor timc Polling to
see if a blte has been received,

In a similar manner, the UDRE bit is used to indicate that the transmit UDR is empty and
that another bJte may be loaded into the transmit UDR to be transmitted serially. Again,
this is necessa-ry because the microcontroller can load out \tes much, much faster than thc
USART can transmit them. In order to keep the program from har-ing to poll the USR

Bit  6 Bit 5 Bit 4 Bn -l tsit 1 Blr 0

8it

RXC]E TXCIE IJDRIE RXEN TXEN UCSZ2 RXBS TXBS
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Bir 1 Bir 0

RXC TXC IJDRE FE DOR PE U2X MPCM

RXC Set to indicare reipr of r sen,l chara.ter

TXC Set to indicate that a scrial charader has been sent.

UDRE Set to indicate th.t the trdsnit UDR is en!+

FE Set to indicate a fiming üor

DOR Set to indicaE m om eror

PE
U2X Set to double nansmi$ion sped.

I,IPCM Set to en ble m! i-proc$. commüication mode.

Figure 2J8 ATMegol6 UCSRA

continuoudy to see when it is amilable to send another byte, an intenupt is provided that
indicates when the transmit UDR is emp+

The transmitter side ofthe USART is actually double buffered. That is, the UDR that the
program writes to holds the data until the actual transmit register is emp+ Then the data
from the UDR is transferred to the transmit register and begins to serially shift out on the
transmit pin. At this point, the UDR is arailable to accept the nexr dara word lrom the pro
gram, the UDRE flag is set high änd, ifenabled, the UDRE interupt occurs. Orcasionally,
it is necessary for the miüocontroller to acnrally knowwhen a byte has been sent. The TXC
flag is provided to indicate that the transmit register is empty and that no new data is wart-
ing to be transmitted. The program uses this fla& and its associated intemrpt, when it is
necessary to know exacdy when the data has been sent.

The frnal register associated with the USART is rhe I-ISART baud rate register, UBRR. Thrs
register determines the baud rate at which the sedal port transmits and receives data. The
number entered into the IIBRR is determined according to the following formula:

UBRR = {Sys len  c lock  /  (16  }  baudra te)  )  -  1

Using this lormula, the UBRR number for the previous example (Figure 2 36) is calculated
as follows:

8it

UBRR = (Sys ten  C lock  /  (16  *  baudra te)  )  -  1
=  ( a M H z  /  ( 1 6 ' 9 6 0 0  b a u d ) )  -  1 =  5 1  =  0 x 3 3
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In this example, UBRRL is set to 0x33 and UBRRH is set to 0x00' The high bJte of the

value is placed in UBRRH, and the 1ow b1,te of the value is placed into UBRRL.

Microcontrollers often need minimum amounts of serial communication but do not need

all ofthe formatting options and other features included in the standard library functions.

The standard library functions also consume large amounts of program memory. In these

cases, the programmer must implement the serial communication. Figures 2-39 and 2-40

show hardware and software, respectively, for a simple system to implement serial commu-

nications between a microcontroller and a PC using RS-232.

Figure 2-39 shows a standard AVR processor with an attached MAX233 media driver to

convert the TTL serial signals used by the microcontroller into the RS-232 signals used for

serial communication to the PC. The hardware shown in this figure is used with the soft-

ware shown in Figure 2-40 to make the serial communication example.

The serial communication example software is a Program (Figure 2-40) that uses a switch

construct to print one of three messages on the PC. The exact message will depend on

whether an "a", a "b", or another key is pressed on the PC' The ASCII code for the charac-

ter pressed is sent serially to the microcontroller. This example demonstrates both manual

and interupt handling of USART functions.

D89
_ 1

I\,IEGAl6

ADC'IIPAT
RESET AOC6/PA6

ADC'PAs
ADC4/PA4
ADCSPA3
AdatPA2

VCC ADC1/PA1
AOCo/PA0

SCKPBT
avcc Mt60/Ps6

M06UP95
SS/PB,l

oco/AtN1/PB3

T1/PB1
XCKTO/PBO

OCZPDT
tcPl/PD6

oclaJPos
xrALl 0C1B/PO4

tNTl/PO3
tNl!/PD2
TXO/PD1

XTAL2 RXO/PDO

TOSC2/rcT
TOSCtPC6

tDtPc5'rDo/Pc!

AGND 
'IMsFC3

rcKPc2
GNO SONPC1

€cuPc0

T1IN T1OUT
T2]N T2OIIT

c1+ c2+
c2+

,-i
|  - :

l=ä
&o- "

Figure 2-39 Serial Communicotion Exomple Hardwore
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+ inc lude <necra16.h>

uns isned char  qcn t r  =  o rsndcnt r  =  0 ;  / * indexes  in ro  lhe  quer /

uns isned cha i  queuet50 l ;  / rcharac te .  queue* /

/ *nessage a ! lays ' /
c h a r  n s q l l l  =  { " T h a t  s a s  a n  a - ' i ,
c h a r  n s q 2 t l  =  l i T h a t  w a s  a  b ,  n o t  a n  a - ' l ;
c h a !  n s q 3 t l  =  { ' T h a t  w a s  n e i t h e r  b  n o !  a .  l ;

/ * th is  in teüupt  occu ls  whenewer  the  * /

/ *USART has  conp le ted  send inq  a  charac ter * /
in te tup t  [usART TxC]wo id  usar t_ t ransn i t  i s i  (vo id )

t
/ *send nexE charac ter  and increnent  lna lex* /
i f  (qcn t !  l=  sndcnt r )  UDR = queue lsna lcn t r++ l ;

)

/ * th is  func t ion  loads  rhe  queue and t /

/  *s ta rLs  the  send ing  p locess t /

vo id  sendnsg (char  *s )

{
qcnt r  =  0 ;  / *p rese t  ind ices* /
sndcnr r  =  1 ;  / ' se t  to  one because f i rsE charac ter  a t ready  sent * /
queue tqcnr r++ l  =  0x0a l ;  / *pu t  CRLF in to  Ehe queue f i rsL* /
queue Iqcn t r++ ]  =  0x0a;
sh iLe  ( ' s )  queue lqcnLr++ l  =  +s++;  / *pur  characrers  in to  queue* /

U D P  q . F . a l 0 . ;  / ' s e n d  l i ' s t  . h - r ä c l F r  l o  s l ä r f  p ! o c e s s r

l

vo id  na in  (vo ld )

{
char  ch ;  / r  charac ter  war iab le  fo r  rece ived charac ter * /
UCSRA=0x00;
UCSRB=oX58; /*edable .eceiver, transmittser 4d transnit intefiup!*/

U B R R H = o X o o ,  / * L ' a u d  r a t e  =  9 6 0 0 ' /
U B R R L = 0 x 2 6 ;

#asn( "se i ' )  / *q1oba1 in rer rup t  enab le  * /

w h i l e  ( 1 )

t
i f  (UCSRA & 0x80)  / *check  fo r  cbarac te !  rece iwed* /

ch  :  üDR;  / "ge t  characEer  sent  f ron  Pc* /
sw i tch  i  ch)

i

FiSur€ 2-,10 Sefiol Connuni@tin Exonpte softwore (Contnues)
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s e n d n s q  ( m s g t  )  i  / ' s e n d  f i - s l  n e s s d g ^ '

s e n d n  s q  ( m s q 2  )  :  / ' s e n d  s e . o n d  m e s s a S 6 !

sendmss (nsq3 )  ;  / *send de fau l l  messaqe* /

Figure 2-40 Serial Connunicotion Exomph Softworc (Conünued)

The first five lines in maino declare the character variable and initialize the USART.
UCSRB is loaded with &58 to enable the receiver- the transmitter. and the transmit intcr-
rupt. The UBRR is set to Ox33 to set the baud rate to 9600. Once the USART is set up and
the interrupt is enabled, the program enten a tal/a1'l loop that continuoudy checks for a
received character using an ifstat€ment whos€ the expression will evaluate to TRUE after a
character is received. Receiving the character will set the RXC bit in the USR that is being
tested by the if statem€nt. This is an example ofmanually polling the status ofthe serial port
to determine when a character is received- TXC could be used in a similar manner to poll
for the conclusion of a transmission.

When the if statement determines that a character has been received, the character is read
ftom the UDR and used in a switch statement to determine which messaee to send. The
message being transmitted (i.e., "That was an a.") is composed of several iharacten. each
ofwhich must be sent serially to the PC along wit\ a carriage retarn (CR) and t l;ne feed
(ZF) character so that each messag€ will start on a new line. The longest message is com-
posed of25 characters, and adding the CR and LF characters makes the total message 27
characters long. At 9600 baud (1.04 ms per serial byte), this message will take over 27 mi1-
liseconds to transmit.It is not appropriate for the microcontroller to wait around for 27 mi1-
liseconds, because it could be executing as many as 216,000 instuctions (8 instructions per
microsecond * 27 milliseconds * 1000 microseconds oer milliseconds = 216.000 instruc-
tions) while this message is being sent.In order m ftee the microcontroller ofthe need to
wait while the message is being seng a FIFO qu6ue is used in conjuoction with the trans-
mit inteIfupt to acnrrlly transmit the message.

A queue is a temporary holding device to hold bytes ofdata and retum them on a 6rst-io,
tust-out (FIFO) basis. In this case, the queue is mechanized as a variable array of data
called, appropriately, qzere. An index is used to indicate where new data is to be placed in
the queue (in this case gczrr). As each new blte is added to the queue, the index is incre-
mented so the rext blte is added in sequence and so on untit the queue holds all ofthe nec-
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A sepxrxte index (in this case, rrlrnt) is us€d to rctrieve the data from the queue. As each
blte is retrieved, this irdex is increnented. Finall,r., when the trvo indices are equal, thc pro-
gram knows that the queue has been emptied.

Actua11y, the CodeVisionÄVR C language compiler can provide a transmitte( queue, x re-
ceiver queue, or both using the "CodcWizard" code genuator feature. This cxample is pro-
vided to demonstrate holv the queue works for cducational reasons.

Getting back to thc example program, the sazlnrrglJ tunction called fron the switch state
ment puts the mcssage into the queue and starts the üansmit function. The switch statc
ment passes a pointcr (an address) to the appropriate messagc when it calls the tunction.
The function lirst puts the CR and LF characteß into the queuc and then Puts the message
to be transmitted into the queue using the pointer. Finally the function writes the 6rst byte
in the queue into the UDR to scart the transmission process. After this character has been
transmitted, the TXC inte upt occurs and the ISR loads the next character from the queue
into the UDR, irnd so the c1'clc continues until the queue is emptv, as indicated b)' the two
indices being equal. A morc claborate form of the queue tunction rvith addnional explanr
tion may be lound in Chapter 3, "Standard VD arrd Preprocessor Functions."

2.9 ANALOG INTERFACES

In spitc of thc prevalence ofdigital devices, the world is still actually analog by naturc. A rtt I -

crocontrollcr is able to handle analog data by first convening the datä to digital form. An
A\rI{ microcontroller includes both an analog to digital c'onversion peripheral and an ana-
1og comparator peripheral. Each of these analog intcrfaces wil1be covered in this scction,
along with a briefbackground on analog to digital conversion.

X/ticrocontrollers use analog to digital conveners to convert analog quantities such as tem
perature and voltage (for examplc, a lorbattery monitor), to convert audio to digital for-
mats, and to perform a host of additional functions.

2.9.I  ANALOG-TO-DIGITAL BACKGROUND

Analog-to-digital conversion (as rvcll as digital-to-analog conversion) is largely a matter of

?r0Portion.Thatis, the digital number provided by the analog to digital converter (ADC)

relates to the proportion that th€ input voltage is of the ftlI voltage rangc of the converter.
For instance, appl,ving 2 V to the input of an ADC with a fi -scale range of 5 V will result
in a digital output that is,10 percent of the tull rangc ofthe digital ougut (2 V / 5 V = 0.4).

ADCs are available that havc a Erielv of input voltage ranges and output digital ranges
The output digital ranges are usually expressed in terms ofbits, such as 8 bits or 10 bits.The
number ofbits at the output determines the range of numbers that can be read ftom the
output of the converter. An 8 bit converter will provide outputs ftom 0 up to 23 - 1 or 255,
and a 10-bit convertcr will pror.ide outputs from 0 up to 2ro 1 or 1023.

In thc prcvious e{ample, in which 2 V was applicd to a converter with a lirll scale range of
5 V an 8 bit converter rvould read 40 percent of255, or 102. The proportion/conversion
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factor is summarized in the following formula:

V;

2" - l

In the formula above, ".r" is the digital output and h" is the number ofbits in the digital out-
put. Using this tormula and solving for a you can catculate the digital number read by the
computer for any given input voltage. Using th€ formula witlin a program where you have
r', you can use the formula to solve for the voltage being applied. This is usetul when you
might be trying to display the acturl voltage on an LCD readout.

An important issue buried in this formula is the issue ofrcsolution- The resolution ofmea-
surement, or the 6nest increment that can be measured, is calculated as followsr

Vr.tot

2 " 1

For an 8-bit converter that has a full-scale input range of5 V, the resolution would be cal-
culated as follows:

V--r";- = 5V(2o 1) = 5Vl255 = 20 mV (approx.)

Therefore, the linest voltage increment that can be measured in this situation is 20 mV It
would be inappropriate to aftempt to make m€asurements that are, for e{ample, accurate to
within 5 mV with this converter.

2.9.2 ANALOG.TO-DIGITAL CONVERTER PERIPHERAL

The ADC peripheral in the AVR microcontrollers is capable of 10-bit rcsolution and can
operate at speeds as high as 15 kSPS (kilo-samples per second). It can read the voltage on
one ofeight different input pins ofthe microcontroller, meaning that it is capable ofread-
ing fiom eight different analog sources.

Two registers control the analog to-digital convener: The IDC contral and stahß rerbter
(A-DCSRA), conüols the tunctioning of the ADC, nd the ADC nuhipkxeßek{t rßiter
(ADMUX), controls which of the eight possible inputs are being measu-red. Figure 2-.11
shows the bit def,nitions for the ADC conrol and status register.

The ADC requires a dock frequency in the range of50 kHz to 200 ktlz to operate at mrr(
imum resolution. Higher clock fuquencies are allowed but at decreased resolution. The
ADC clock is derived from the s,-stem dock by means ofa prescaler in a manner similar to
the timers. The lemt signficant three bits ofADCSRA control the prescaler division ratio.
These bits must be set so that the s)stem dod<, when divided by the selected division raoo,
provides an ADC clock between 50 kHz and 200 kHz. The selection bits and division ra
tios are shown in Figure 2-42.

Although it could be done by trial and eror, the most direct method for choosing the ADC
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B i 7 Bit 6 Bit 5 Bit 4 Bit 3 Blrz Bit I Bit 0

ADEN ADC Dnalrle bit. Set to cnable the ÄDC-

ADSC ADC Stan Conysion bit Ser to start a @nversion.

ADATE ADC Fre Rumiü. Select bit. Set to eDablc ftcc ron mode.

AD]I AnC Intempt l'l,g bit. ls set by htrdlld at the end of a convcsion c}cle.

ADIE Ä DC lntenpt Masl< bir
Set to a]lN the intmpt to omr at the end of a convcson.

ADP52
ADC Pesc,ler sdtrr biß.ADPSl

ADPSO

Figure 2-4 | ADCSRA 8it Defnitio,s

preselector factor is to divide the system dock by 200 kllz and then choose the next higher
division factor This will ensure an ADC do& that is as fast as possible but under 200 kHz.

The ADC,like the serial USART, is somewhat slower than the processor. If the processor
were to wait for each analog convenion to be complete, it would be wasting valuable time.
As a result, the ADC is usually used in an interupt-driven mode.

Although the discussion thxt follows uses the more common intermpt driven mode, it is
also possible for thc ADC to operate in ftee-running mode, in which it contiouously does
conversions as fast as possible.lÄ.hen reading the ADC output in free running mode, it is

ADPSI ADPSO bii.i;';

0 0 0 2

0 2

0 I 0

0 1 8

1 0 0
I 0 32

L 0
1 12rJ

ADC Preselector Dtiston Roltos

ait

ADEN ADSC ADAIE ADIF ADIE ADP52 ADPSl ADPSO

Figure 242



necessary to disable the intermpts or stop the free running conversions, read the result, and
then re-enable the interrupts and free-mnning mode. These steps are necessary to ensure
that the data read is accurate, in that the pmgßm will not be reading the data during the
time that the processor is updating the ADC result registers.

The ADC is usually initialized as follows:
L Set the tiree lowest bits ofADCSR for the correct division factor.

2. SetAD|E high to enable interrupt mode.

3. SetADEN high to enableADC.

4. SetADSC !o immediar€ly srarra conversion.

For a division factor of8, the following lines of code would initialize the ADC to read the
analog voltage on the ADC2 pin:

ADMUX = 2 ; / * read ana loq  vo l taqe on  aDC2r /
/ "ADc on ,  ia te r rupr  noa le ,  /8 ,  &  s ta rEed* /

The initialization above sets up the ADC, enables it, and starts the 6rst conversion all at
once. This is useful because the fust conversion cycl€ after the ADC is enabled is an exlra
Iong cycle to allow for the setup time of tle ADC. The long cyde, then, occurs during the
balance ofthe program initialization, and the ADC interupr will occur immediately after
the global interrupt enabled bit is set. Notice that the ADMUX r€gister is loaded with the
number of the ADC channel to be read.

Figures 2-43 and 2-44 show the hardware arrd software, respectively, for a limit detector
system based on the analog input voltage to ADC channel 3. Briefly, the system lights the
red LED ifthe input voltage exceeds 3 V, lighs the yellow LED ifthe input voltage is below
2 V, or lights the green LED if the input voltage is within the range of2 V to 3 V

The limit detector program in Figure 2 44 shows a g?icat application for the ADC. The
ADC is initialized and started in nainqby seüngADCSRA to 0xCE. ADC channel3 is
selected by sening ADA4IX to 3. This starts the process so the ADC interupt will occur
at the end ofthe frst conwrsion. Checking the ADC outpur to see which LED to light xnd
lighting the appropriate LED are all handled in rhe ADC interrupt ISR.

Notice that the 10 bit output ftom the ADC is read by reading the data from ADCW
ADCW is a pseudo register provided by CodeVisionAVR that allows retrieving the data
from the two ADC result registers, ADCL and ADCH, at once. Other compilen would
more likely require the programmer to read both ADC registers (in the conect order, even)
and combine them in the 10-bit result as a part ofthe program.

AJso notice that the programmer has used the analog to digital conversion formula in the
ISR. The compiler will do the math and create a constanr that will actually be used in the
program. You will frnd that this technique can be used to ]rcur advantäge in several other
places, sucl as loading the UBRR for the US$T.

The ADC peripheral in the AVR microcontrollers varies somewhat according to the spe-
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aotaTtPAT
RESET ADC6/PA6

ADC5/PA5
aota4tPA4
AOC3PA3
Aoc?lPA2

vcc aocl/PA1
aoco/PA0

SCKPBT
AVCC MISO/PB6

MOS/P85
ssP9l

oco/AtN1Fs3
AREF INTZAINC'PS2

T'PB1
XCKTO/PBO

t3<:2r,o7
tcPl/P08

oclArFOS
r|AL1 OC1 B/PD4

INTl/PD3
INTO/PD2
TXD/PD1

TAL2 RXO/PDO

TOSC2PCT
TOSCl/PC6

T0uPc5
TDO/PC4

AGNO 
'IMgPC3

TCK/PC2
GNO SDNPCI

scuPco

Figure 2-43 ADC Exomple Hardwore

# inc lude  <mega16  .  h>

/ - D e f i n e  o u t p u t  p o - r L  a n d  - I i g h t  t y p e s ' /
*de t f ne  L ! jDS  PuK lc
# d e f i n e  r e d  0 b 1 1 0 1 1 1 1 1

+ d e f i l r e  y e l I o w  0 b 1 0 1 1 1 1 1 1

/ * A D c  r s R ,  r e a d s  A D c ,  s e t s  l i g h t s * /
i  n t e r r u p t  I A D C _ I N T l  v o i  d  a d c  i s r  ( v o i d )

t
r n s i d r e . l  i n f  ä . i .  d ä t ä :  / * v a r i a b l e  f o r  A D C  r e s u l t s * /
a d c _ d a t a  =  A D C W ;  / * r e a d  a l l  1 0  b i t s  i n t o  v a r i a b l e * /
i f  ( a d c - d a t a  >  1 3 * L 0 2 3 )  / 5 )

{
L E D S  =  r e d ; , /  *  t o o  h i g h  ( > 3 V )  * , /

)
e l  s e  i f  ( a d c _ d a t a  <  ( 2 ' 7 0 2 3 J  / 5 )
i

Figure 244 ADC Exomple Softwore (Cont)nu*)
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LEDS = Yel low;  / *Loo aow (<2vl ' /
l

{
LEDS = sreen,  / tnusE be jusr  r ighr  -  l ike cold i lock,s po.r idge*/

aDcsRA = aDcsRA I  0x40;  / tsEart  the nexr  convers ion * /

)

v o i d  n a i n  ( v o i d )
{

D D P C  -  0 x e o ;  / . m o s E  s i q n i f i c a n t  J  b i r s  r o -  o . L p . r '
ADMUX = 0x3;  / 'se lecE to read only channel  3* /
ADCSRA=oxCE; /+ADC ot ,  /64,  in lerrupt  unnasked,  and star ted*/

+ a s n ( " s e i " )  / * s t o b a l  i n E e 4 u p t  e n a b l e  b i r * /

w h i l e  ( 1 )

:  7  d o  - o L h i n q  b u t  w a i t  o n  A D c  i n r e r r u p r  - /

)

Figure 2-,44 ADC Exonple Softwote (Contnued)

cific microcontroller in use. All of the ADCs reSuire sorne noise suppression on the ADC
Vcc connection (see Figure 243 or 2-46). Some a1so have a built-in noise canceller func-
tion, and some have the ability to control Vrefintematly. You will need to check the speci-
fication for your particular microcontroller when using the ADC.

2.9.3 ANALOGCOMPARATORPERIPHERAL

The analog comparator peripheral is a device that compares two analog inputs: AINO, the
positive analog comparator inpu! and AIN1, the negatir.e analog compuator input. If
AINo > AIN1, then the analog eon?arutor oltfd bit (ACO) is ser When the ACO bit
chang€s state, either positi\€ goin& negative-going, or both, it will cause an inteffupt to
occur, provided that the analog comparator intemrpt is unmasked, or else the charge of
state may be set to cause an input capture to occur on timer/counter 1.

The analog con?alator co11trcl and stutus reg;ster (ACSR) shown in Figure 2-45, is used to
control the analog comparator functions.

As a simple example ofanalog comparator funaioning, consider the sl.rstem shown in Fig-
ure 2 46. A battery is used to power the system, so it is important to know when the bat-
tery voltage becomes dangerously low.
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Bit 3 Bit 0Bn6 Bit 4

Andlog Com\ore lnteftupt Mode sele.t Bir Defritons:

Äcrst acts9

8ir

B, t2 B n 1

Com?,ßtor inrmFun ACO rogglc.

Resc(cd do not use.

1
Conpdator intempt on ACO li ing edgc.

(AIN1 b@om6 sread than AlNo.)

1
Conpdator intcmp! on ACO rising edgc.

(AINo bccomes sreate. th.n AINI.)

Figure 2-45 ÄCSR 8,t D€fniliotrs

The slstem shown in Figure 2-46 is continuously monitoring the battery without expend-

ing any processor time whatsoever, because it is all handled by thc analog comparator.

When the battery \.oltage becomes too low, the LDD is lighted.

The two analog conr.crter inputs are connected to voltage dividcrs: one is powered b]' the

regulated +5 V as a refcrence, and the other is powered direcdy by the battery The voltage

divider powered by the +5 V is designed to provide approximately 2.2 V at its center Point
The other voltage divider is designed so that when the battery discharges to approximatcly

6 V, the center point ofthe voltage divider will also measure approximately 2.2 V The ana-

log comparator is set to detect when the voltage from the battcry's voltage dividcr drops

below the 2.2 V providcd b1, the reference divider

As Figure 2 47 shows, using the analog comparator is relatively simple ln this example'

ACSR is loaded with Ox0A to enablc the analog compararor, co enable its jntcnupt and to

ACD ACBG ACO ACt ACIE AC]C ACISl ACISO

ACD An.log Comp@tor Disäble bit Set to disable the dalog conpantor

ACBO Ä'atog Compmtor bandgap rclcd.

ACO Analos Compmbr Outpüt bn.

ACI Ann% Comnmtor lntmpt f ,9.

AC]E Analos Cofrpmtor I'tmpt mask bit.

ACIC An t% Con?dator Input CaptE bit.
Sct to enable iryut apture or compmtor chmge of*tate.

ACISl Analog Coßrrter Compdator Mode Select bits-
(See definitions belos)ACISO
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ADCT/PA7
RESET AOC6/PA6

ADC'PAs
AOC4/PA4
AOC3/PA3
ADC2/PA2

VCC ADC1/PA1
ADCO/PAO

SCKPBT
AVCC M|SO/PS6

MOSI/PB5
ss/PB4

oco/AtN1/PB3
AREF INTZAINC'/PB2

11/PB1
XCK/TO/PBO

70sc2!Pc7
TOSCl/PC6
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AGND TIVIS/PC3
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GNO SDdPCI
SCUP@

MEGA16

Figure 2-46 Anolog Comparotor Exomple Hardwore

# inc lude  <mega16  .  h>
+de f i ne  LED PORTC.  0
uns igned  i n t  b l i nk_coun t  =  0 ;  / * coun te r  f o r  LED b l i nke r * /

/ *  Ana log  Compara to r  i n te r rup t  se rv i ce  rou t i ne * /
i n te r rupc  IANA_COMPI  vo id  ana_comp_ is r {wo id )
t

A C S R  =  0 ;  / * d i s a b l e  t h e  c o m p a r a L o r * /
T C C R o  =  0 x 5 ;  / * s t a r t  t h e  t i m e r * /

1

/ +  T i m e r  0  o v e r f l o w  i n t e r r u p c  s e r v i c e  r o u E i n e * /
i nce r rupc  IT IMo_OVF]  vo id  t ime r0_ov f_ i s - r ( vo id )
{

T C N T o  =  2 5 6  -  6 ;  / * s e t  f o r  a p p r o x .  1 m s  o v e r f l o w  r a t e * /
+ + b l i n k _ c o u n E ;  /  + i n c r e m e n E  b l i n k  c o u n t e r * /
s\4' i  tch { bl ink_count )
{

Figure 247 Anolog Comporctor Example Software (Conünues)
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LED =  0 , '  / * LED oEr /

LED = I; / tIrED off+/

bl ink count  = 0;  / * reseL b l ink counrer* /

break;  / ta io noth lng * /

]

v o i d  n a i n  ( v o i d )

t
P o R T C  =  0 x 0 1 ;  / * s t a r t  v i l h  L E D  o f f * /

DDRC = 0x01;  / *se l  t , iE  1  fo r  ou tpu t * /

/ *enab le  ana log  conp,  enabte  conparaLor  in te r rup t ,  fa l l ine f  edqe* /

T IMSK = 0x01;  / *unnask  T iner  0  over f loe  in te r rupL* /

+ a s n ( ' s e i  )  / * s e t  s l o b a l  i n t e l r u p E  e n a b l e  b i t * /

;  / "do  no th inS inpor tan t ly ,  pu t  opera t iona l  code here* /

]

Figure 247 Analog Conporctot Exonpte Softuorc (Continued)

set it so that the inteffupt ocürs on a falling edge when AIN0 drops below AIN1 (AIN1

becomes greater than AINO). Thc AC ISR starrc Timer0, which is set up to blink the LED

on for 10 ms out of every 2 seconds. This blink is designed to show the baftery condition
while minimizing the additional current draw due to tlre LED. Äfter all, the battery is loq

so we need to protect what is left ofthe battery power. The AC ISR also disables the ana-
log comparator This is important to be sure thät noise or other instability of the battery
voltage rvill not cause effatic blinkhg on the LED.

Chapter 2 Example Proiectr Part D

This is the fourth part ofthe Chapter 2 example using a stock car datn collection system

This portion is concerned with measuring the engine temperature ,nd sending the collecte,l
data to the PC.

MEASURING ENGINETEMPERATURE USINGTHE ANALOG-TO.DIGITAL
coNvERTER (ADC)

Previous investigation showed that the temperature signat is connected to ADC3, the ADC

input on Port A, pin 3. Some firther in estigtion using the specfication for the RTD ther
mocouple and the circuitry conditioning the RID signrl shows that the measurement mnge
is, happily, exacdy the range your boss wants, 100T to 250T- Using tlre 10 bit measurement
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mode on the ADC means that the resultins measured valu€s r-ill be as folows:

100"F =

250'F =

0x000 = 0,0

0x3FF = 1023r

This sets the convcrsion formula to be

Temp = (150'F - ADcreadins)/1o23 + 100'F

Thc ADC may most conveniendy bc run in lree running mode for this usc. In this rvay, the
tcrnperature *'ill be kept up to date as last as possible so that rvhen the data is stored at the
onc second interval, the most recent value will be recorded. In free-running mode, the ADC
interrupt occurs at the end ofcach conversion and can be used to update the curent temper-

P:rt of thc ADC initialization is to select an appropriate clock frequency by choosing thc
prescaler value for the ADC clock The ADC clock must be between 50 kHz ancl200 kHz.
In this case, you have a system clock of8 I\4H2, and so a prescaler of6,1will give an ADC
clock of125 kHz

TheADC initi:lization proccss inr.olves choosing the channel to be measured, enabling the
fiee running mode, and starting the fust cofl€rsion so that an inteffIpt rvill occur at the
end of the conversion, keeping the process running:

ÄDl . lux=ox l ;  / *se lec t  channe l  3  and ÄREF p i .  as  the  re fe ren .€  vo l raqe* /
, ' *  inpur* /

ADCSRA=oxE9;  / -enab le  ADc,  f ree  run ,  s la r red ,  c lock  prescaLer  o f  64* /

The ADC ISR has the job of reading the current conversion v.rlue and converting it to

/ *  Ä D C  i n i e r r u p t  s e l v i c e  r o u t i n e - /
r D c  \  I  v o .  r  c d -  : s i  ( v o i o )

uns iqned in t  ÄDC_DATÄ;
ADC DATÄ = ADCITJ ;  / *ge t  da ta  i ron  ÄDC resuLr  req is te f r /
c u r i e n t  t e n p  =  ( ( l o n q ) 1 5 0  *  ( l o n g ) A D c  D A T A ) /  ( L o n q )  1 0 2 3

( 1 o n s )  1 0  0 ;
]

SENDING COLLECTED DATA TOTHE PC

The co ected data is drcady converted to units of rpm and .ll so this tunction needs only
to send the data to a PC. This involves initializing the USART and using built in firnctions
to Iormat md send the data.

The USART is initialized for 9600 baud, 8 bits, and no parigv as follorvs:
/ +  U Ä R T  i n i  L i a L i z a t i o n  r /
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/ *nobe:  sw i tch  nusE be re leased be fore  da ta  i s * /

uns igned char  x ;  / r tenporary  counter  var iab le* /

I 5 l

UCSRB=oI18;  / *  enab le  t ransmi t ie r  and lece iwer  r /

U B R R = 0 2 3  3 ,  / * s e l e c i ]  9 6 0 0  b a u d * /
UBRRHI=0x0 0 ;

The data sent to the PC is going to be analyzed using a Microsoft Excel spreadsheet. In-
vestigation shows that data can be input direcdy using a comma delimited (CSV) format.
This means that commas separate the data on each line ofthe spreadshcet, and CR sepa-
rates each line.That is, data sent as

data1, datl, data3

data4, datas, data6

will appear in the spreadsheet exactly as shown above occupying a space two cells high by
three cells wide. In this case, 1ou decide that the fust column in the spreadsheet will con-
tain the engine rpm, the second will contain the shaft rpm, and the thnd will contain the
engine tenperature. Each line ofthe spreadsheet will contain one set ofdata, so each line
will contain data taken one second afier the data in the previous line. The following code
1s t\,e uh;h(1) ftom the nain) tunctiot of t\e code:

i f  (  r  p r N A . 0  )

t

/ *p l inE co lum t i t tes  in to  the  spreadsheet  in  the  f i rs t  row* /
p r i n t f  ( " g s  ,  g s  ,  * s  \ n ' ,  E n g i n e  R P M " .  " s h a f t  R p M ' ,

'Tenpera ture"  )  , .
f o r  ( x  =  0 ;  x  <  1 2 0 , .  x + + )
I
/ *  p r inL  one seL o f  a la ta  inEo one l ine  on  the  spreadsheeta /

p r : n - t  { " 9 d ,  g d  s d  \ "  , e -  p a l x l ,  s  - p m  x l .  r ö m p t r l ' :

)

This routine sends the 120 sets of data (and a line of column tides) using the builtln
pintf) tuncnon. A neul;za character (anl is included with each set ofdata to cause the
nexl set to appear in the following line ofthe spreadsheet

2.I  O SERIAL COMMUNIGATION USING THE SPI
^the 

serial ?ei?heftt ;nttf.tra, SPI (pronounced ipy"), is another form of serial communi
cation available in the AVR microcontrollers. It is a synclronous serial communication bus,
meanine that the transmitter and receiver involved in SPI communication must use the
same clock to svnchronize the detection ofthe bits at the receiver. Normall* the SPI bus is
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used for very sho.t distance communication with peripherals or other micrccootrolleß that
are located on the same circuit board or at least within the same piece of hardware. This is
different fiom the USARI, which is used for communication over longer distances, such as
between units or between a microcontroller and PC. The SPI bus was develooed to orovide
relatively high-speed, short distance communicarion using a mjnjmum nu.t.t oirrl;..o-
controller pins.

SPI communication involves a master and a slar,-e. Both the master and a slave send and rc-
ceive data simultaneously, but the master is responsible for prcviding the clock signal for the
data transfer. In this way the master has control ofthe speed ofdata transfer and is, there
fore, in control of the data transf€r

Figure 2-48 shows the connections between the master and th€ slave units for SPI com-
munication. The master supplies the dock and eight birs ofdata, which are shifted out of
lrc master-out-slau-in (MOSI) pin. The same eight birs xre shifted into the slave unit, one
bit per clock pulse, on its MOSI line. As the eight bits are shifted out ofthe master and into
the slave, eight bits are älso sbifted out ofthe slave onits master-in-slate-arz (MISO) line
and into the master on its MISO pin. SPI communication, then, is essentially a circle rn
which eight bits flow from the master to the slave aJld a different set ofeight bits flo\\.s from
the slave to the master. In this way, the master and a slave can enchange data in a single

It is entirely possible to connect many different devices together using a SPI bus, because a1l
ofthe MOSI pins and all ofthe MISO pins could be hooked together. Alry device on the
network can become a master by simply deciding to send data. A device on the network be-
comes a sla\.e when its Jazr selacr (SS) pin is grounded- Usually, the SS pins fiom the slaves

^4dner ShiF ReSiner

MISO

Figure 2-,f8 SPI Conmunkation khet|ie

MSB

CLK

LSB

CLK

SS

MSB
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Figure 2-49 SPCR Bft Deltni'ons

a-re connected to either a parallel port on the master or to a decoder that determines which
device will be the slave.

The SPI eontrol regbter, SPCR, controls the operation ofthe SPI interface. SPCR bit defl-
nitions are shoun in Figure 2-49.In a similar manner to the control registers studied pre
viously, there are bits to enable the SPI interface lnd its associated interfupt, arld bits to
control the communication speed. There is also a bit to set when a device is acting as the
master, MSTR.

In addition, there are bits to control the data order, MSB 6rst or LSB 6nt, and to select the
clock polarity and the dock phase. These bits are used when matching the SPI communi-
cation peripheral to other SPI devices.

Figures 2 50 through 2-53 show the hardware and sofiware for a simple SPI demonstra
tion system. The s'stem reads the switch data &om the dip switch on one system and

SPRI SPRO
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Figure 2-50 ATMega | 6 sPl Demonstrotion System Hordwore

displays the switch data on the other system, and vice versa. All communication takes place
via the SPI bus. The Atmegal28 is the SPI Master, and the ÄIMega16 is the SPI slave.

The Atmega128 reads the data to be sent from the dip switches on PORT F and sends it
to the AIMegal6 slave, where it is displayed on PORT C. At the same time, the data
from the AIMegal6 (from the dip switch on PORT A) is returned to the ATMega128
and displayed on its PORT A. The system continuously updates, making it appear to be
instantaneous.

PORT B (PORT B alternate functions include the SPI pins) on each processor is initial-
ized as shorm below:

Pin Srove PORT B ,lMoster PORT B

MOSI Input Output

MISO Output Input

SCK Input Output

SS Input Output
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Ntso
MOSI
ss
GND

Figure 2-5 I ATMegol2S SPI Demonstrotion Hordwore

The definition of master and slaye is refected in the port initializations. It also allows a
direct connection (MOSI-MOSI, MISO-MISO, SCK-SCK, and SS-SS). The ports are
initialized, and the SPI system is enabled, along with its interupt, in the main)Ioop.

Following the initial.izations, there is a short assembly code routine automatically inserted
by CodeVisionAVR that makes sure that the SPI interrupt is cleared. This is an important
step to be sure that the SPI interrupt service routine does not execute until you intend it to.
Fina11y, Ox00 is written to SPDR to start the SPI communication process.

Once started, the entire function is handled in the SPI ISR functions. The master's ISR
reads the data received and writes it to the output port (the LEDs). Then it reads the input
port (the dip switch) and starts a new communication cycle by writing the data from the

PFI(AOCTNDD (C3IMT4PE7
PF3(AOC6'4OO) O3/NTEPE€
PFqaDcsrMs) (ocao$noPEs
PF4(a0c.{/rcK (oc3BnNr4)PE4
PF3(Aoca) (ocaararNl)PE3
PF2(ar4 ^ I ßcKo'arNorPE)
PFi(aocr) z 0 [xDlPDo)PEl
PF0{a0c0) (Fuo/Po )PEo
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/ * S P I  s L a w e  c o d e t /
* i n c l u d e  < n e g a 1 6 . h >

#def ine  SPI  ou tpu t_data  PORTC
*def ine  SPI  input  da ta  P INA

/*  sPI  in te r .up ts  serv lce  rou t iner /
in te f iup t  ISPI ,STC]  vo id  sp i_ is r  (wo id)

{
SPI  ouLput  da ta  =  -SPDR;  / * read ou t  new data  rece ived* /
SPDR = SPI input_data; /r1oad ns data for NEXT comunicarion cycle+/

l

vo id  na in (wo id)

{
DDRB = 0x40; /*sclk,  MOSr, SS = inpur,  MISO = ourput*/
DDRC = oxFF;  / *a1 t  ou tpu t r /
PORTA = oxFF;  / tpu11 ups  fo r  d ip  sw iEch* /
SPCR=oXC1;  / *enab le  SPI ,  and i t s  inEerupr ,  s lave  node* /

I  D . o v i d p d  b y  c o d e v i s i o n A V R  f o  r t e ä r  r h e  S p I  i n c e r ! ! p -  |  t ä 9 .

i n  1 3 0 ,  s p s r
r r u ,  s p q r

+asn( 'se i "  )  / /  c loba l  enat ' te  in te r ruprs

w h i l e  ( 1 )

{

I
]

Figure 2-52 SPI Slave Soft1,,ote Exonde

* inc lude <neqa128 -h>
#define SPI output_data PORTA
#def ine  SPI  input  da ta  P INF

/*  sp l  io te r rupE serw ice  rou t ine* /
in te r rup t  ISPI  STc l  vo id  sp i , i s r (vo id )
{
P O R T B -  0  =  1 ;  / * s s  h i S h * /
SPI  ou tpu t_data  =  -SPDR, .  / * read daEa f ron  las t  exchanse* /
P O R T B . 0  =  0 ;  / " l o w e r  S S * /
SPDR = SPI  input  da ta ;  / ' send ne ,  da ta  ou t * /
J

Figure 2J3 SPI Mostet Softwarc E anpte (ConnnueE
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/ /  Dec la le  your  q loba l  var iab les  here

vo id  main  (vo id )

I
PoRTA=oXFF;  / ; s ta r t  w i th  LED s  o f f * /
DDRA=oXFF;  / ,a l l  ou tpu t ,  /
P O R T B  =  0 x 0 1 ,  / * s r a r r  w i c h  S S  h i q h * /
DDRB=Oao1r  / *ss ,  sck ,  and MOSI  as  ou tpu t r /
PoRTF=oXFF;  / *pu11 ups  fo r  d ip  ss i tch* /

S P C R = o X D 1 ;  / * l ? 5  K H z  c 1 o c k ,  e n a b l e  s P I ,  s P I  i n l e r r u p i * /
S P S R = 0 x 0 0 ;

. l - -  L \ -  s P  i n L F r r u p l  f l d g

i n  1 3 0 ,  s p s r
i n  1 3 0 ,  s p d r

+ a s n ( ' s e i ' )

SPDR = 0x00;  / *wr i te  once Lo  s ta r t  [p rocess i /

w h i r e  ( 1 )

t
;  / *P lace  oEher  code here t /

] ;

Figure 2-53 SP, /vloster Sofwore Exomp,e

input port to SPDR. The slave lSR then merely accepts the new data and provides its olun
switch data for the nert communication cycle. And the cyde repeats forever.

An important concept to note is that the data going from the slave to the master is actually
one cycle bebind the data going to the dar.e. This occurs because the slave loads new data

4frr it receives data from the master.

The SPI bus is often used to form a high speed network within a device. The connections
rnay be parallel (a11 the MISO pins tied together and all ofthe MOSI pias tied together) or
in a large serial loop, where all of the data bits travel through all the devices in turn in a man
ner that amounts to a large circle of shift registers. The parallel method requLes a method
of selecting the slave dwice so that only two devices share the data flow, while in the sedal
loop scheme all of the data flows through all of the devices. In either method, multiple
CPUs and slave devices can exist on a SPI based network to shäre data.
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2 . I  I  S E R I A I  C O M M U N I C A T I O N  U S I N G  I 2 C

Interlntegrated C;rtub (I'?C) communication is a rystem developed by Philips Semicon
ductor to provide communications between IC devices in enrertainment devices. It has
grown to become a method to communicate with a multitude ofperipheral devices.

I2C q,nchronous communication differs from SPI in two major ways: it is a "protocol-ed" lan,
guäge (it requires a certain protocol), and it uses only t!'o wires for communication. These are
q?ic,Iy named S_)'ll.rru nout Ckcr (SCL\ nd Sycl)nno*' Data (SDA).Using only tlvo wres
does rlot allow data to flow simultaneously from master to slave and from slave to master as in
SPI. I2C is sequential in that data flows 6ßt ftom the master to the slave and then (after the
master-to-slave communication is complete) ftom the slal'€ ro the master ifneeded. Data
only flows back to the master when the slave is responding with data to ä master's request.

Refer to Figure 2-48 and Figure 2-54 to compare the SPI and I2C schemes. Figure 2-54 sho*s
the clock flowing one way (master to slawe) and the data fowing both ways on a single wire.

Figure 2-54 I2C Dsto How

Using a protocol-based communication scheme is an er{cell€nt place to use built-in libranes.
Developing the code to implement the protocol is often very time-consuming and a waste
of time ifthe libraies exist.

Figure 2-55 shows the hardware for an I2C example s1,stem. The s'stem is composed of an
ATMega128 processor and a PCF3563 real time dock (RTC) device. The two components
communicate using I'C.

The software looks to be very simple at frst glance. However, the protocol is buried in the
i2c.h and p(85 63.b \btal]es. These libraries are used lry pmng $e #include Ene in the code
to indude the libraries. As a new programmer, you should open the 2e, header 6le and
look at the function calls listed there. This will tell you how to call and use the librarv func-
tions. Likewise, inspecting the pc{8563-h file will'allow you to see *har calls are pio"ided
and what data must be passed to and what data may be expected to be rerurned hom the
library tunctions.

The software in Figure 2-56 shous the methods used to poll the seconds register in the
RTC. The seconds are then displayed on LEDs attached to PORT B. Maiz) ini,nalizes
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(dNrnPa
o34N'rqPE6

(ocacn|.rl9PE5
(ceM4PE4
(@34/ArN1)PE3

^ _d (rc(o,aM)PE2
z 6 (Po/PmjpEl

lRxDPoI)PE0

Figure 2-55 lzc ReolTime Clock Exomple

# i n n l  r r r i p  < n e o a 1  2 8 . h >

/ *  I 2 C  B u s  f u n c t i o n s * /
Fasm

.  equ  __ i2c -po r t=0x12  ;  PORTD

. equ --sda-bi t  = 1

.  equ  - sc l - b i t =0
#endasm
+ i n c l u d e  < i 2 c .  h >

/ *  P C F 8 5 6 3  R e a l  T i m e  C l o c k  f u n c t i o n s * /

# i n c l u d e  < p c f B 5 6 3 . h >

vo id  na in  ( vo id )

t
/  * va r i ab les  t o  ho ld  t ime* /
u n s i g n e d  c h a r  h o u r ,  m i n u L e ,  s e c o n d ;
D D R B = o x F F ;  / * a l 1  o u t p u t * /

/ *  r 2c  Bus  i n i t i a l i za t i on  us i - ng  l i b ra r y * /

i  2  c_ in i  t  (  )  ;

Figure 2-56 I2C RealTime Clock Softwore Exomple (Continues)
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/ *  PcF8563 Rea l  T ime c lock  in iE ia l i za t ion  us ins  l ib ra ry  ca l l * /
l r c  in iL  {  1 ,  RTC_CLkOUT OFF,  RTC_TI I ' iER OFF) ;

F h i l e  ( 1 )

{
/ * !ead the currenE t ine us ids l ibrary funcr ions*/
. tc  get  r ine {&hour,  &üinure.  &second) ;
PORTB = -seconal ;  / 'd isp lay secondsa/
) ;

]

Figure 2-56 l'zC ReolTine Clo.k sottworc ExaIlple (Continued)

the ports, the I'zC bus (vi^ alilrtuty czJl to ;2t ;niil/), and the RIC via a c ) to rtc_ini11.
The RTC tirne is then read via a call to rtcaet timeQ. Only the seconds are actually used,
but the function from the library returns hours, minutes, and seconds, and so all must be
stor€d el€n if they arc not used.

2.I2 T}IE AVR RISC ASSEMBLY LANGUAGE
INSTRUCTION SET

The C programming language is defned as a high-level language. A highJevel language rs
one that is easy for humans to read and allows complex operations to be performed in a sin-
gle line of code. Microcontrollen, on the other hand, can actually only execute what is called
machine code. Machiae code consists solely ofnumben ald is a.v'ery low level language.

Assembly language is very close to rnachine code in that it translates very direcdy into ma-
chine code. Assembly language is also considered to be a lowlevel language because ir is
r"ery dose to machine language.

C language compilers won<by con?;ling iE Ct^nguage sratements into the assembly code,
which is then a:senbled into machine code. The compilers accomplish this through the use
of libraries containing assembly language functions that implement the C language state
ments. The C lmguage compiler looks at the C language statements and selects those li
brary functions that implement the statements, compiling them into arr assembly languagc
program. Finally, the C language compiler uses an assembler ro convert the assembly lan-
glage to machine code.

There are actually two additional steps buried in the compiling and assembLing process:
linking and locating. Zizlizg is the process ofintegating libmry functions and other code
into the program being comfned. Loeating ß drc process ofassigning actual code memory
addresses to each ofthe executable instructiors.

CodeVisionÄVR adds a funher step in that it converts the executable machine code to än
Intel formatted HEX file for do*rJoading into an AVR microcontroller using a clup
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Figure 2 57 shows this process using one line of code from the ADC Example Software
(refer to Figure 2-44). The diagram in Figure 2-57 should make the process relatively dear,
with two exceptions. The f,rst is that, as you will recall, the program memory spaces are 16

bits wide and the memory addresses shovm under step 3 are the word addresses for each in-
struction word. (Notice that each instruction shown is contained in a single word, which is
appropriate in a RISC processor.) The program words, however, are split into b)'tes in the
Intel HEX code line and, as a result, the addresses shown are two times the address shown

STBP 1 r'lrit6 th€ c codle:

i f  ( a d c  d a t a  > ( 3 * 1 0 2 3 ) / 5 )  L E D S  =  r e d ;  / / r o o  h i q h  { > 3 v )

STEP 2  conp i le :
The compaler  uses  iEs  L ib .a r ies  to  conp i le  Lhe C coa le  in to  fo l low inq

assembLy code (coments  were  ada led  Lo  the  assenb ly  code by  the  au

L h o r  f o !  c l a r i t y )  :

LDI  R30,Lo ! ' r (614)  ;pu t  the  1ow by te  o f  the  cons tan t  in to  R30

L D I  R 3 1 , H I G H ( 6 1 4 )  ; p u t  t h e  h i q h  b y i e  o f  t s h e  c o n s i a n t  i n l o  R 3 1

CP R30,R15 ;conpare  the  1ow by te  w i tb  adc  da ta  low bv te

;  (nus t  be  s to red  in  R16)

cPc R31,R17 ;nos  conpare  Lhe h iqh  by tes  {w i th  car rv )

BRSH 0x2 ,b ranch i f  un l rue  tso  the  'e1se '  s ra lement

LDI  R3O,LO! r (3 )  , i f  h rue ,  toad the  va lue  Lo  l ighr  the  red  LED

;  i n l o  R l o

OüT 0x15,R30 ;and ourput  the  va lue  !o  the  por t  d  I /o

; reg is te r

STEP 3  As6en ib le :
The assembLer  p roduces  the  nach ine  code shom in  the  center  co lum

The te f t  hand co lunn is  the  code nenory  address  tha t  w i l l  ho ld  the

insr luc t ion  nord  f ron  the  cencer  co lum ana l  Lhe asserb ly  lanquage

ins t lucE ions  are  shown fo !  c la r i t sy .

0 0 0 0 5 2  e 6 e 6  L D I  R 3 0 , L o I t ( 6 1 , ,
0 0 0 0 5 3  e 0 f 2  t D I  R 3 1 , H I G H ( 6 1 4 )
0 0 0 0 5 4  1 7 e 0  C P  R 3 0 . R 1 6
0 0 0 0 5 5  0 7 f l  c P c  R 3 1 , R 1 ?
0 0 0 0 5 6  f 4 1 8  B R S H  0 x 2
0 0 0 0 5 7  e 0 e 3  L D I  R 3 0 , L o r . r ( 3 )
0 0 0 0 5 8  b b e 5  o u T  0 x 1 5 , R 3 0

STEP 4 co4ve!! to rEtel EEx for alonloaatiag!
Th is  L ine  rn te l  HEx code conta ins  Lhe mach ine  coate  (see under l ined

I 100 0A2 0 0 1 5B1E!E5!ZEqqqLfnLQla84!4!E0E5!!8c

Figur€ 2-57 Conpilif,g P.ocess
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t
Data Bres
Tlpe Code
Addr*s ofFisr Dala Blre
Nunbs ofDala Bytes in üe Line
htd HEX Line Stur Char.cter

N,k: StM add..t b tbe ri,,Iar./b;rj

Figure 2-58 lntel HEX Code Fomst

under step 3 (2. Ox52 = OxAa). Figure 2-58 shows the format ofa line oflntel HEX code
to assist you in reading the line.

The second apparnt difference betwecn the code in steps 2 and 3 is thar th€ order ofthe
bytes appears to be different. This occurs because under step 3, the words are shown with
the most signiEcant blte to the left, as is apprcpriate when witing numbers, but in the Intel
HEX 6le, the nost signifcant byre is to t}re right, because it resides in the higher memory
location.

The Intel HEX format (refer to Figure 2 58) requires that each line begin with a ":'' to de-
note the beginning of a line ofhex code. Thb is followed by a byte that indicates the num-
ber ofdata bltes contained in a line. (Remember that the numben are in hexadecimat. so a
"1O" means there are actually 16 dara blres on the line.) The nc.t two bl,tes are the address
ofthe lirst data byte in the line---ubsequent data bytes are placed in subsequent addresses.
The tl?e code indicates the nature ofthe data in most older, smäller procesiors. tn the casc
ofAVRs, the gpe code is actually used as a 64-Kbyte page indicadän, 0 for page 0. 1 for
page 1 , and so on, as is nece*sary when the code is destined for devices with large memory
:prces wirh greater than Io-bitaddressing requiremenrs.

Finally, the.appropriate number of data bltes is induded, followed by a checksum used for
error cnecKng.

At this point, it may appear that assembly code is relatively hard to use, especially when com
pared to a high level language such as C, and is convoluted and obtuse. you are probably
wondering why anyone would be concemed with the assembly code. Assembly code is usefijl
when a programmer needs to do operations directly on the registers ofthe rrucroprocessor or
when the programmer needs to very critically conrol the speed ofexecution. Examples ofthe
former would be writing adrrnced programs such as reat üne a?ent;ng:lstens (RTOS) ot
other programs that must manipulate the microcontroller memory dleidy in order to oper-
ate. Likewise, it is usefirl as a debupging tool. Ermn in C programs often become apparent
when the resultiog assembly code is studied to determin€ what the processor is actually beurg
told to do-



The second reason to use assembly code is to very tighdy control the time of e{ecution. C
language compilers use a library offunctions to implement the C lxnguage. Depending on
the thoroughness of the compiler, there may be only a few Arnctions that attemPt to cover
every instance, or there may be many Äfrctions that cover every pafticular instance of a pro-
gramming command very ef6ciendy- Ifthere are only a few lirnctions that cover all situa-
tions, the chances are very good that these functions use much nore execution time than is
necessary in order to cover all the scenario possibfities. In the case ofthe better C compLl
ers, such as CodeVisionAVR, they have large libraries offunctions to cover most situations
very efficiendy. In these cases, the need for assembly code programming is reduced.

Should the need for assembly language programming arise, one relatrvely good way to han-
dle it is to fißt \{rite the function in C and then, using the assembly code files generated by
the compiler, look at the assembly code the compiler proposes to use for your function. You
can then anallze the assembly code by looking up each instruction in the function (refer to
the inshrctions in Appendir G) and determine which ifany instructions are rcally not nec-
essary Experience has shown that even well-optimized code can usually be speeded up
somewhat by careful analysis of the assembly code.

2.1 3 CHAPTER SUI.IMARY

This chapter has provided you with the basic hardware background necessary to choose and
apply a member of the A\rR RISC microcontroller family produced by Atmel.

Speci6ca11y, the architecture ofthe microcontrollers, including their memory system design
and internal worhngs, has been presented. Each ofthe usual peripheral devices has been de
scribed, its use discussed, and an example presented showing how to use the peripheral.
Should you encounter other peripherals not specfically mvered in this chapter, their use
should be reaüly understood because they all work very similaiy.

As a student, you should now be ready to meet eacn of the o\ectives of this chapter

Chapter 2 Example Proiect: Part E

This is the summary ofthe Chapter 2 example presented in pieces throughout the chapter.
The complete program is as follows:
+inc tude <meqra163 -h>
+ i n c  t u d e  < s t d i o . h >

fb?  -4 !ne l  R ISC Ptaa"a t  t

d -  ä  s - r  c n r . ;  / ' r o u n f e !  t o  t _ p c l  . u - n  F  o  d ä  ä  s . - . '

/ ' recordea l ' /
e  l p n t 1 2 0 l ,  s _ r p n l 1 2 0 l ;  / t a r r a y s  t o  h o l d  1 2 0  s e t s  o f * /

/ * daLa* /

r63

currenr_e_.pn,  cufenr  s  rpn; / ' va ! iab les  to  ho ld*  /
/  r c u r r e n t  v a L u e s * /
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/ *  Ex le lna l  In te r rup t  0  serv ice  rou t ine* /
an ter rup t  IExT INToI  wo id  ex t  in to_ is r (wo id)
{

uns isned ioE cur ren t_captsure  t ine ,  per iod ;  / *cu tenr  t ine  and* /
/ * p e r i ö d * /

cur ren t  cap tDre_ts ine  =  TCNTI ;  / rqer  T iner l  t ine* /
/ ' c h e c k  f o r . o 1 1  o v e r * /
i f  (cur len t  cap ture_ t ine  >  prewious  shaf t  cap ture_r ime)

per iod  =  cur ren t  cap ture_ t ine
prev ious  shaf t -cap ture  t ine ;

per iod  =  oXFFFF cur ren t  cap ture  ts ime +
prewious  shaf t_capEure  t lne ;

cu l ren t  s  rpn  :  (uns igned lonq)6086 /  (uns isned lonq)per iod ;
prev ious  shaf t  cap ture  h ine  =  cur renc  caprure_r ine ,  / *save fo r * ,

/ ' n - x !  c a 1  u l a  o  L /

)

/ *  External  In te l rupt  l  serv ice rout inei /
in terrupt  IEXI ' - INT1]  woid exE inr l  isr {voia l )
I

data set_cnt .  -  0 ;  / -c tear  counter  to sEart  count ing*/

u4slgned inr previous shaft capture rime;

I

/ *  T iner  0  over f low in te r rup t  serv ice  rour ine ; /
rn te r rüp t  IT IMo OvF]  vo id  t inero  ov f  i s r (vo id )

TCNTo =  6 ;  / * re load t iner  0  fo r  nex t  pe ! iod* /
i f  ( t ime cn t r++:=  500)  / *check  fo !  one second,  inc renent  counrer , /
{

i f  (da ta  ser_cnt r  <  120)  / * record  dara  i f  less  Ehan 120 sers+ /

e  rpn lda tä-seE cnL i l  =  cur ren l  e  rpn '  / . reco la l * /
/ 'enq ine  rpn* /

s  rpmldata_seE-cn t . l  =  cur renE s  rpn ;  / ' i ecord* /
/  *shafE rpn* /

templda ta  se t_cn ts r++ l  =  cur renr_Eemp;  / * recard , /

/ *saved E ime f ron  prev ious* /

/ iq1oba1 war iab le  fo r  nunber  o f  T ine !  09* /

/  'eng lne  renp i /

/ ' rese t  counter  fo r  nexL one second in te rva l * /



unsigned inr  prev ious_capture_t ine;
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/+saved t ine  f ron  prev ious i /
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^  - - " v '  ' _  ^ ' r i i ^ L  s e r v i c e  t o u L i . e r l
I n r  e - - ü p -  t r r f l r  i  A F r l  v o l o  r l n e r r _ c ä p r _ r s r r w o r o ,

t
t ' . n - - 6 r r t ' ä , i /

/ *pe t iod*  /

cu fen t  caprure  r ine  =  (256t  l cR1H)  +  ICR1L;  / *geL captured  r ime i /

/ * c h e c k  f o r  r o l t  o w e r r  /
j t  \ - u ! ! e n l  c d p l u  e - L i m c  ' p r e v i o u s . ä p t u r F  r i m e l  p e l i o d  -

cur ren t -cap lu re_ t ine  -  p rewious  capture  t ime;

period = oXFFFF - cufent capture tine + previous_capture_Line;

cur ren t_e_rpn :  (üns iqned lo tg ) ) .20E6 /
L n s i s n e d  l o n g ) p F r i o d ;  p r e v i o u s _ c a o t u ' e _ L  i m a  -

cu i ien t  cap ture  L ime;  / t sawe fo r  nex t  ca lcu la t ion* /

)

s F r v i . e  r o u f  i n e '  /
in te r rup t  [aDc INT]  vo ia l  adc  is r (wo id ]

{
unsigned inr  ADc DATA;

aDC_DATA = aDcw; /*qet  a lata f ron ADC resul ts  reqis ter* /
p  -  r ( I o n g ) I 5 0  '  ( . l o n q ) a D C _ D A T A ) /  ( - o n s )  1 0 2 3

( 1 o n s )  1 0 0 ;
J

vo id  na in  (vo id )

{

PORTB=0x00;
DDRB=0x00;
P O R T C - 0 x 0  0 ;
D D R C = 0 x 0 0 ;

DDRD=0x0 0;

/ *  T i m e ! / C o u n E e r
T C C R o = 0 x 0 3 ;
T C N T 0 = 0 x 0 0 ;

/  *  T imer/Counier
T C C R l A - 0 x 0 0 ;

Po! rs  in i r ia l i zaE ionr /
/ *enab le  pu l1  up  on  b i t  0  fo r  up load swi tch* /

/ tenab le  pu t l  ups  on  Por t  D ,  B iEs  2 ,3 ,  &  6* /

0 in i ! ia l izat ionl  /
/  * c l o c k  s e t  L o  c l k / 6 4 , /
/  * s t a r L  t i n e r o  a t  0 * /

l  in i t ia l izat lon* /
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T C C R l B = 0 x 0 2 ;
T C N T l H = 0 x 0 0 ;
T C N T l L = 0 x 0 0 ;

/ *  Ex terna l  h te l rup t  (s )  in i t ia t i za t ion t /
- I \ r s v  a a r o ;  / '  b o ' h  e x L p r . o l  i n r e r r . p t  s  e r d b t e c t - ,
MCUCR=0:04;  / *  se t  bo th  fo r  fa l l ing  edge r r iqqered* /
e lFR=oaco;  / t  c lear  the  in le . lupL f tags  in  case rhey  a .e* /

/ ' e . t a n h 1 y  s e t t /

/ ' p L e s . . 1 e .  8 ,  c a p t u r e  o n  t ä  9  e d q e .

/ *  T i n e r ( s ) / c o u n t e r ( s )  I n E e l r u p t ( s )  i n i r i a l i z a r i o n * /
TIMSI(=0x21;  / *  t inero ove! f1ok,  IcP iarerrupts enabLed*/

/ '  o a R T  i n i  E i a l i z a L i o n j  /

UCSRB=0x18; / i  ena t , le  t ransn iE ter  and rece iwe l r /
/  i s e l e c t  9 6 0 0  b a u d r /

/ *  Ana loq  Compara tor  a l i sab led* /

s F I o R = 0 x 0 0 ;

/ *  ADc in i t ia l i zaE ion*  /
ADMUx=ox3;  / *se lec t  channe l  3  and AREF p in  as  rhe  re fe renceN/

/ *wo l taqre  inputa /
ÄDCSR=0xE9;  / *enab le  aDC,  f ree  run ,  s ra ! !ed ,  c lock  presca le !  o f  64* /

/ *  cLoba l  enabte  inLer rup ts t /

{
i f  ( l P I N A , 0 )  / * n o E e :  s s i t c h  n u s t  b e  r e t e a s e d  b e f o r e  d a r a * /

/ *  i s  a l l  s e n t *  /
{

uns isned cha.  x ;  / t tenporary  counter  var iabLet /

/ ! p r  r n r  . o  u n n  r i l  t c s  i n  r h e  r i . s t  s p r F - d s  e e c  l o r -
p r i n t f  ( " g s  ,  g s  ,  g s  \ n " ,  E n q i n e  R p t r " ,
'Shaf t  RPl4" ,  "Tenpera ture"  )  ;
f o r  ( x  =  0 ;  x  <  1 2 0 ,  x + + )
{

/ *  pr in !  one set  of  datsa inLo one l ine on r :he*/
/  *spreadsheeE' /
p . i n t f  ( ' g d ,  g d ,  E d  \ n " , e _ r p n t x l ,  s  r p m t x l  ,

Eenp tx l  )  ,
J

l



The Atne l  RISC Pra .ssar ! t67

In summary, this program is but one way to accomplish the task; there are maoy others that
would work equally well. And there are some enhancements that would improve slstem oP-
eration. Some ofthe more likely rariations and enhancements äre Iisted here:

. Store the rpm and t€mperature data äs raw data, not convefted to rPm or temPera-
ture.In this way, time would be säved during each pammeter measuremenl Each Piece
of raw data would need to be converted in the routine that sends th€ datä to the PC
as the dara is sent,

' The rpm meäsurements could have been acquired by actually counting the pulses for
I second and multiplying by 60 to 8et rpm. In this cäs€. th€ | -second routine would
record the count and clear it for the next l-second counr

. Ther€ is no protection to prevent bümping the start switch after data is r€cord€d and
before it is tmnsferred to the rc. Data could be lost in this way. One choice miSht be
to disallow further recording untildata is sent to the PC.The problem with this is that
if th€ driver stans the r€cording process inadvertently, he has no wäy to recover and
transfer the right data. Anoüer choice miSht be to provide a "data lock ' to88l€
switch.With this switch set one way, data could still be recorded whenev€r th€ start
switch is pressed. Setting $is switch to th€ other position aft€r the good data h
recorded would prev€nt further recording until the data had been säved to th€ PC.

There are many more variations and enhancements possible- Häving completed this chap-
ter. vou should be able to add several voursell

2. t4  EXERCISES
| . Explain the differences between a microcontroller and a microcomputer (S€ction 2.3)

*2. Des€ribe the following memory types and delineate th€ir uses (Section 2.4):

A. FLASH Code memo.v

B. Data memory

C. EEPROM memor),

3. Explain why a section of data memory is called l/O (Section 2.4).

4. Explain the funcdon and purpose ofthe processor stdck (Section 2.4).

5. Explain how an interrupt finds 'ts way to the interrupt service routine to ex€cute it
when the interrupt occurs (Section 2.5).

*6. Write a frqment of C language code to initialize External InterruPt I to a€tivate on a
falling €dge applied to the external interrupt pin (Section 2.5).

7. What is a watchdog timer and why is it used (Section 2.5)?

*8. Write a fragment of C lantuate cod€ to initialize the Port C pins so that the upper
nibble can be used for input änd the lower nibble can be used for outPut (Section 2 6).
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9. Write a fragment ofC code to initialize PonA and set the least significant bit of
Pon B to be input, and the balance of Pon B to be output (Sedion 2.6).

| 0. Name änd describ€ at least two distinctly different functions that can be performed by
ä tim€r/counter {Section 2.7).

+ | | . Sketch the waveform appearing at the output of the USART when it tränsmits an "H "
at 9600 baud (Section 2.8).The sketch should show voltage levels and the bit dura"
tions, in additior to the waveform-

| 2. Sketch the waveform appearing at the output of the USART when it transmits an "F '

at 1200 baud (Section 2.8).The sketch should show voltage levels and the bit dura-
tions. in add:tion to the waveform.

* 13. Compute the missing \.alues to complete the following table relating to analogto
digital conversion (S€ction 2.9):

Dighol Out

4.2V 10\. 8

1.6V 5V 10
5V L23 10

t0v 223 I

14.

t5 .

Describe the differences betw€en the USART and the SPI serial communication
fsections 2.8 and 2.l0l.

Detail the steps in th€ compiling process (Section 2. I l).

""'" preceding an cxeicise number indicates that the question is answered or partiälly
answered in the appendix.

2.I  5 LABORATORY ACTIVITIES

I - Create a proSram that will turn on an LED wh€n a falling edSe occurs on external
interrupt 0 and willturn it off when a rising €dge occurs on external interrupt L

2. Create a program that will demonstmte how a watchdog timer resets the processor if
the proSram hangs in an infinite loop.

3. Create a program that will r€ad the datä on all€ight bits of PonA, swap the nibbles of
that data, and output the result to Port B.

4. Cr€ate a simulat€d engine speed monitor that will li8ht a yellow LED if the motor
'tpeed" (aTTll€vel squar€ wave) drops below 2000 Haa red LED if the speed
exceeds 4000 Hz, and a Sreen LED when the speed is between these two limits.
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5.

7.

Create a program to vary the spe€d of a small motor (or the brightn€ss of an LED) in
sixteen steps from füll ofi to tull on using PWM control. Control the speed or briSht-
ness throuSh loSic levels applied to tie lower nibble of PonA

Create a proSräm to output the ASCII character'G" every 50 milliseconds through
the USART at 9600 baud. Obs€rve both dteTTL-level siSnal on the microcontrollert
TXD line and th€ RS-232 signal at the output of fie media driver using än oscillo-
scope. On each \ /aveform. identify the start bit, the stop bit, and the data bits of the
transm!ft€d siSnal, as w€ll as the voltage lev€ls of the waveform.

lYodit the proSräm in AclMty 6 so that the'G" is also transmitt€d from th€ SPI bus.
Use the oscilloscope to display both the transmitted SPlsignaland the SPI clockand
identit th€ däta bits.

Use the analog-to-diSital converter to create a simple vohneter that m€asur€s voltag€
in the range of0 to 5V to an accuraq/ of0.lV Display the r€sults eith€r on the termi-
nal using serial communi@tion oron a port where the upper nibble would be the
volts digit and the lower nibble would be the tenths of volts di8it.



Standard l/O and
Preprocessor Functions

3. t  oBIECT|VES
At the conclusion ofthis chapter, you should be able to:

3 .2  INTRODUCTION

The standard C language input/ouput (yO) frrnctions are a method of sending
information to and gining information from your program as it e"vecutes. These
functions are built from simple character input and output functions that are easily
tailored to meet system hardware requircments. Some ofthe higher{evel tunctions
associated with the standard C language VO indude the ability to format numeric
and text output, as well as process and store numeric or tert data input.

The standard C language I/O functions oudined here were adapted to work on em-
bedded microcontrollers with limited resources. The protogpes for these functions

. Use standard I/O functions to yield data from your programs for informational
as well as debugging purposes

. Redefine the ba5ic l/O operations so that the srändard I/O functions can work
with peripherals otier tian a USART

. Use the standard input functions to r€ad user data into your progräms

. Understand the üse of standard output formatting to simpliry program codinS
and get professional-looking results

. Use the #define stat€ment to d€clare constants as welt as redefine functions

. Use the #include statem€nt to bring information into your program from

. Use rhe #pragmä statement to optimiz€ or customize your program during
the comDilation Drocess

t 7 l
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can be found in the stdio.h file. This file must be brought into the C source code using the
#indude preprocessor comnand before the functions can be used.

Preprocessor commands are used to add readability and apand rhe ftnctionality of your
progran. These commands include #def,ne, #includs and #pragma, as well as other condi-
tional commands such as #ifde{, #else, and #endif These commands are used to quide the
compiler and provide information about the progam bdore jr is actualy compiled.
Preprocessor commands are also used to make a program more portable (capable ofbeing
moved to another hardware pladorm). The preprocessor allows a programmer to provide
more detail in the definition and construction ofa program.

3.3 CHARACTER INPUTTOUTPt T FUNCTIONS - gefcrraro
A}||D putchar()

At the lowest level, the input/output functions are getcl)ar) ?.r,d ? tcha()'f\ese fuoctions
provide a method ofgetting a single charaaer into a program or sending a single character
out. These functioß ,re gen€rally associated with the mtuersal sychronous and aslnchranaß
me;ret-tran:mitter (UMRO or serial communication pon of the microcontroller The
higher-level standard C language VO functions use tlese iprimitives" as a baseline for therr
oPeration. This al1ows a programmer to easily change the data input and oueut source re
quirements for an entire program by sirnply attering these two functions. The standard form
of these functions is as follows:

char  qeEchat  (vo id )  ;

Tlpically in an embedded system, prior to using these 'stocld functions, you must do the
lollowing:

. Initialize the USART baud rate.

. Enable the USART transm'tter.

. Enable the USART receiven

For example, in the code below, the program initializes the USART and then sits in a while
Ioop. While in this loop , t\e progr€rrL calls gatha4'l to wait for a character to be received.
Once a character is received, it is echoed back by ca]Jingthe ?atchar) tuncrion

* inc lude <nesa8515.  h>

/ *  inc lude processor  spec i f ie  in fo rna t ion  * /

# i n c l u d e  < s t d i o . h >

/ /  re turns a characrer  received
/ /  by the usÄRT, us inq pol l ing.

/ /  t r d n s m i r s  l \ e . h d  d c . e t  u  r - g

/ /  tshe USART, us ing po1l inq.
vo id  pu tchar  (char  c ) ;

+ d e f i n e  x r a t  4 0 0 0 0 0 0 L
+def ine baud 9600

/ *  inc lude Et le  s tandard  c  1 /O func t ion  de f ln i t ions  * /

/ i  q u d , l z  . ' v s r e l  f ! 6 q . a r - ,  I U l

/ *  Baua l  r aEe  r /



vo id  na in (vo id )

{

/ *  in i t la t i ze  the  USÄRT's  baud rä te  * /

UBRRE=0;

/ *  h i t ia l i ze  the  USART cont ro l  reg is te r

RX & TX enat ' led ,  no  in te tup ts ,

I  d a t a  b i t s  * /

UCSRB=0x18;

/ *  rn i t ia l i ze  f rane fo rnaL,  I  da ta  l t r i r s ,

I  s F o p  b i t ,  ä s y n . h r o n o u s  o p p r ä . i o n  ä n d

no par i ty  * /

U C S R C = 0 x 8 6 ;

w h i l e  ( 1 )

k=setcha!O;  / *  .ece ive  rhe  characEer  i /

Pu lchar (k )  ;  / *  and echo iE  back  r /

J

All the standard input/ottpt fulrct]ors ve getcharq aÄ putehar). If pt tntend to use pe-
ripherals other than the USART for standard input/outpu! you must modlly the g*charX
and puxiar(.) turcnons aaordingly. The source code for these functions is usually located in
the stdio.h fle.

Here is a gpical rersion otgetd)a/) arrd7 tcba/) for an AVR microcontroller as you might
6nd in the stdio.h file:

cha i  ge tchar  {vo ld )

{
whi le((ucsRA & Rxc)==o) / /  wa\r for characle! !o entser USART

Sta ,dard  I /O and Pr "pra t . ' to r  Frn t t ia4  lT3

/ /  teL t r^  the  characLer  to  the  ca l le r

J

vo id  pu tcha.  (char  c )

{
whi le ( {UCSRA & UDRE)==0)  / /  sa iE  fo r  t lansn i !  res is te r

;  /  /  !o  be  enptsY. .

o D R  c i  |  /  p u t  c  o u t  t o  ( h e  U S A P T

J
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'lhe 
gettba| and ?utehar) tunctions can be replaced by customize d tunctions that use a dif-

ferent USART a serial peripheral interface (SH), or a parallel port.

Wher gexbar| rs cal1ed in the example above, it forc€s the microcontroller to wait until a
character is received beforc alowing the program to go on. In some applicarions, it may not
be desnable to sit arrd wait for a character to arrive. Instead, interupts can be used to allow
serial communication to be handled in the background while the main program continues
to run. Interupt-driwn serial communication allow chanctcrs to be placed in a buffer or
queue as they come in, in the background. Then, when the main program is ready for the
received characters, it reads the characters ftom the buffer and processes them.

The same is mre for transmitting charactcrs. To prevent waiting for a character to leave the
serial port, interupt driven transmitting can be used. As the transmit register of a USART
empties, it cnn genente a.rl interrupt that allou.s the next chancter from a transmit buffer to
be sent. This process would repeat for as long as there were characters in the buffer.

In the example below, gerrlar) nd, paxhar1 placr characters in, aad get characters from,
the Rl{_Bufb rnd Tr. Bufer chzr^ctet mays, respectively. In this case, the &etctar) and

Puxl)ar) tuncao s a d, then support might look like this:
# i n c l u d e  < m e g a a 5 1 5 , h >

+def ine  x ra l  4000000L / *  quarEz c rysLa l  f requency  IHz l  * /

+ d e f i a e  b a u d  9 6 0 0  / t  B a u d  r a c e  * /

/ /  USART Rece iver  bu f fe r

+def ine  Rx BUFFER srzE 24
char  R. - -Buf fe r lRx  BUFFER SrZE+11;  / /  charac te t  a fay  (bu f fe r )

char  Rx_r ' i r_ Index ;  /  /  j , \dex  o f  nex t  char  tso  be  pu i  in to  rhe  bu f fe r
cha i  Rx_Rd_Index ;  / / index  o f  nex t  char  ro  be  feLehed f ron  rhe  bu f fe r
char  Rx_countser ;  / /a  to ta l  count  o f  characrers  in  the  bu f fe r
b i t  Rx_Buf fe r -Over f to r ;  / /  Th is  f laq  is  seL  on  USART Rece iver

/ /  bu f fe r  over f los
/ /  USART Transn i ts  bu f fe r
+dEf iNE TX BUFFER SIZE 24
char  Tx  Buf fe r  [Tx  BUFFER s IzE+1] ;  / /  . , ra rac ter  a tay  (bu f fe r )

char  Tx_Rd_Index ;  / / ina lex  o f  nex t  char  ro  be  pur  inLo rhe  bu f fe r
char  Tx_Wr_Index ;  / / ina le :  o f  nex t  char  to  be  fe rched f ron  the  bu f fe r
cha i  Tx_coun ler ;  / /a  toLa l  count  o f  charac ters  in  Lhe bu f fe r
b i t  fPr ined l r ;  / /  ch is  f lag  is  used !o  sLar !  rhe  i ransn i r

/ /  i n c F r r u p l s ,  b h p n  t h e  b u t ! - r  1 s  n o  o . g -  - - p  l

/ /  USART Rece lver  in te r rup t  serw ice  rou . lne
in te r rup t  IUSART Rxc l  vo id  usar r  rx  i s r (vo id )

t



Rx_Buf fe i  lRx_Wr_I ldex l  =  c ;  / *  pu t  rece ivea l  char  in  bu f fe .  * /

i f  (++Rx_Wr_Index  >  RX SUFFER SIZE)  / *  wrap the  po in te r  i /

Rx_wr_Index = 0;

i f  (++Rx_counter  >  RX_BVFFER s IzE)  / *  keep a  charac ter  counE r /

\  /  *  o v e r f t o w  c h e c k . .  * /

RX Counter  =  RX_BUFFER_SIZE;  / *  i f  roo  nany  chars  cane * /

Rx  Buf fe r_over f low =  l ;  / ,  in  be fore  they  cou ld  be  used * /
r  rha t  cou ld  cause an  edor l r  * /

t

/ /  Ce l  a  cha lac ter  f ron  the  USAiT  Rece lver  t tu f fe r
cha!  qe !cha!  (vo id )

wh i  Ie  (  Rx-counter  == 0)  / t  wa i t  fo r  a  characre ! . . .  * /

c  -  R x  B u f f e r t R x  R d  I n d c x l ,  / ,  s e t  o n e  f r o m  t h e  b u I I e l  , , '

i f  (++Rx_Rd_hdex >  Rx BUFFER srzE)  / *  w .ap  rhe  po in te r  * /

i f  (RX_Counter )

R x _ C o u n l e r  i  / .  k e e p  ä  . o u n l  ( b u r r e '  s i - e )  '

)

/ /  USART Transni t ter  in ter lupt  serv ice lout ine
intetupt  IUSART_TXCl void usa.r  tx  isr (void)

i f {Tx_Counter  != 0)
I

i f  (  fPr ineal l t  == 1)
I  /  *  only  send a char  i f  one in buf fer  * /

fP l inedl t  = 0;  / *  t raDsniss ion,  then don' t  send the * /

Stradad I/O ald Pe?roesar F,nttiont 175

/ r  L e s t  a n d  w r a p  E h e  p o i n c e !

if(++.Ix Rd_halex > TX_BUFFER SIZE)
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TX_Ral Index = 0,

Tx_Counter  ;  / *  keep t rack of  the counter  * /

J

i f  (Tx_Counter  != 0)
t

UDR = Tx_Buf ter lTx Rd Inalex l ;
/ *  othe.wise,  send char  our  por t  * /

/ ' t F s f  ä n d  d r d o  r h e  p o i n f e !
i f (++Tx Rd_rndex > TX BUFFER SrZE)

Tx_Rd_Inalex = 0;

' IX Coünter-  ;  / i  keep t rack of  the couDler  * /
j

)
U c s R A  l =  0 x 4 O ; / t  c lear  tx  in te. rupt  f las * /

)

/ /  w t iLe  a  charac te !  to  the  USART T lansn i t te r  L 'u f fe r

{
c h a r  s t u f f i E  =  0 ;

whi  1e  (  Tx_Counter  >  (Tx  BUFFER_SIZE 1) )

i  / '  W A I T !  !  B u f f e r  i s  s e t E i D q  f u t t !  !  * /

i f (Tx  counter  = -  O)  / *  I f  bu f fe r  enptsy ,  serup  fo r  in re r rupr  * /

s r u f f i t  =  1 ;

Tx  Buf fe r lTx_br r_ lodex++ l=c ;  /+  jd  the  char  in  the  bu f fe r . .  * /

t f (Tx  rd r  ha lex  >  I 'X_BSFFER s IzE)  / *  v rap  the  po inLer  * /

TX W! Inaiex = 0;

/ *  keep t rack  o f  bu f fe red  chars  * /

1 X  C o u n t e i + + ,

i f  ( s t u f f i t  = =  1 )

I  / '  a to  ve  hawe to  "Pr ine  Ehe punp '?  * /

U D R  -  c j  / r  r h i s  c h a r  s r d l r s  I  h e  T i X  i n L e  , u p E s , ,  r

]



.  - h e s e  d e . i n ä s  L e l  I  l h e  . o d p i l e r  t o  r a p l a c F  t n e  s r d i o , h

/ /  vers ion  o f  ge tcharO ana l  pu tcharO s i th  ours . .

/ /  That  Nay ,  a t t  the  o ther  s td io ,h  func t ions  can use Ehen! !

+define _ALTERNATE GETCIIAR

+detine _ALTERNATE PUTCHAR

/ /  ^o \ i ,  we inc lude the  l ib ra ry  ana l  i t  w i l l  unders tand our

/ /  rep lacenents

* i n c l u d e  < s l d i o . h >

I

/ /  iD i l ia l i ze  the  usaRT's  baüa l  ia te

UBRRH=0;

UBRRL=Xra1/16 l l raud-1 , .

/ /  rn iE ia l i ze  Ehe ssART cooElo1  req is te r :

/ /  Rx  & Tx  enabfed ,

/  R X  a  T X  i n L e r r u p L s  e n a b l e d ,

/ /  8  dara  b iEs

UCSRB=0xD8;

/ /  I4 i l ia l i ze  the  f rane fomat ,  I  a la ta  b l ts .

/ /  !  s top  b i t ,  asynchronous opera t ion  and

/ / aa paraLy

U C S R C = 0 x 8 6 ;

// Globar intedupt enat'le

+ a s n ( " s e i " )

{
i f  (Rx_counter) / /  are there any received characters??
t

\  -  s e l . h ä . O ;  / /  g e r  t h e  c h a l a c r e !

Putcha. (k ) ;  / /  and  echo i t  back

)
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/ /  s ince  there  is  no  wa i t inq  on  qe tchar  o r  pu tchar - .

/ /  o lher  th ings  can be  done! !
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In this example, the variable RX_Coanter contuns the number ofcharacters that hal.€ been
placed in the receiver charzcter atny RX Bufer by the interrupt routine. Tlis prevents the
program ftom callinggerr/arlJ and then sitting idle until a new character arive s. Rx_Counter
is tested in each pass ofthe wfiile loop- Ifit is not zero, then chrracters exist in tne Rx_Burftr
character array and a call to getrlar) vÄ rctrßve a, draracter without hesitation.

Since ?uxfiar) ß lr'terntpt driren as well, it adds älmost no time to the program execution.

?utcba pl^ces ̂  chat cter in the hürsmit buffer and starts the transmit interrupts. From
that point on, interupts move the charactex from the transmit buffer to the USART each
time it becomes empty, until the transmit buffer is empty.

Thenames' ai,'renratE GETCEÄR "and" ALTERNATE_PUrCILAR " are used as a signal
to the compiler to use the newly dedared getthar() ^nd ?"ttha4 ) tunctions, insread oithe
ones provided in the stdio.h header file.

3.4 STANDARD OUTPUT FUNCTIONS

The output tunctions of a standard library indude r1:,e ptlLt stri"g, ?1tß0. print formafted,
prinfl| tnd prrnt stlng fotmatted' sqn ü0, fitr'ctions. In the case of an AVR microcon-
troller with its RAM änd FLASH memory areas, the additional tunction of put string
FLASH, ot putsf), was added to allow the printing of a constant string located in FLASH

3.4.1 PUT STRINc-p!t i0
The standard fonn ofpztP is

v o i d  p u t s ( c h a r  r s t r ) ;

This function uses Tzrrla,., to output the nul terminated character string sr4 located in
SRr\M, followed by a new line character ('rn). Thc pztl/ tunction is caled by the program,
and a pointer to a string must be passed to it. The following example calls ?uß0 to otlrp:ut
the string "Hello" follo*rd by the new line character to the USART:

#  i n c l u d e  < n e g a 8 5 1 5 . h >

/ ,  i  n . t  u d e  p ! o ,  - s s o r  s p ^ .  i
+ i n c l u d e  < s t d i o . h >

/* incfude Ehe standaid c I/o funcrion atef,nirions */

+ d e f i n e  x r a l  4 0 0 0 0 0 0 L

+ d e f i n e  b a u d  9 6 0 0

c h a r  s  l 6 l =  " H e l 1 o " ;

vo id  na in  (vo id )

/ *  i n i t i a l i z e  l h e
UBRRE=O;

/ '  q L o . l z  . r  v s ,  - l  t r p q . - n  y

/ i  Baua l  ra te  t /

/ i  dec la re  a  RAM based s r r ing  and
i n i t i a l i z e  i t  * /

USART'  s  baud ra le  * /
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UBRRT=xta1  /16 lbaud-1  ;

/ t  h i t ia l i ze  the  üSART cont ro l  reg is te r

Rx & Tx enableal, no inteüuprs,

8  da ta  b i ts  * /

UCSRB=0x18,

/ *  In i t ia l i ze  f rane fo rna t ,  I  da ta  b ' i l s ,

1  s top  b i t ,  asynchronous operar ion  and

no pa . i t y  * /

UCSRC=0x86, .

pu ts (s ) ;  / /  p r in ts  He110 fo l lowed by  a  newl ine  charac ter

w h i l e  ( 1 )

]

In the program above, "s", which is the address of the aray "s i 1 ", is pzssed to the ? tsj
function as a pointer to the array.

3.4.2 PUT STRING FlAsH-putsf0

The put FLASH (constant) string tunction has the standard form of

This tunction uses 2zraüa4'l to output the null-terminated character string rtr located in
FLASH, followed by a new line character The following example ca11s2zrs/d to output the
string "Hello", located in FI-ASH rnemory followed by the new line character to the
USART:

+ i n c l u d e  < n e g a 8 5 1 5 . h >

/ r  i n c r u c l e  p l o c e s s o r  s p e c  r i c  i n  o ' n -  i o -  '

+ i n c l u d e  < s t d i o . h >

/* inctude Ltle stanalarat C 1/O function defniLions "/

#def ine  x ta l  4000000L / *  quar lz  c rys la1  f requency  IHz ]  * /

+def ine  baud 9600 / *  Baua l  raEe * /

f lash  chax  s t6 l=  "He1 lo  ;  / *  dec la re  a  FLASH basea l  s t r ing  and

i n i E i a l i z e  i E  t /

v o i d  n a i n ( v o i d )

t
/ *  in i r ia l i ze  the  VSART's  bäud ra te  * /

UBRRH=0;

/ '  In i t ia l i ze  the  USART cont ro l  req is te r

RX & Tx  enab led ,  no  in teüuprs ,

8  dara  b i ts  * /
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UCSRB=0x14;

/*  In i t ia t ize f rane fomat,
1 stop b i t ,  astmchronous
no par i ty  * /

UCSRC=0x86;

p u l s t ( s ) ;  / /  p r i n t s  H e t t o  f o l l o w e d  b y  a  l i n e  f e e d

p u r s f ( ' H e l l o " ) ;  / /  p r i n r s  E e l 1 o  f o t t o w e d  b y  a  l i n e - f e e d

v h i l e  ( 1 )

]

3.4.3 PRf NT FORI'IATTED-Pii0 fo
The print formatted firnction has the standard form of

v o i d  p l l n t f ( c h a r  f l a s h  t f n E s E r  L  a t g a ,  a r s 2 ,  . . . 1 ) i

This function ouputs fotlr1atted text, nsntAllntelia4), according to the fomat specilication
iir the constant süingPatr The format specification stinEfntstr 1s z corrstant string and
must be located in FLASH program memory;fizr't is processed by thelrintfl) rcüon.

fnxtr can be made rp of constant characters to be output direcdy as well as by special for
mat corrmands or specifrcÄons. As printf) is processing theJ6z6r4 it outputs the charac
ters and expands each argument according to the format specfications that may be embed
ded within the string. A percent sign (%) is used to indicate the beginning of a format
specif,cation. Each format specification is then related to nn argument, a/g1, arg2, ^rd so
on, in sequenc€. There should al*zys be an argument for each fomar specification and uce

The described impleme t^non of drc prinfl) format specifcations is a reduced version of
the standard C funaion. This is done to meet the minimum rcquirements of an embedded
syttem. A firl1 ANSI-C implementation would requirc a large amount of memory space,
which in most cases would make the Arnctions useless in an embedded application.

Table 3-1 shows the format specifcations arailable in the CodeVisionAVR library.

When the format specilications arc used, there are some rules and modiAers that apply:

. All numeric mlues are right aligned and left padded with spaces.

. lf a 0 (zero) character i! inse.ted b€tween the % and d, i, u, x, or X, then the num-
ber willbe lelt padded with 0s.

. lf a "-" (minus) characrer is insened betw€en tl|e % and d, i, u, )q or X, th€n the
number wjll be left align€d.



Table 3-l printf formot Sp€cifcotions

Here are some examples ofhow the format specifrcations a$ect the output. Pipe marlß (l)

are used to help clarify the effect ofthe formatting by showingwhere the beginning and end
of the text and white space are located. They are ̂ ot rcWreÄby the printf) tunction:

i \ t  i  =  7 2 3 4 ;
c h a !  p  l 1 0 l  =  " t { e I l o ' ;

. A width sp€cification between I and 9 cän be insert€d between the % and d, i, u, x, or
X to specify the minimum width of the displayed numb€r.

. Th€ format string sp€cmcations are used to tell the prtnfo funcrion how many argu-
ments to Process.
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r23  41
t234

1234
01234
4 d 2 l

/ /  wouta l  p. in t :
p r i n t f ( "  g 5 d l " , i ) ;  / /  w o u t a l  p r i n t :
p r i n E f ( "  l g - 5 d l ' , i )  t  / /  w o u t a l  p r i n t :
p r i n E f ( "  l g 0 5 d l " , i )  i  / /  { o u 1 a l  p r i n l :

/ /  woula l  pr in t :
p r i n E f ( " l g o 4 x l " , i )  t  / /  w o ü 1 d  p r i n t :  l 0 4 D 2 l
p r i n t f ( " 1 8 s : s 0 4 x l ' , p , 1 ) r  / /  r o ü 1 d  p r i n t :  l H e 1 1 0 : 0 4 D 2

Here is a program that uses qrintJO to prit a string and an integer value from the same

+ i n c L u d e  < m e q a 8 5 1 5 , h >

/ '  i n c l u c l p  p r o c e s s o r  s o e c i f  .  i n r o  - o  : o n  {

+ i n c l u d e  < s t d i o . h >

/i include lhe sEandardl C I/O function defnitions */

+def ioe  x ta l  4000000L / t  quar iz  c rys ta l  f requency  [Hz ]  * /

#def ine  baud 9600 /+  Baud ra te  * /

vo id  na in (vo id )

outputs rhe next aigrnmt ß m ASCII chmcter

%d outputs rhe nqt dgtnent ß a decimal integd

%i outPuß üc nctr aigm€nt ß , d.ciDrl inEgd

outputs the next argumcnt a o uigned deimr i.teger

outputs tne next argument G u unsigned hqadeim,r int%d usins lmrcase letteß

9{X outputs th€ nert aBunent ß u unsigned hdadeimal intege using ulpercas letteß

outpüts $e next dgment 6 a null teminated chmctd string, located in SRÄM

outputs dE % cnmctd
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/ '  i n l - i ä l i z e  . h e  U S A R T ' s  b d u c l  r a L e
UBRRI{=0;

UBRRL=xra1/16lbaud 1;
/*  h i t ia l ize the USART controt  regis ter

Rx & Tx enableal ,  no in terrupts,
a data L ' i ts  t /

UCSRB=0x18, .

/ *  h i t i a t i z e  f r a n e  f o r n a E ,  8  d a t a  b i t s ,
1 s top t ' i t ,  asynchroDous operar ion and
no par i ry  * /

UCSRC=0x46, '

f o r  (  T = 0 ;  I < 1 0 0 ,  I + + )

{  / /  p r i \E  a  fo rna t ted  s t r ins  and re l1  abour  I

)  

p r i n t f ( " p r i n c f  e x a n p l e ,  I  =  8 d \ a " , I ) ;

w h i l e ( 1 )

Running this program would re$it irl the text string:printfexample, I = " being printed 100
times. Each time, the number 0 to 99 would be printed following the string Note that the

,fzztrlr contains all the text, plus the '*a indicating where the number l should appear, as
well as the end ofline character ('td). That one statement does a 1ot ofwork!!

You shonld be aware of the costs associated with 6e use of pr;nrf0.'lhe pnntrl tunction is
doing a great deal ofwo* and therefore needs code space to do so. Using the pr;nf) funclon
adds flexible, powerfrrl, formaned outpuq without mary lines of code being gped. Hovrever,
t\e standad.llbraq prinfl) firnction itself contains ser"eral hrmdred lines of assembly code
that are automatically added to your program in order to stpport pinf). Once the frracuon
has been added to the code, each call to the function adds but a few lines ofassembly.

3.4.4 STRING PRINT FORMATTED-lprrn.f0

The string print formatted function has the standard form of

v o i d  s p r i n t t ( c h a r  * s ! ! ,  c h a r  f l a s h  t f n E s t r  t  ,  a r g l ,  a t g 2 ,  - - . 1 ) ;

The operation ofthis tu nctor'ß rderLncatrrc prinf) except that the formafted text is placed
in the null-terminated character string rrrinstead of ctJhng? tchar).

For e.rample:

+ r n c l u d e  < n e q a 8 5 1 5 - h >
/ '  i r . l u d e  p r o c e s s o !  s p e c i l i c  i r  o ' a - . i o n
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+ i n c l u d e  < s t d i o . h >

/' include the standard c I/o function defnitions */

+def ine  x ra l  4000000L / t  quar tz  c rysra l  f re . ruency  lHz l  * /

+def ine  baud 9600 / t  Baud ra te  * /

char  s t28 l ;  / *  dec la re  a  RAM based s t r ing  and

I i t i a l i z e  l t  * /

vo ld  ma in  (wo id)

I

/ *  in i t ia l i ze  the  üSART's  baud ra te  * /

UBRRH=0;

UBRRL=xta1  /16 lbaud-1  ;
'  I  n  i  I  i a l  :  z a  f h p  U S A R T  c o n t  r  o l  - q  s L  a r

Rx & Tx  enab led ,  no  in te r rü I ) ts ,

I  d a r a  b i r s  * /

U C S R B = 0 x 1 8 ;

/ *  h i t i a l i z e  f r a m e  f o r n a t ,  I  d a t a  b i L s ,
'  

s r o p  b i F ,  d s y n c h t o n o u s  o p P ' d  i o n  d d d

n o  p a r i h y  * /

U C S R C = 0 x 8 6 ;

f o r  ( I = 0 ;  I < 1 0 0 ;  r + + )

I  / /  load  lhe  s t r ing  s  w i lh  rhe  fo rna t ted  daLa

s p l i n l f ( s , ' s p r i n t f  e x d p t e ,  I  =  g d  , I ) ;
p u E s  { s ) ;  / /  t h e n  p r i n t  ' s '  !  !

]
w h i l e ( 1 )

J

The execution of this program would result in the text sting "spintf example, I = " being

printed 100 times. Each time, the number 0 to 99 would be pdnted fo[owing the string Tn
this example, the s?intf) function formats the ougut and places it in a charactcr affay "s"
instead of sending it our &ß USART nsins Pateharq. The 7ar(/ tunction then sends the
string "s" out to the USAR'I uingthe 2uxhar) finction ard appends the new line charac-
ter ('\n') to the end of the sting.

3.5 STANDARD INPUT FUNCTIONS

The input functions of a standard library include the get string, galsl), scan formatted,
rfrt{r, and scan string form*ted,, ssranf), fvrctions. Just as the root output tunction is

? tüar), the ßot tnptrt tunctio^ is geftlar). h d1czses, gexbarj is called to gather the
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necessary data. So by changing the open(ron of getüa4), the data source can easily be
altered.

3.5.1 GET STRING-gets(,}

The standard form ofgetll is
char  rqers (char  *s ! ! ,  uns isned char  1en) ;

This function uses grlrral, to input characters into the character string srr, which is termi-
nated by the new line character. The new line character is replaced with a null ('r o') by the
gezs(/ function. The maximun length ofthe sting is ln-If hn charzcters were read without
encountering the new line character, then the string is terminated with a null and the func-
tion ends. The function returns a poirt€r to Jt

For example:

+inc lude <meqa8515.h>

/ '  i n . . u c l e  p r o . e s s o r  s p e c  
_ r c  

i n t o ! m . . - o n
# i n c l u d e  < s t d i o , h >

/t iaclude Lhe saandaral c I/o function dennilions */

+def ine  x ta l  4000000L / *  quar tz  c rys ta t  f requency  IHz ]  * /

+def ine  baud 9600 / *  Baud ra te  * /

char  s l12 l ;  / *  dec la re  a  RAl t  based s t r ing  * /

vo id  na in  (wo id)

{
/ *  in i t ia t i ze  the  USART's  baud ra te  * /

UBRRH=0;

UBRRL=xra t /16 lbaua l  1  ;
/ *  In l t ia t i ze  rhe  USART conr lo1  reg is te r

Rx & Tx  enab lea l ,  no  in te r lup ts ,
I  dara  b i rs  i /

UCSRB=0x18,

/ *  In i t ia t i ze  f rane fo r@E,  8  da ta  b i ts ,
1  s top  b i t ,  as tmchroaous opera t ion  and
no par i ty  * /

UCSRC=0x86,

w h i  1 e  (  1 )

t
! re ts(s,1o) ;  / /  get  a s t r inq f rom the standard input

p u i s ( s ) ;  / /  p r i n t s  s  r ' n 9  ' s '  r o l r o d e d  b y  "  
r  i . e  f e e d
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inputs the rqa rgument as m ASCII chmcter

inputs thc rqt argumcnt as a ddiml integer

%i inputs the ne{t argument s a deimal i*eger

i npuF 'he  ney t  !A !mcn, , . rn  unrgn .d  de . ; rJ  in regq

inputs the next argünot d o unsigncd hsadecimal integer

inputs the ndt atgunmt as. null tcminaed chracter string

t85

In the program above, characters will be read from the stadard input, ten chancters at
time, and then echoed to the standard oulput with a line feed appended.

SCAN FO RMATTED-s<dnfo

The scan formaacd function has the standard form of

s  q  . d  " - .  - . - n  r . h d  l " s h  , t t r r  - f L  l  d ! o  
" d d  

- s - .  -  q 2

a d d r e s s ,  . . - l ) ;

This function performs formafted text input, using getrbar), accorCnig to the format spec-
incrtions in thc,fziv' string. The format specifcation stringltrr is constant and must be
located in FLASH program memory.

Just ̂ s ni $e Pinf) fnnction,rt 1Jt is proce$edby the scanJl tuncnon /zzsa can be made
up ofconstant chrracters to be expected in the input str€am, as well as special-format com-
mands or specifications. As $ad(/ is processing thefur'la it inputs data using rhe getüar1
funcuon and either matches the rcceived chracter to the one found inr+*'r' or converts a
se es of chaJacters for each argument according to thc fomat specifications that may be
embedded within thePbt string. A percent sign (%) is used to indicate the beginning of a
format specificatron. Each format specification is then related to an argument, arg1, arg2,
and so on, in sequence. There should alwayr be an argument for each format speci6cation

The arguments, argl, arg2, aÄ so on, xe the aAlress af ot Painters ta v.dl^bles. (Not using
an address or a pointer as an agument in this tunction can lead to some very disappointing
results!) The function returns the number of succcssfrl entries or -1 on error.

The described implementation of scanf) form r specif,cations is a reduced version of the
standard C function. This is done to meet the rninimum requirements ofan embedded s1s-
tem. A firll ANSI C implcmentation would require a large amount ofmemory space, which
in most cases would make the tunctions useless in an embedded application.

Table 3 2 shows the format specifications available-

Table 3-2 s.onf-FomdI Spe.ifcdjons
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When the scan format specifications are used, there are some rules that apply:

. The whit€ space charäcters, blank (spacE, and tab are ignored.

. Ordinary characters (exc€pt {or %) are expected to match the next norFwhite space
character from the inpur

Here is an example that prompts the user for inputs, separated by a comma, and then calls
nanfl) to wztt for the iryut and store it into mdrble s. Fnally,pnnfi) is cdled to format and
print the numbers back to the user:

+ i n c l u d e  < n e g a 8 5 1 5 . h >

/ '  i n c l u d p  p r o c e s s o r  s p e c i a i c  i n l o ! m d . i o n  '

* inc lude <s td io .h>

/* include the stddaral C I/O function de6nitions */

+ d e r , - e  x L a I  4 0 0 0 0 0 0 L  / "  q u d ,  L z  c r y s r q l  l r p q u p n  y  h z  '

+def ine  baud 9600 / *  Baud ra te  t /

vo id  na in (vo id )

t

/ *  in i t ia l i ze  tshe  USART,s  baud .a te  * /

UBRRH=0;

UBRRL=xta l /  16 lbaud 1 ;

/ *  In i t ia l i ze  lhe  USART cont ro l  res ls te r
Rx & Tx  enab led ,  no  in te f fup ts ,
I  a la ta  b i ts  r /

UCSRB=0x18,

/ *  In iL i -a l i ze  f lde  fo rna t ,  a  da ta  b i ts ,
1  s top  b i t ,  asynchronous opera t ion  and
no par i ty  t /

UCSRc=0x86;

purs f  {  .En ter  two in teqers  i ,  j  :  ;  ,
scanf  {  "  ga I ,  gx \n"  ,  & i ,  & j  }  ;

/ /  sex  tso  in leqers ,  ooe a lec inaL

// anal one hexadecinal with a coma

/ /  separaEinq  then

p t i n r f {  g d ,  g 0 4 x ' , i , i ) ;  / /  p r - n L  L h e  v a . l u p s  a n o . c o p . .

w h i l e ( 1 )
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3.5.3 SCAN STRING FORMATTED-s5cdrf0

The scan string formatted function has the standard fonn of

siqned chai  sscanf  (char  *sLr ,  char  f lash * fnts t r  L arq l  address,
a r q 2  a d d r e s s ,  , , . l ) ,

This function is identiczl to vanfl) except thzt the formatted te".rt is read ftom the null-
terminated character string ra located in SRAM.

Modi{,ing the above example to use $rarg(/ to get the data from a string instead offrom the
standard input (the USAR'I ßing geteba,O Voduces the following:

# inc lude <nega8515.h>

.  "  i n . l u d a  p l o . e s s o r  s p e . ' . i .  i n f o r m a r  i o n  r /

* i n c l u d e  < s t d i o . h >

/ *  inc lude rhe  sEandard  C I /o  func t ion  de f in i t ions  * /

+def ine  x ta l  4000000L / '  quar tz  c rys ta l  f requency  tHz l  * /

+def ine  baud 9600 / t  Baud ra te  ] /

/ *  dec la re  a  RAM ba6ed s t r ins  and in i t ia l i ze  i ! r /

c h a r  s  l 1 4 l  =  { " 1 2 1 4 , ä b c d \ n ' } ;

vo id  ma in  (wo id)

{
i n r  i ,  i ;

/ '  i n i t ia t i ze  the  USART's  baud la te  ' /

üBRRL=xta1  /16 lbaua l -1  ;

/ *  In i t ia l i ze  the  USART concro l  reg is te r

Rx & T 'x  enab led ,  no  in te r rup ts ,

I  dara  b i rs  * /

UCSRB=0x18;

/ *  h i t ia t i ze  f rane fo rnaE,  I  da ta  b i ts ,

1  s top  b i t ,  asynch lonous opera t ion  and

no par i ty  * /

/ /  ge t  L l re  va lues  f lon  the  t {ÄM s t . ing  ' s '

s s c a n f  (  s ,  "  g d ,  g x \ n '  ,  & i ,  & j  )  ;
/ /  geL  L io  in teqers ,  one dec inaL

// and one hexaatecinal wiLh a coma

p r i n c f ( " S d ,  g 0 4 x " , i , j ) ;  / /  p r i n t  t h e  v a l u e s  a n d  s l o p . .
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v h i  1 e  (  1 )

3.6 PREPROCESSOR DIRECTIVES

Preprocessor directives are not actually part ofthe C language ryntax, but they are accepted
as such because oftheir use and familiarity. The preprocessor is a separate step from the ac-
tr:al compilation ofa program and happens before the actual compilation begins. The most
common directives arc #defne and #indude. The preprocessor directives allow you to do
the following:

. Include text from other files,such as header files cont ining libmry and user fun€tion
PrototyPes.

. Defin€ macros that reduce programming effon and improv€ th€ legibility of the
source code.

. Set up cond;tional compilation for debugSing pur?oses and to improve program
Dorräbilit

. lssue compiler-specific directives to generalize or optimize the compiladon.

3.6.I  THE #INCLUDE DIRECTIVE

The #include directive can be used to indude another 6le in your source. There can be as
many 1i1es included as needed, or as are allowed by the compiler, and includes can be nested
(meaning that an included file can contain another, non-recu*ive, #include). Tlpically,
there is a limit to the depth ofthe nesting, and the limit will wry {iom one compiler to an-
other In the CodeVisionÄ\G. C Compiler a maximum ofsixteen nested flles are allowed.
The standad form of the statem€nt is

+include < f i le nane>

+include " f  i1e nane'

The less than () and greater thar (>) sign delimiters indicate that the f,le to be included
is part ofa standard library or set oflibrary files. The compiler will typically look for the
file in the "\inc" directory. VVhen the lile name is delimited within quotation marks, the
compiler will frst look in the same d;rectory as the C 61e being compiled. Ifthe frle is not
found there, then the compiler will look for the 61e ir the default library directory

The #include statement can be located aq'where in the code, but it is tt?ically used at the
top of a program module to improve the program readability.
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3.6.2 THE #DEFINE DIRECTIVE

A #define directive should be thought ofas a "text substitution" rdered to as a "macro." The
standard form ofa #define is

+define NÄ!4E Reptacenen! 1'exc

Typically, #defne directives are used to declare constants, but the tag tvevr" and the
"Repläcemen!_Texts" may also have parameters. The preprocessor will replace the tag
"NAME" with the qxpansion "Replacenent rext"whenever it is detected during compila-
tion. Iftvavr" contains parameters, the real ones found in the program will replace the for-
mal paraneten written in the text "Replacement Text".

There are a couple ofsimple rules that apply to macro definitions and the #define directive:
. Always use closed comments (/ . . . . . /) when commenting the line of a ttdefine.

. Remember that the end of $e line is the end of tJ|e #detine and that the r€xt on the
left will be replaced by o/ of the text on the righL

For eranple. given the folJowing macro definitions

+def ine  aLPHA ox f f  / i  nask  o f f  looer  b i ts  * /

+def ine  SUü (a ,  b )  a+b

the following er.?ression
i n t x = o x 3 d e f & a L P E A ;

would be replaced with

i n t  x  =  ox3def  &  ox f f  / *  nask  o f f  lower  b i ts  r /  ;

änd this c.rpr€ssion
i n l  i = s U M ( 2 , 3  ) ,

would be replaced with

i n t  i = 2 + l ;

The diversity and capability ofthe #defne directive is somewhat dependent on the sophrs
tication of the compiler's preprocessor- Most modem compilers have the ability to redefine
functions and operations as well as the abillity to sort out the panmeteß that go with them
(as in the examples above). The CodevisionA\R compiler is very capable in these areas.
Lesser compilers may only allow the simplest operations, such as dcfining constants and
strings. Using a #def,ne to ,liäs functions (create altemate calls for functions) can be a pow-
erirl and handy thing! For example, an existing tunction in a library may appear as

i n t  _v r i re  SCI l ( in l  c )  / /  th is  func t ion  sends  a  char  to
t  /  /  a n  a  | |  e ,  n d t F  . o m .  p o r

re tu rn  c ;

J

Giving the function an alias

* d e f i n e  p u t c h a r 2  ( c )  w r i t e  s c r l ( c )
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allows the function to be rcfered to in two ways:

p u t c h a r 2  ( ' b  ) ;

w r i t e _ S C I 1 { ' b  ) ;

This is quite uselirl when reutilizing code from another prcgram or combining several li
braries in a large development Instead ofthe locating and renaming ofevery call oi refer
ence, the fuoction was simply given an alias, allowing it to be r€fer(ed to in more than one

This use of#define can also enhance the readability ofa pmgram by allowing a function to be
'ie-declared." Letl; assume a funcnor. called $t_rolLcolj places the cursor at a position on a
four-row by twenty-character LCD displny based on two prrneters, a rro ar\d ̂  eolamnl

vo id  se t  row co1(char  row,  char  co lunn)

t

l

With the use ofa macro to form a re-dedaration, the positions on the LCD display can be
rclened to as an r and y coordimte instead ofa row and column:

+ d e f i n e  q o E o  x y ( x . y )  s e t  r o w  c o l ( y , x )

Another possibility is a re declaration that carr use a charact€r position to set the cursor:
{ d e f i n 6  s 6 l  ^ h ä J  p o s { p )  { ( p , l 0 l , , p g 2 0 ' ,

The row is calculated by dividing the character position by the number ofcolumns, and the
column position will be what is left, a modulus tunction of the width. This is ,11 done as a
function of'fancy tcrt substitution."The compiler sees only what is on the right side ofthe
#defne, because the preprocessor did all the work ahead oftime- These changes in rcference
potentirlly male the program more understandable not only to the programmer but to oth
ers reading the code as well.

The substitution process crn be even more findy controlled. When defning macros, you
can use the # operator to convert th€ macro parameter to a character string. For arample,

+def ine PRINT' MEssacElr)  pr int f  (+r)

will substitute this expression

PRINT_MESSAGE (He11o)  ;

with
p r i D ! f  ( " H e t t o  )  ;

It is also possible to concatenate two prrameters using the ## operator. In the example
below, the formal parameters'a" and'1" are to be concatenat€d. In the substitution, the left
side, "alpha(a,b)", is effectively replaced with thc right side, "ab". In the program, the real
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parameters x änd y are used. So the macro delinitior

c h a !  a l p h a ( x . y )  = 1 ;

wiLI result in

char  xY=1;

Typically, a replacement text is defned on a single line along with the tag name. It is possi -

ble to erlend the defrnition to a new line by using a ba&slash (r) at the eod of the line:

+def ine MESSAGE "This is a wery \
L o n q  t s e x t .  .  - '

The backslash character will not appear in the expansion, and the new line character will be
eliminated as well. The result is that "This is a very long tä:1..." wifl be treated as a single,
unbroken string.

A macro can be undefrned using the #undef directive. This feature is primarily used in con-
ditional compilation where a tag name is used as a flag:

The #undef dnective allows a previously defined macro to be rede6ned. For instance, if a
maao was defned as

*de f ine  A CHAR A

you could redefine it to a lower case a':

+undef  A  CHAR

+def ine  A CHAR

3.6.3 THE #ifd€f, #ifndef, #else, AND #endif DIRECTIVES

The #iftld, #ifndef, #else, and #endifdirectives can be used for conditional compilation.

The syntat is

lse!  of  s tatenenhs 1 l

lset  of  s taLenents 2 l

If"macro-nane" is a defined macro name tllen the #ifddexpression evaluates to TRUE and

the "set-of-statemenls 1" willbe compiled. Otherwise, the "set-of-statements 2"

wiJl be compiled. The "+else" ,nd "set-of stabemenEs 2" ,re optional. Arother

+i fndef  nacro nane
lset  of  sEaEenents l

If"macro-nane" is not defned, the #ifndefexpression ev"rluates to TRUE. The rest ofthe

syntax is the same as that for #ifdef. The #i{, *bli{, #else, and #endif dnectiws can be used
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for conditional compilation.

+i f  expressionl
lset of  statenents 1l

+e1if  exp.ession2
lset of  statenents 2l

lset of  statenents 3l

If'expressionl" ewaluates to TRUE, the "set of statements 1" will be compiled.

If"expression2" e!'aluates to TRUE, the "sets of,statenents-2" will be compiled.

Otherwise, the 'sets-of-statements-:" will be compiled. The "+erse" and
"se! of,stsatenents-3" are optional

Conditional compilation is very usefrl in creating one prograJn that runs in several con6g-
urations. This makes maintaining the pmgram (or the product the program runs in) easiea
since one source code can apply to several operating configurations.

Anothe! more common, use of condidonal compilation is for debugging purposes. The
combination of condltional compilation and standard VO library functions cao help you get
a prog:am up and running faster without equipment such as in-circuit emulators and oscll-
loscopes.

The er<amp1e state machine used to cortrol an "imaginary" trafic light (from Chapter 1)
could be modified to add sorne debugging crpability. Using conditional compilation, the de-
bugging featues added could be tumed on and off as needed, trading between providing in-
formation and increased performance, as shown in Figure 3-1:

+lnc1ude <neera8535.h>
+include <de]ay. h>

/*ilatafin€ DEBncsrNG oN r/

/. Ronowins the couert sill caq3e tbe DBaueGl$G_oN 'f1.9" to
b. 6nabloat. Tllia wi].]. cauae tüe c@Di1er to iacludl€ lho
addlltloDaL 1lblaly aDal rises ot coate reqriled allöwing tb€
I)rogtader to wetcb tüe atate @cbire 4E frd tb€ uaItT. ,/

*ifale! DEBOeeING-Otr
/* iacluile th€ Etandl.ral c I/o fulctloD alaflaitioD6 */

i t t lc lual€ <€ta l io .b>

*def , iae xta l  4000000L /*  quar tz  crysta l  f r€qu€Ecy IHzl  * /

*alefiDe baual 9600 /* Baud rate */

Figure 3-f Exponded",maginotyTtofrc Wt" Softwarc (Co inues)
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+def ine  Et i_RED L ITE PORTC-o / t  a le f in i r ions  rö  acrua l  ou tspurs  * /

+def ine  EI i_GRN_LITE PORTC,2

#def ine  NS_YEL_LrTE poRTc.4

#def ine  Ns GRN_LITE PoRTc.5

+def ine  PED x ING_Eüt  P INA.o  / *  pedesr r ian  c ross inq  push burLon * /

+def ine  PED XING NS PINA-1  / *  pedesr r ian  c ross inq  push bur ron  * /

+def ine  FOUR-WAY sToP PNA.3  / *  sw i rch  input  fo r  4  i tay  Srop * /

char  t ine  le f t ;  / *  t ine  in  secoDds spent  in  each s ta te  * /

in t  cu ten t  s ta te ;  / *  cu f ten t  s ta re  o f  Ehe l iqhLs  * /

char  f lash  togg le ;  / *  toggte  used fo r  FLASI IER srare  * /

/ *  lh is  enumera t ion  c rea tes  a  s inp le  way to  add s ra les  ro  rhe  nach ine
lry nane. EnumeraLions generatse an inteqer vatue for each nane
automat ica t ly ,  mak ing  the  code eas ie r  to  na in ta in .  t /

ENUN { EW MOVING , EIi.WARNING , NS_üOVING , NS !'ARNING , FLÄSHER };

/ ;  T h e  a c t u a l  s t a t e  n a c h i n e  i s  h e . e . .  * /

v o i d  D o  s t a t e s  ( v o i d )

I
sv i tch  (  cur ren t_s ta !e )
{

_ d s e  E W  M O V I N . :  / .  e d s t  w e s r  h ä s  t h c  a , e e l
Eä_GRN LITE = 1,
NS_GRN,LITE = 0;
NS_RED_LIaE =  1 ;  / *  nor th  south  has  the  red !  I  * /

E!'i_RED_LITE = 0,.
EW YEL_LITE =  0 ;
IüS YEL L ITE =  0 ;

i f (PED XrNG_EW l l  FOUR WAY STOP)
{  / *  pedes t r ian  w ishes  ro

a  4-way s top  is  requ i red  * /

i f  (  t i n e  l e f t  >  1 0 )
t ine  te f t  =  10 ;  / *  shor ten  the  t ine  * /

)
i f ( t ine, le f t  != 0)  / *  count  dovn the t ine * /

t
,  t ine_1efr ;
.e turn;  / t  re turn to main * /

I  /  r  t i n e  e x p i r e a l ,  s o . .  * /
t ine_tef t  = 5;  / r  g ive 5 seconds ro WARNTNG */
current-stsace = EW WARNING;

/*  Eine expi red,  nove * /
break;  / *  to  Ehe nex!  s tate * /

Fieure 3-t E ponded"lna$noryTtofflc Lidht'softworc (6ntinues)
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CASE EI'I WARNING:
EW ORN,ITITE = 0;
NS GRN-I/ITE = 0;
Ns RED_LITE =  1 ;  / *  nor th -south  has  lhe  red , ,  r /

EI,I-RED_LITE = O;
EI i I_YEL_LITE =  1 ;  / *  ana l  eas t -wesr  has  lhe  ye l low * /

NS-YEL- I ITE =  0 ;

l f ( t i n e  l e f t  ! =  0 )  / *  c o u n t  d o @  t h e  t i n e  * /

I
t ine_ le f t ;

re tu rn ;  /+  ie tu rn  to  na in  * /

J  /  "  t i n e  e x p i r e d ,  s o . .  * /

i t i F o u R _ w a Y _ s T o P '  / *  i f  4 - s a y  r e q u e s t e d  L h e .  s r d . -  '

cu r ren t  s ta te  =  FLASHER;  / *  Ehe f lasher  * /

|  / *  o r h e r v i s e - .  * /

t ine  le f l  =  30 ;  / *  s r iwe 30  secönds Lo  MovINC * /

cuüeDt-stsate = NS-IIOVING;

J  / *  t ine  exp i red ,  nove i /

b reak ;  / *  to  the  nex t  s !a !e  i /

case NS_MOVTNG:
EW_GRN_LITE = 0;
NS_GRN_LITE = 1,'
\ S _ R E D  L I T E  -  0 j  / r  n o t t h  s o u L h  h " s  t h e  s ' e e n l l  

'

EL{  RED L ITE =  ! ;  / '  easE ses t  has  the  red l  I  * /

E t {  YEL L I IE  =  0 ;
NS-YEL-IJITE = 0;

if l PED_XrNG_NS ll FOUR_$IAY STOP)

I  / *  i f  a  pedes t r ian  v ishes  to
a  4-way s top  is  requ i rea l . .  i /

i f { t i n e  l e f L  >  1 0 )
t ine  le f t  =  10 ;  / *  shorEen the  t ine  * /

t
i f ( t ime le f l  !=  0 )  / *  count  down the  t ine  * /

{
t ine-1ef t ;

return;  / *  return ro main * /

\  /  *  t ine expi red,  so. .  * /

t i re_lef t  = 5;  / *  g ive 5 secoDds lo I 'ARNING r /

current_state = Ns WARII I i IG;  / *  t ine expi red,  nove * /

break;  / *  to  lhe nexl  s ta le * /

CASE NS WARNING:

EN-GRN-LITE = 0,

Figure 3-f ExpondedlmoginoryTafi. U€,lt'Sotutore (6ntinues)
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NS-GRN LITE =  0 ;
NS_RED L ITE =  0 ;  / r  nor th -south  has  the  ye l löw. .  * /

E i t  RED L ITE =  1 ;
E i t  YEL L ITE =  0 ;  / '  ana l  eas t -west  has  the  red . .  * /

NS YEL L ITE =  1 ;

i f ( t ine , le f t  !=  0 )  / *  coun!  a lown the  r ine  * /

t ine  le f t ;
re tu .n ;  / *  re tu rn  !o  na in  " /

I  / *  t ine  exp i red ,  so . .  r /

i r  { F o U F  h A Y  S T O P )  / r  
' l  

4 - w ä y  r e q u e s t e d  t q c -  s l a r -  I

cu l len ts -s tsa tse  =  FLASHER;  / *  E t le  f lasher  * /

I  / *  o l h e r v i s e . .  * /

E iae- le f t  =  30 ;  / *  g ive  l0  secona ls  ho  MOVING +/

current state = EW üOVING;

I  /  *  r ine  exr r i red ,  move * /

b reak ,  / r  to  the  nex t  sEate  * /

EW GRN LITE =  0 ;  /a  a t t  ye11ow aDd t /

Ns  cRN L ITE =  0 ;  / *  g reen l i ces  o f f  * /

Eh l  YEt  L ITE =  0 ;
N S  Y E t  ' I T E  =  0 ,

f lash- toss le  ^=  1 , '  / *  Eoqq le  LsB- .  * /

i f  ( f lash  togq le  &  1)

{
NS RED L ITE =  1 ;  / *  b l ink  red  l ie rh ts  * /

E ! {  RbD-LTTE -  ( .

J
e l s e

1
NS-RED-LITE =  0 ;  / *  a l le rna te ly  * /

F I I_RED LTTE -  1 ;

)
i f ( lFouR irAY STOP) /*  i f  no tonser a 4-wav slop ' /

cülreot statse = EW-WARNING;
break ;  / *  then re lu ln  to  norna l  * /

current,state = NS WARNING;
b ! e " k i  / '  s e l  ä n y  u n K n o w n  s t a L e  r o  d  g o o d  o n e l l  '

]
)

Figure 3-f Expdnded"lmoCinotyTnffß UCht'Softwarc (Contkues)
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vo id  na in  (vo id l

{
DDRC = oxFF;  / *  porrc at t  out  * /
DDRA = 0x00;  / *  pol ra at t  in  * /

*1fal6f DEauceING_O!|
/* lnlrializ€ tbe ueART.6 baral rate */
UBRRE=O t
nBRRrr=xral/16lbaual-1t

/* Initiali.ze ttre USART control lsgister
Rx & |!x eEabled, ao iateEupts,
I  d . r .  b i tE  * /

UCSRB=0x18;

/ *  h i t ia l i z€  f rü6  fo@t ,  a  da ta  b i ts ,
1 atoD b1t, aslEcbronöus oDeratioD aual
ao  Da l i t y  * /

I tC IRC=Oxa5t

DriEtf{ ncdpite! ver6ioD i6 %al\!\r", _coDEvIsIONAVR__) ;
*warlllg "Dobug t,riEtiDs is oa.!

c u ! ! e n L  t d t e  -  N s  W A R N l N c ; / '  i n i t i a l i z e  L o  o  g o o d  s - o - r i r g
s ( d . e  ( a s  s d l e  q s  P o - s i b l a l  

'

{
deray_ns(1000) ;  / *  l  second de lay- -  th is  l ine  couL i l

b e  u s e d  f o !  o t h e r  o e a d e o  p  o . c s s e s

D o  s t a L e s { ) ,  / t  c a l l  t h e  s l a t e  n a c h i n e ,  i t  k n o w s
where  i t  i s  and whar  ro  do  nexr  * /

llitde! DEBvccIl|c oN
/. seaal atate alal tln6 ilata to seriat DolE */

D l iü t f ( rcu l lea t  s ta te  =  ga l  : i ,  cu*eEt_ere te) ;

t r in r f ( i9 i re  l .e f r  =  %at  \ r f ,  ( ia r l r ide_ le f t )  t

)

Fieurc t-t E ponded"lnsgnoryTrofr. ECht'Soflworc (anühued)

3.6.4 THE #pragma DIRECTIVE

The #pragma directive allows for compiler-specific dir€ctives or switches. #pragma state-
ments are very compiler dependent, so ylou should always refer to the compiler user's guide
when using these controls. The controls described below pertain to the CodeVisionÄVR
compiler but will be characteristic ofwhat can be found in other compilers.
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/ *  Now the  prosran  v i l f  be  op t ln izea l  fo r  nax inum execu l ion  speed * /

':pragma warn

The #pragma wam directile enables or dsables compiler wamings. This would be used to
disable warnings that may be viewrd as a nuisance by the programmer. These can include
warnings such as 'variable declared but never referenced or'possible loss ofprecision." Dis
abling the warnings should not be done on a permanent basis; it could cause a useiirl warn
ing to be missed, leaving you wondering why your program is lelding bad results. The best
course of action is to dedare, code, and cast until the warnings are all gone.

#prasna warn-

/ i  i i i i te  sone code here  * /

/ *  I ra rn inss  are  enab led  t /

+p !agna ta rn+

#pragma opt

The compilert code optimizer can be turned on or of using the #pragma opt directive.

The optimizer is responsible for improving the compiler's generated assembly language out-
put. This is accomplished by reducing the assembly output size, ananging it to run faster, or
both. The #pragma opt directive must be placed at the stärt of the source 6le, and the de-
fault is optimization tumed on:

'  - .  o p r  :  z d  i ö n  o ' f ,  f o r  f e - r i n S  p u r p o s e s  '

+pragna op t -

+pragna opt+

#pragma optsize

A program that is optimized for size may actually run a litde slower because common code
is converted to subroutines, and subroutine calls replace the common code. A program that
is more "in-line" (not optirnized for size) runs faster because there is no additional overhead
from the calls to and returns &om subroutirrs.

Ifthe code optimization is enabled, you can optimize some ofthe program, or all, for sze
or speed using the #pragma optsize dir€ctive:

/ *  The p loglam wi l l  be opt in ized for  n in inu(  s ize * /

'praqma oprsrze+

/*  Place your  progran funcr ions here ' /
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+pragna op ts ize

/ r  P tace  your  p .ogran funcEions  here  * /

The default state is determined by the ProjectlConfgure lC Compilerl Compilation I Optr-
mization menu setting in the CodeVisionAVR Environment.

trpmgma savereg
The automatic saving and restoring of registers R0, R1, R22, R23, R24, R25,Pi26,R27,
R30, R31, and SREG during intemrpts can be tumed on or offusing the #prägma savereg
directive. This control is used to manually rcduce any potential excess overhead associat€d
with saving and restoring the machine state in an intemrpt sewice routine. This car be dan-
gerous to the novice, so some carefirl study ofhow the compiler generates cod€ should be
done before you use this "guru JeveJ' controL

'  . t . r n  J - q i s t e r s  s a v i n q  o t t  , /

+pragna saweres

i n c e ! ! u p c  I l l  v o i d  n y _ i r q { v o i d l  I
o n l y  l h e  t e q i s t e r s  t h d f  ä r e  ä ,  . . . e d  b y  . 1 e  L o u

l ines  in  che hand ler ,  fo r  exanp le  R30,  R31 and SREG r /

push 130
p u s h  1 3 1
in  !30 ,  SREG
push !30

/+  p lace  Ehe C code here  * /

/ *  now lesEore  SREG,  R31 änd R30 * /

pop r30

out  SREG,  13  0
p o p  r 3 1
p o p . l 0

J
'  ' e - e 1 - b l e  ! e q i s t F r  s a v i n g  l o r  L h e  o r h e !  i n r - r r . p  s  '

+prasna save.eg+

The default state is automatic saving ofrcgisteß during intemrpts. The default state ofthis
compiler setting is "savereg+", and there is no menu option for this seaing. Care must be
used to make sue that this setting is "savereg+" when its function is no longer needed, to
prevent effatic operation ofyou proglam from registers not being saved.
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#pragma regalloc

The CodeVisionÄVR compiler will try to use register variables to increase peformance as
often as possible. There may be instances, like debugging with an In-Circuit-Emulator
(ICE), where register variables may become difficult to Eack, so you might wish to di'ect
the compil€r to not perform this automatic register allocation.

The automatic allocation of global variables to rcgisteß can be türed on or off using the

furagna rega oc directive:

'  r L e  o i i o w ' a 9  s l o o ä l  v ä ' : a b l F  w i l .  b a  a u t o r d l : c " 1  v

a t l o c a t e d  t o  a  . e g i s t e r  * /

+prasna resa l töc+

/ *  the  fo l low ing  g1oba1 var iab le  w i l l  nor  be  au tona l ica l1y

d " a . a t p d  a  a  ' p g i s l F r  6 n d  w i l l  o a  p l e \ e d  j .  a o  d  S P E V

*pragna reqa l loc

uns iqned cha!  t 'eca ;

The default state is determined by the PmjectlConfuurelC Compilerl Compilation lAuto-
matic Register Allocation check box setting in the CodeVisionAVR Environment.

#pragma promotechax

The ANSI standard for the C language treats characten as 16-bit values. This is not neces-
sary (or even desned) in a small, embedded system. The default settings for the CodeVi
sionÄ\rR compiler are to leave a character a character, but ifan application requires charac-
ters to be treated as integers, there is a method ofenforcing the ANSI standard.

The ANSI character to integer operands promotion (or convenion) can be tuned on or off
using the #pragma promotechar directive:

/ *  tu rn  oo  the  aNSI  char  to  in t  p ronot ion  * /

+p !aema p !onotechar+

/ i  tu rn  o f f  the  ANSI  char  to  in t  p ronot ion  * /

*pfagma plonotsecha.

This option can also be specilied in the ProjectlConfigurelC CompilerLPromote char to
int menu setting in the Code\GionAVR Environment.

#pragma uchar

When character variables are declared, the default format is as follows:

/ /  d e . l d L e s  o  s i q n e d  c h a  d c t e t  J -  i d b  a

uns igned  cha r  va r2 ;  / /  dec l a res  an  u . s i qned  cha rac te r  va r i abLe
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The #pragma uchar directive allo*s the default format to be changcd as it pertdns to char-
actcrs. If the uchar directive is enabled, the following format is now in eflect:

s isned char  var ;  / /  Lh is  i s  now a  s igned characrer  var iab te
c | 'a r  nar2 ,  / /  and th is  i s  an  UNSTCNED characrer  var iab le

uchar can bc turned on or offusing the #pragma uchar directive:

/ *  char  u iLL  be  uns iqned by  de fau l t  * /

+pragna uchar+

/ *  c h a r  \ d i 1 L  b e  s i s n e d  b y  d e f a u l L  * /

#p iaqma ucha i -

This option can also be speciied in thc ProjectlConfgurelC Compiler char is unsigned
mcnu in the CodeV:" ionAVR Enrironmen..

#pragma Jibrary

You may wish to create 1'our o*'n function library to be used as commonly as the standard
I/O library Once 1'our library has been created, it can be included in thc progrnm at com
pile timc using the #pragrna library directive:

The creation oflibraries is compiler speci6c; you should refer to the compiler usert gurde
for instruction on the required methods-

3.6.5 OTHER MACROS AND DIRECTIVES

Table 3-3 lists some predeined macros. These tag names are specifrc to CodeVisionAVR
but couid be lound in other conpilers. These can be used to get information, such as the
compile date and time, into the compiled program. They can also be Lrsed to conditionally
rompi 'e ba.eJ on memon model or opr imizar ion .enings.

CodeVisioru{VR also supports the directi'es #enor, #waming, and #line.

The #erfor dircctive can be used to stop compilation and display an error rnessage.

The slntar is

+ e r r o r  e l r o r  m e s s a s e

For example,

+error This is an erfor

Similarly, the *$aming directive causes a warning message to be displayed, but does not
cause compilation to stop. Thc sptax for the #warning dircctive is

+warninq warainq nessase

For example,

t h e  c o m p i L a t i o n .
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CODEVISIONA\'R_
the Eßion md Bision ofthe empiler repftsentcd as an integer,
for mple V1.24.0 is rpßented as 12.10

LINE the l:llmt line nrnbd of tle conpiled file

FILE thc (1rent compited 6le

TIME thc üot dmc in ,r.''.$ fomat

DATE the cuftent date,n zz 1//))j/ format

ßUILD the build nuoberofthc compild

MCU CLOCK FREqUENCY
the clock ftquenc,v speificd io integ€r in Hz as set in rhe

MODEL TINY ser 'fcompned c'ng thc Trllv mmory modd

_MODEL_SI'IAI-L st ifconpiled ßing the SMALL mcüory modd

OPTIM]ZE_SIZE- set ifconpil€d with optiniation for size

OPTIN,IIZE SPEED. set ifcompiled wiih optimiatior for steed

HEAP START the hap staning addres

HEAP S1ZE the hap sia s set in the compiler options

U}TSIGNED CHAR sct if@mpiler option is enabled or #pntna uchd+ is uscd

8BIT ENUIIS
set it thc I bit mms compiler option is enabled or #p.rgna

Table 3-3 CodevisionAvR Pre,lefined Moctos

Finally, the #!ine directive modifies the prcdcfined " LINE " and "-FILE-" macros as
displayed in Table 3 3.The qntax is

4 l  -  r  - 9 - r  . o n s l d n r  l " f i l -  n d n a  l

For example,
/ :  r h i s  n i l t  s e t  L r N E -  t s o  s 0  a n d  - F r L E  L o  " f i 1 e 2 . c  i /

+ 1 i n e  5 0  f i  t e 2 .  c

/ *  th is  vr l r  set  __LrNE__ to 100

' .7 CHAPTER SUMMARY

This chapter has provided the knowlcdge necessal for ],ou to use standard 1ibrary functions
for printing information, gnthering user input, and debugging your programs. You have aiso
learned how to modi$, the rcot tuncircr's of getctar) and puxbar) such. that the standard
library can be used on a variety ofhardwarc configurations.

You have learned about the use of the complier directives #inctude and #define and how
they are used to add reusabiliqv alrd readability to your programs. You have also learned
ebout conahtional compilation using #fdef #ifirdef, #dse, and #endif, providing a method
for having a single source code be used for a vaiety of system conligurations or for adding
temporary code for debugging purposes.
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#pragma statements were also described so that your code could be generalized or oprr
mizrd during compilation, yielding the best reusability and performance from your

3.4  EXERCTSES
* | . Wrire a macro using the #define directive to alias the function putchdr0 with a func-

tion named send_the_chdr(l (Seaion 3.5).

2. Write a function that prompts the user for two inreger values, adds them togerher,
and prints the r?lu€s and their sum in the format "The values A + B = C",wh€reA, B,
and C are decimal intesers (Secrion 3.4).

3. Write a funcrion rhat uses sconf0 to receive a date in the format"MM/DDmffY" and
then us€s printf(l to display th€ date "DD-MM-YY" (Section 3.5).

*4- Writ€ a function that prinB irr compile dat€ and time. L.Jse the compiler's internat tag
names to get the date and time values (S€ction 3.6).

5. Write a function that prin$ its compiled memory model and optimizer settings.
+6. Write a function rhat 'nputs a l6-bit hexadecimal mlue and th€n prints the binary

equival€nt. Note:There is no standard oueurfunction to print binary----6o it is all up

7. Use a #define to declare a paiällel, &bit l/O port, PORTX, at location 0x l200.The
d€clarätion should b€ made such that the port can b€ accessed by"pORTx = 34",or
"i = poRTx" (Section 3.6).

8. Write a funcrion to initialize the USART on the ATmega8s | 5 for I data bits, I stop bit,
no parity, and asynchronous opemtion.Th€ baud rate should be set for 9600 baud
with a system clock of 4MHz.Transmir and receive should also be enabled.Utilize the
_l'4CU CLOCK FREQUENCY macro to ?utomaticälly get the !"lue for UBRRL
lsection 3.6).

3.9 LABORATORY ACTI\ ' ITIES

l. Create a progräm to ourput the ASCII chaEcter "c" every 50 milliseconds thrcugh
the USART Obsede both theTTL l€v€lsignalon the microcontroll€rbTXD line and
the RS-232 sitnal at the output of $€ media driver using an oscilloscope. On eäch
waveform, id€ntify tie stan bit, th€ stop bit, and the dat bits of th€ transmitred signal.

2. Modiry the pro8rJm in Activity I so that the "c" is also transmined from the SPI bus.
Use the oscilloscope to display both the tränsmitted signal and the €lock and identify

3- Create a proSräm to use getcho4) to get a serial chamcter (from the PC) and put(hor0
to return a €haracter that is two letrers funher atong in the alphaber

4- l'4odify the program from AcrMg I by changing pu.cfisr(l so that the code for the
ASCII character b€in8 returned appears on port C,where it could b€ conveniently
read by attaching LEDS.
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5.

7.

8.

9.

t0 .

Create a program that uses a parallel ge&rro.o to get a byte of data in on PORTA and
uses the "stock' purchdr0 to echo what it receives to the USART at 9500 baud. Use
external interrupt 0,setto trigger eitheron a risingor a hlling €d8e (whichever is
convenient to your hardwäre), äs the st.obe thät causes PORTB to be read and the
data tränsmitl€d through the USART

Create a parallel port version of pukno4? along with the ge.cho.0 (from Activity 3)
to output the data read from portA on port C.

Team up with a pannen One of you should create a SPI bus tmnsmitter program, a
modifi€ation of the program from ActMty 5, that uses the SPI bus to transmit the
data from ponA when the appropriate signal is received on the ext€rnal interrupt.
The other partner should cr€ate a SPI bus receivec a modification of the program
from Activity 4, that displays the data received over the SPI bus.

For a real chall€nge, us€ th€ programs from Activiq/ 7 and cr€ate two-way communi-
cätion where both microcontrollers reäd the data on ponAwhen trigSered bytheir
own ext€rnal interrupt and send it through the SPI bus. Both microcontrollers also
display datä rec€ived by me-ans of the SPI bus.

C.eate ä version ofgetchorO änd puEhar0 using the SPI pon ofan ATme8a85l5 or
your Pärticulär Processor

Create a program usingActivity I that sends"C Rules!!" out ofthe SPI pon using the
Duts0 function.

Create a program usingActivity I that s€nds"C Rul€s this time ddd!!" out ofthe SPI
poft | 00 times, wh€re ddd indicates which time, from lto 100.



The CodeVisionAVR
C Compiler and IDE

4.1  oBJECTIVES

At the conclusion ofthis chapter, you should be able to

. Operate the CodevisionAvR c compiler and int€grated development
environment

. Correctly utilize th€ compiler options

. Apply the CodevisionAvR €nvironment to progr:m a target device

. Apply the CodevisionAvR code wizard to automatically generate shells of code

. Apply the CodevisionAvR terminal tool to send and r€c€ive RS-232
communrcaüons

. Perform basic debugsin8 operations using Atmelt AVR Studio as a software
simulator

4 .2  INTRODUCTION

The purpose of this chapter is to fämilirrize you with the CodeVisionAVR C
Compiler

The CodeVisionAVR C Compiler is just one ofmany C compilers arailable for the
Atmel A\lR microcontrollers- lts outsunding development environment and superb
compiler determined its use in this text. Ur ike a generic compiler modifed for the
AVR instruction set, CodeVisionAVR was written specifically for the A\rR micro-
controllers. As a resrilt, it produces very precise code, using the many features ofthose
microcontrollers without waste. In comparison with other compilers, it produces
smaller, more efEcient code for the Atmel AVR microcontrollers. Finally, Code-
VisionAVR has the Code\MzardAVR code generator, an inaluable tool for jump-
starting most projects.

20s
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This chapter provides a look at the CodeVisionAVR development environment and its
many features. You wi1l learn how to create a project, to set specific compiler options for the
project, to make ̂  project into an output file, and to load that output fi1e into the target
device. The CodeWizardAVR code generator will be discussed, along with the terminal
tool. Finally, you will be shown some basic features ofAVR Studio as a software simulator.

Currently, CodeVisionAVR is designed to run in Windows 95, 98, Me, NT 2000, and XP
environments. The version on the enclosed CD-ROM is the evaluation version. It is lim-
ited in the size of the source fi1e that can be compiled and in the number of features sup-
ported by the CodeWizardAVR code generator.

4 . 3  I D E  O P E R A T I O N

The CodeVisionAVR C Compiler is accessed through its integrated delelopnrent enztiron-
nent (IDE).ThelDE allows the user to build projects, add source code fi1es to the projects,
set compiler options for the projects, compile, and make prcjects into executable program
files. These executable files are then loaded into the target microprocessor. The goal ofthis
section is to familiarize you with the usual use of the CodeVisionAVR IDE. There are many
advanced features in the IDE that are beyond the scope of this text.

As CodeVisionAVR's IDE is discussed, the menu items are referenced by the main menu
name followed by "l" and the submenu item name. For example, a reference to the Save
As menu item within the File menu appears as FiIe lSave As. The main menu bar for
CodeVisionAVR's IDE appe ars below rÄi application title bar.

4.3.1 PROJECTS

A project is a collection offiles and compiler settings that you use to build a particular pro-
gram. A few projects are provided for you on the CD-ROM included with this boolq but it
is also important to know how to create and configure a new project. All project 6les have a
.prj extension.

An open project appears as in Figure 4-1. Notice the file navigator down the left side ofthe
screen. This lists the fi1es that are part ofthe project as well as other files that are being used
with the project. Only the files listed under the project name are to be compiled as part of
the project. In Figure 4-1, the project name is IOM and the source files for the project are
IOM.; cp.c, LCD.c, and, heypad.c. The files listed under Other Files are not compiled as
source files for the prQect (ihd.h and cp.Z). The source code editor occupies the right side of
the screen. Many source code files can be opened at once and tiled, stacked, or maximized
depending upon the user's needs. Acröss the top ofthe screen are the menus and the tool-
bars, which are referenced throughout this chapter Finally, across the bottom appears the
Messages tab. This is where the compiler errors and warnings are listed upon compilation.

Open Existing Projects

Select the FilelOpen menu command or click the Open File button on the toolbar to open
an existing project file. When either of these is performed, an Open File dialog box
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Figure 4-f An Open Projea in CodeVisionAVR

appears. Browse to the appropriate directory and select the project file to open. \Mhen you
open the project file, the project appears as itwas last used. Figure 4-1 shows a g?ical open
project. Notice the file navigator down the left side listing the project name and the avail-
able files.

Create New Projects

New projects are created with the File lNew menu command or by clicking the Create
New File button on the toolbar. These actions open the Create New File dialog box as in
Figure 4-2, r€questing that you specifr the tJpe of file to open. Select the Project option
and click OK A second dialog box asks you to confirm use of the CodeWizardAVR to
create the new project. This dialog box is depicted in Figure 4-3. The code wizard is a tool
used to automatically generate part ofthe source code for your project; it is covered in more
depth later in this chapter. To create a project rüithout using the code wizard, select No
when prompted to use it. A final dialog box prompts you to speci$' a project file name and
location.

EEoJ.cr : :ö-nq.-sE

3.s.ic lr.jet

. ü !r .oorEtr c&E mäy E ßqrE
h 3 lir äddrioa cdiE may b. raqri.d
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Figure 4-2 Create New File Diolog Box Figure ,f-3 CodeWizardAVR Confirm Dialog Box

When these steps are completed, CodeVisionAVR creates a new project and opens the
Configure Project dialog box for the new project. This dialog box has severa.l tabbed frames
of options that allow you to customize the project for your specific application, as shown in
Figure 4-4.

Configure Projects

The project is configured with the ProjectlConfigure menu command or the Project Con-
figure toolbar button. Selecting either of these opens the Configure Project dialog box.

Figure 4-4 CodeVisionAVR ofter Creoting o New Project
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There are three tabbed fiames in this dialog bo* Files, C Compiler, arrd After Make. Ifyou
select the Files tab, you are able to add source frles to and remove source 61es from the
project. The C Cornpiler tab ,llows you to set properties for the project pertaining to the
target device and the executable program file. Finally, the After Mxke tab allows you to
select particular programs to run (such as a chip programm€r) when the makc is complete.
The Files and the C Compiler tabs are covercd in mor€ detail later in this chapter

Close Project

To quit working with the currcnt project, use the FilelClose Pmject menu command. Ifthe
project liles were modificd and were not yet saved, you are pronpted to save the modified
files. When you save, the IDE creates a backrp fle with a /r- extension.

4.3.2 SOURCE FTLES

Source 6les are the 6les that contain your program source code- They are the {il€s that you
painstakingly labor over to make the microprocessor do the right thing. The IDE allows you
to add source f,les to the project and remove them from it. The IDE also has a fairly pow-
ertu1 editor built into it for editing code- There are features ofthe IDE editor that are very
specific to a code editor and are useful in developing and debugging code.

Open an Existing Source File

To opeo an existing 1ile, use the Filelopen menu command or dicl< the Open File button
on the toolbar. An Open File dialog box alorls you to browse to the directory to locate the
file to open. Select the 61e and click OK to open the fla Altematively, single clicking the frle
name in the navigator also opens th€ fle. The file opens in an editor window within the IDE.
Although many 6les are open in the IDE in Figrue +5, 4,r is the cunendy selected file. The
selected 6le path and name are listed in the tide bar at the top ofthe editor window.

Create a New Source File

The File New menu command and the Create Neu/ File button on the toolbrr are available
to create a new source file. When either is selected, a dialog box appeärs prompting you to
select a 6le gpe. Select Source and click OIC A new editor window opens for the newly cre-
ated 6le, as shown in Figure 4-6. The tide bar sho\rs the 61e name as rntitled.e, and t \s
l i . ted in the f iLe ravigator under Other Fi ics.

To save this file under a new name, use the File lSave As menu command. The new fi1e from
Figure 4-6 is shown in Figure 4-7 saved under the nane nlnezfle.c.Thls change shows in
the tide bar and in the fiIe navigtor

Add an Existing File to the Project

Simply opening a 61e or creating a file does not automaticrly add ;t to the current project.
You must open the project and select the ProjectlConfigüre menu command or click the
Roject Configure toolbar button- This opens the Confgure Project dialog box. Select the
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Figure 4-5 lhe Source Fih cp.c ls Seleaed

Figure 4-6 New Source File untitled.c Creoted
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Figure 4-7 New Source File Renomed os mynewfile.c

Files tab, which lists the project name and the source file names for the project. Files are
added to and removed from the project by clicking the Add and Remove buttons on the
right side ofthe window.

The Project Configure dialog box is displayed in Figure 4-8, with iom.c, LCD.c, ke1pad.c,
and p.c listed as source files for the project.

Clicking the Add button and selecting the newly created file myneufle.c adds it to the
project as a source file. The new source file list appears in Figure 4-9.

When the Configure Project dialog box is closed, the file navigator shows that the file
myneufle.c is now considered part of the source fi1es for the project. In Figure 4-10, the file
is no longer listed under Other Files.

4.3.3 EDIT FILES

The editor built into the CodeVisionAVR IDE supports the standard editor functions.
The cursor is moved around with the Home, End, and arrow keys, as well as the mouse.

,d.r!n ro-t

!!r!._scrr_Äscrrlb.0, ;
// prrpt tt* F.aa ?.1r.
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Figure 4-8 Configute Prcject Diolog Box, Add Bunon Aicked

Figure 4-9 mynewfile.c Added to Projea os o Source File
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Figure rL I 0 lhe File Novigotor Lists mynewfile.c as o Source File

Clicking and dragging the mouse selects portions of text to be manipulated together. Cut,
copy, and paste the selected text with the standard shortcut keys, the Edit menu options, or
by clicking the right mouse button. Find and replace functions are supported, along with
undo and redo editing functions.

The editor has excellent features especially designed to facilitate editing code. Some ofthese
features make it easier to move around in the file. The Alt+G key combination or the
EditlGoto Line menu command moves the cursor to a snecified line number. Bookmarls
are toggled on and offat the current cursor position by tLe EditlToggle Bookmark menu
command or by the Shift+Ctrl+0 through 9 key combinations. The EditlJump to Book-
mark menu command or the Ctd+0 through 9 keys jump the cursor to a previously set
bookmark. Bookmarls are usefirl for moving around within the program without paging
tfuough the code or memorizing line numbers.

The editor has two features to simpliS formatting code for readability. First, the editor
allows you to indent and de-indent blocks of text. Highlight the text by clicking and

.oEt ob ddn !ry_rdLtr?l - tordd,

Äcsrr rEtrTl

Nilod 'DdtU.h0bit*Cn , (.!l ine iEy bo rcqild
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dragging your mouse, then press the Ctrl+I or Ctrl+U kevs to indent or undo the indent
on thc block of text bl, one tab spacing. 

'l'his 
is usef t for indenting the code in rn if stare-

ment or whjle statement. Second, the editor supports an auto-indenting feature, which
moves the cursor dnecdy below the start of the previous line when Enter is pressed,
instead of moving the cursor to the very beginning ofthe line. This fexture is controlLecl
through the Settings I Editor menu command.

Thc cditor also has a brace matching feature. Ifthe cursor is positioned on an opening or
the closing bracc, thc EditlMatch Braces menu command or Ctrl+M highlights the por-
tion of the text until thc coresponding matching dosing or opening brace. This allows the
programmer to check lor balanced braces around tunctions, ifstatements, while statements,
and so on. Pressing any key or dicking the mouse hides the higNighting.

Finalll', the editor has a syntax highlighting fcaturc that makes the code easier to read and
write. The syntar highJighting uscs special colors to displa,r. keywords, süings, constanrs,
and comments so that thev stand out as you write and review your code. The colors used for
highlighting can be modified through thc Settings lEditor menu command.

4 . 3 . 4  P R I N T  F I L E S

The File Print mcnu command and the Print button on the toolbar Drint the currentlv ac
tive 61e on the delault Windows printer. To print only a section of rhe active fiIe. higl ight
thc portion to be printed and select the EditlPrint Sdection nenu command.

The current print settings arc modified bv selecting FilelPage Setup. This opens the Page
Setup dialog box, which allows you to sclcct whcther or not to print page numbers, pagc
headers, and syntax highlighting.The Pagc Setup dialog box also establishes the margins for
printing and the units the1. are measurcd in. Finally, the Printer button in the Page Setup
dialog box opens a second dialog box for modifying the printer settings or selecting a dif
ferent printer altogcthcr.

4.3.5 THE FILE NAVIGATOR

The 61e navigator facilitates displaying ^nd opening soLrce 6les. Clicking on the 6le name
in the navigtor windor. ma-rimizes or opens the 6le in an editor window. A typical naviga-
tor window appears in Figure 4-11- The project name is listed at the top of the window,
with all of the source 61es for the project listed directly below thc projcct's name. Files that
are open but not considered to be part ofthe project sourcc filcs arc listcd undcr Other Filcs
toward the bottom ofthe windorv.

If there is a + or - bunon next to the fle mrne, more information exists on the file. This n-
formation is cither erpanded or collapsed by clicking on the + or -. The information nay
includc a list of global variables and tunctions dedared in each compiled C source 6le.
(These listings are ar'zilable only after a compilation has taken place.) Clicking on the vari
ablc or tunction name higl ights th€ variable or function declaration in the appropriate
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Froieclr l0M
Notes
l0M.c

GlobalVarobles
Funclions
Wämings

6lobalVarlables
Jf srEm_address
x LCD_FoW
x tcD_coL
,f BAUD-HATEZ
X DATA_LENGTH2
,f PAF]TY2
.r 5T0P_EtT52
X BAUD_FATEO
Functions
\ddrnings

fl rco."
fr.Xy GbbalVar ables
E-f0 Funclions

-f{} wr_half
-f() wr-disp

f0 ihit-display
-J{} clear-d splay
- f{} disp-chor
- J0 disp-slr
-f(l di*p-cstr
-.f{} disp-command
-.t() set_disp-posilion

l-l keypad.c

Figure,l-f I File Novigotor Window

C source file. Errors and warnings generated during compilation are also displayed in the
navigator window. Clicking on the error or warning highlights the related line in the source
file. Figure 4-11 shows an example with some ofthe file branches expanded.

The file navigator displays the results of the Find in Files command, available under the
Edit menu. When performed, it searches a1l of the files listed in the fiIe navigator for the
specified search term. The results of the find are listed in the file navigator winäow for each
file in which the term v/as found. To view the results, click the + button next to the Found
line. Figure 4-12 shows the results of an EditlFind in Files command performed on the
term "sprintf" At the bottom of the CodeVisionAVR window, a Find in Files tabbed win-
dow appears next to the Messages window, providing a second listing of places where the
search term was found.
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- /{) wr-hdl
fi) wr-dbp

' f0 init-dsplay
''/{) cleor_display

-'-f{) disp-char
-'-f{} disp-slr
'-.f{) disp-csh
--f{} disp-command

f0 set_disp_position

Figure 4-f 2 File NavigotorWindow ofrer Find in Files

4 . 4  C  C O M P I L E R  O P T I O N S

The compiler must know some key information about the target device in order to generate
the appropriate executable program file. This information includes the chip qpe, the data
stack size of the device, and the size ofthe internal and external SRAM used in the appli-
cation. The compiler must also know a few things about how to interpret and optimizeihe
C code in the source files for your application.

To set the C compiler options for the currendy opened project, select the ProjectlConfig-
ure menu command. The Confgure Project dialog box opens, with tabbed frames for dif-
ferent groups ofsettings. Select the C Compiler tab, as shown in Figure 4-13.

The two most general settings are the chip and c1ock. The Chip list box selects the target
AVR microcontroller chip. (Note that the evaluation and lite versions of CodeVisionAVR
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Figure 4-f 3 Configure Projea Diolog Box,C Compiler Tob

do not support all of the Atmel AVR processors. Refer to httP://,.o,ual.bpinfatecb.ro for in-
formation on the processors supported by each version.) The Clock field refers to the sys-
tem clock and must also be populated. This is done by either typing in the frequency or
using the up and down arrows to scroll to the appropriate value.

4 . 4 . I  M E M O R Y  M O D E L

The required memory model is selected under Memory Model. Four rnemory models are
implemented: Tiny, Sma1l, Medium, and Large.

The Tiny option uses 8 bits for storing pointers to the variables placed in SRAM. In this
memory model, you have access to only the first 256 bytes of SRAM. The Small option uses
16 bits for storing pointers to the variables placed in SRAM. In this memory mode1, you
have access to 65,536 bytes of SRAM. For both the Tiny and Small options, the pointers to
the FLASH and EEPROM memory areas always use 16 bits, so the memory model selec-
tion limits the total size ofthe constant arrays and literal character strings to 64K. However,
the total size ofthe proeram can be the fu11 amount of FLASH.
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The Medium memory model is similar to the Small memory model except that the
Medium memory nodel uses pointers to constants in FLASH that are 32 bits wide. The
pointers to functions are 16 bits widc under the Mediun memory model since they hold the
word address of the tunction. Undcr word addressing, 16 bits are enough to address a flrnc-
tion located in all 128K ofFLASH.

The Large memory model is similar to the Medium memory model except that it uses 32
bits for pointers to the constants in FLASH and for pointcrs to tunctions. The Large mem
ory model can be used for chips rvith 256K or morc ofFLASFI.

4.4.? OPTIMIZE FOR

The compiled program is optinized for minirmrm size or ma-rimum execution speed by
the Size or Speed option under Optirnize for. It is usually dcsirable to optimizc thc soft
ware lor size, because the memory on the microcontrollcr is limited. \\lhcn optimizing
för size, the conpiler meticulously pulls out code that rcpcats in scvcral placcs and creatcs
a subroutine for it. Each time the code is needed, a call to the subroutinc is uscd instcad.
If you look at the ./sr fiIe after compiling, you will notice many subroutincs that the com
piler created for you to save space. However, each call to a subroutinc costs you cxccution
time. So, in some applications, strict timing requiremcnts makc it nccexary to leave thc
code in line although it repeats itselflater. In these cases, select to optimize lor speed, not

4.4.3 OPTIMIZATION LEVEL

The compiled progran is optirnized according to the Optimize for sctting ff wcll as thc
Optimization Level setting. In general, you want the smallest, fastcst code that thc com
piler can generate. Horvever, when debugging in an environment such as AVR Studio, you
may want to decrease the Optimization Lewel since the maximal optimization can make
stepping through the application and debugging more dillicult.

4.4,4 PROGRAI4 TYPE

For devices that allow self-programming, the Program T)"e is sclcctcd as either Application
or Boot Loader A boot loader application is one that can rcprogram thc main program
memory while running fton a higher memory location. This allows the software in a
microcontrollo to be updatcd using serial communication to the processor dnectly. Once
programmed with the boot loader, the microcontroller can be reprogrammed repeatedly
without requiring a special programming cable or even resetting the microcontroller.

4.4.5 (s)pr int f  FEATURES AND (s)scanf FEATURES

When Prin6 sPrin$ scanJ or srafare required by an application, the full implementation
of these functions can be consuming ofthe resources. To minimize this consumptrve effect,
the compiler options (s)prindFeatures and (s)scanfFeatures alloll,s you to selcct to \{hat
level you need the tunctions implemented. Scc thc compiler documentation lor the exact
features supported for each function under €ach option.
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4.4.6 SRAl'l

Default values for the data stack size, hcap size, and internal SRAM size are chosen by
CodeVisionAVR based on the particular microcontroller sdected. The data stack size is the
amount of memoD' to be set aside for rariablcs. For a data-rich appJication that requires a
larger than normal amount ofvariable space, increase tie data sta& size. This impacts the
anount of memory available for the program stack, so increase the data stack size only by the

required amount. Ifyou are using memory allocation functions such as z alaq caloe, or rcal

/r., then you will need to reserve some heap space as rvell. The :nount of heaP space required
is the summation ofall allocated space plus 4 bltes for each block ofmemory that is allocated.

If erternal SRAM memory is connectcd, speci! the size of that memory If the extenal
memory dcvice is slow, select to use thc wait states by selecting the Erternal SRAM Wait
State check box.

4.4.7 COt' IPtLATtON

The Compilation ftame contains mosdy check boxes that enablc or disable particular op-
tions. It also contains a Jist box for dctermining the gpe of output file format to be used

The Promote char to int check bo,x enables the ANSI promotion of char opcrands to int.
Promoting char to int leads to larger code size and slower speed for an 8 bit chip micro-

controller like the A\rR.

The char is unsigned check box selection causes the compiler to treat, by default, the char
data gpe as an unsigned 8-bit variable in the rangc 0 to 255- lfthe check box is not selected,
the char data qpe defaults to a signed 8 bit variablc in the range -128 to 127. Tieating char
data rypes as unsigned leads to better code sizc and speed-

CAUTION: There are some conditional statements that do not oPerate predictably on un-
signed char data t-r,pes. The'geatcr than" and "less than" conditional statements arc two
such statements. If a variable is to bc used in this type of statemcnt, it is preferable to use a
signed char data qpe. If the value rvill cxceed a signed char data type, promote the variable
to a signed integer This seems tuivial, but it could save you hours ofdebugging time.

To reduce code space, enumcrations can be setup to bc 1 byte instead of2 by selecting the

8 bit enums option. This should be done witl the understanding that any cnumerated
values under this scheme shouid be treated in nath and all other operations as characters
and not integers.

Some of the AVR microcontrollers support an enhanced instruction set. To take advantqe
of this, you need to select the Enhanced Core Instrtructions check box. It allows enabling
or disabting the generation ofEnhanced Core instuctions for microconüollers such as rhe

Atrnega128, Atmega32, or AtmegaS. This check box is available ody when a microcon

troller that supports the enhanced instruction set has been selected.

Word Align FLASH Stuct Members is an option that makes compilation baclomrd com-
patible to previor.rs venions of the compiler where FI-ASH smtctures had to be wotd
aligned. This option should not be selected for new projects.
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For debugging purposes, the Stack End Markers check box causes the compiler to place the
strings "DSTACKEND" and "HSTACKEND" at the end ofthe data stack and the hard-
ware stack areas. \Arhen you debug the program with an emulator or simulator like Atmelt
AVR Studio, you can see ifthese strings are or.erwritten and modi$' the data stack size ac-
cordingly. When your program runs conecdy, you can disable the placement of the strings
in order to reduce the code size.

The File Output Format(s) list box selects the formats for the files generated by the com-
piler. Most in-system programmers use Intel HEX formaaed frles. COFF is required by the
Atmel AVR Studio debugger; ROM and EEP are required by some in s)ßtem prcgrammers.

4.4.8 MESSAGES TAB

The generation of warning messages during compitation is enabled or disabled by the
Enable Warnings check box found on the Messages tab. Specifc messages can be enabled
or disabled in the list below the main checkbox- Temporarily disabling the generation of
wamings may be useful during debugging to prevent messages about unreachable code or
mriables being declared and never used. When you work on the final version of a program,
it is much bener to work drough all ofthe warnings than to simply disable them.

4.5 COMPILE AND tr lAKE PROIECTS

Obtaining an executable program file requires the folowing steps:
l. Compile the project: C source files into an assembler source file.

2. Assemble the assembler source file.

Canpiling a f'le executes step 7 only. Marting z ßle executes steps 1 and 2 for the nain
Droiect lile.

4.5. I  COMPTLE A PROIECT

The CodeVisionAVR C Compiler is called for a project by the ProjectlCompile File
menu command, the F9 key or the Compile button of the toolbar. Execution of thc
CodeVisionAVR C Compiler produces an assembler source 6le with the .ain e;'tension.
After the compilation, the Information window opens, showing the compilation results.
See Figure 4-14.

The Information window Jists the compiler option setrings at the top. Ne*, the statistics on
the number of lines compiled and the number of errors and wamings are listed. The rest
of the window details how much rnemory is used and for what purposes.

Iferrors or warnings are generated during compilation, they are listed in the Messages win-
dow located under the editor window and in the navigator window. Double clicking the
effor or warning message highlights the troublesome line of code. In Flgure 4-15, the frst
warning was double-clicked and the associated line ofcode is hig ighted.
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Figure 4- | 4 lnformotionWindow Showing Compilation Results

4.5.2 MAKE A PROIECT

An executable file is cteatedby making a prcject.To nake a prolect, select the Project lMake
menu command, press the Shift+F9 keys, or click the Make button of the toolbar. The
CodeVisionAVR C Compiler executes, producing an assembler source file with the .asn'
extension. If the compiler generated no errors, the Atmel A\{R assembler AVRASM32 is
automatically called, and the assembler runs on the newly oeated assembler source file. The
assembler creates an executable program file in the format specifed in the C Compiler tab
ofthe Configure Project dialog box (Project I Confrgure I C Compiler command).

After the make processis completed, the Information window opens, showing the compila-
tion results. There are two tabs in the window, Compiler and Assembler These tabs allow
you to revie\ü the results ofboth the compiling and the assembLing ofthe program. An ex-
ample of the compilation results is shown previously in Figure 4-14. Fig:re 4-16 shows an
example of the assembler results.

The top of the Assembler tab displays the version and copyright information for the as-
sembler. The next section in the window is the assembler feedback of how much memory is
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Figure 4-f5 Compilotion Errors Disployed in Messoges Areo ond,n the Noyigator

used by the program for each area, including the code segment (cseg or FLASH), the data
segment (dseg or SRAM), and the EEPROM segment (eseg).

The line below the memory usage table is very important: 'Assembly complete with no
errors." Occasionally, a program cornpiles fine but errors occur during the assembly. If this
happens, a window opens and displays a message that errors occurred during assembly. This
line in the Assembler tab of the Information window tells how many errors occurred. To
find the errors, open the ./sl file and search on the term "Error."

The bottom part of the Assembler tab shows that the iom.eep file wzs deleted. This fi1e was
created for EEPROM initializations, but none existed in this program, so the file is not
needed.

4.6 PROGRAM THE TARGET DEVICE

The CodeVisionAVR IDE has a built-in In-System AVR Chip Programmer that lets you
easily transfer your compiled program to the microcontroller for testing. The programmer
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Figure 4-16 Assembler Results

is designed to work with development boards such as the Atmel STK500, Kanda Systems
STK200+/300, Dontronics DT006, Vogel Elektronik VTEC-ISP, and the MicroTionics
AICPU and Mega2000 development boards, which are connected to your computer's par-
alle1 printer port. The Settings lProgrammer menu item opens a window to select the tlpe
of programmer to be used.

The programmer is opened by selecting the Tools I Chip Programmer menu command or by
clicking the Chip Programmer button on the toolbar. F.rgte 4-t7 shows the chip pro-
grammer opened with a Kanda Systems programmer selected.

4.6,  I  CHrP

The one item on the Chip Programmer dialog box that dictates what is arailable in the rest
of the window is the Chip list box, which selects the qpe of chip you wish to program. The
chip selection determines the size of the FLASH and EEPROM buffers. AIso, the chip
selection determines what is displayed-the Fuse Bit(s), Boot Lock Bit 0, and Boot Lock
Bit 1 frames-and whether these fiames are disolaved at all.
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Figure 4-f7 CodeVisionAVR Chip Programmer

4 . 6 . 2  F L A S H  A N D  E E P R O M

The programmer has two memory buffers: the FLASH memory bufTer and the EEPROM
memory buffer. The contents ofthese buffers are loaded and saved with the FilelLoad and
FilelSave menu commands. The suDDorted file formats are as follows:

. Atmel .rom and.eep

. lntel HEX

. Binary.bin

After a file is loaded into the corresponding buffer, the Start and End addresses are updated
accordingly. The Checksum field is also updated with the checksum ofthe loaded file.

It is possible to view and edit the contents of the FLASH and EEPROM buffers. The
buffers are displayed and edited by the EditIFLASH and EdiIIEEPROM menu com-
mands. Upon selection of one of these commands, an Edit window displaying the corre-
sponding buffer contents opens (refer to Figure 4-18).
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Figure ,f- l8 CodeVisionAvR Edit FLASH Buffer

The buffer contents, at the highlighted address, are modified by qping in the new value.
The highlighted address is modified with the arrow, Tab, Shift+Tab, PageUp, and
PageDown keys.

Occasionally it may be usefirl to fi1l a block of FLASH or EEPROM memory with a given
value. Right-clicking in the Edit window opens the Fill Memory Block dialog box, as
sho'wn in Figure 4-19. This dialog box specifies the Start Address, End Address, and Fill
Value of the memory area to be fi11ed.

The FLASH and EEPROM buffers are programmed to the chip, read from the chip,
or compared against the chip through the Program, Read, and Compare menu items
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Figure 4- | 9 CodeVisionAVR Chip Programmer Fill Memory Nock Diolog Box
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respectively. The chip must alwap be erased prior to prograrnming the FLASH buffer. If
the ProgramlAll menu command is used, the chip erase will automatically be performed.
Ifthe chip is locked, the read and compar€ operations on the FLASH and EEPROM from
the chip will not work.

4.6.3 FLASH LOCK BITS

The FLASH Lock Bits frame ofthe Chip Programmer dialog box has options for selecting
the security level setting for the chip- This security level must be one of the following:

. No Protection---nll read and programminS operations äre allowed

. Programming Disabled-reädins $e FLASH and EEPROM areas is allowed, but
writing to them is notallowed

. Programming and Verification disabled no readint to or writing from eirher
area is allowed.

After progamming the chip is complete, regardless ofthe state ofthe lock bits, the FLASH
cannot be *aitten to ag"in until a chip erase is performed.

The lock bits are automatically writren to the chip duing a ProgramlAll operation or can
be written independently through the Pmgramllo& Bits menu command. The curent
value ofthe lock bits is read with the ReadllockBits command. A chio erase alwavs sqs
the lock bits back to no protection.

4.6.4 FUSE B|TS

Ifthe chip you have selected has fuse bits that can be programmed, a supplementary Fuse
Bit(s) frame appean. In this frame are vaious check boxes, one for €ach tuse bit available on
the selected chio. The fuses and their resDecti\,.e uses are described in the Atmel datasheets.
The tuse bits are programmed to the chip and read ftom the chip using the Program lFuse
Bits and ReadlFuse Bits menus. The tuse bits are also programmed as prrt of the
ProgramlAll automated programming prccess.

4.6.5 BOOT LOCK BIT OAND BOOT LOCK BIT I

Chips that support bootJoading applications have additional security bits that lock the
boot loader section ofmemory- The Boot Lock Bit 0 and Boot Lock Bit frames and options
support these additional security bits. For information on how these bits are used, refer to
the Atmel datasheets.

4.6.6 SIGNATURE

Each different c1rip gpe in the Atmel AVR line has a unique signature. The ReadlChip
Signature menu item reads the signaturc of the chip to determine the gpe of chip con-
nected to the programmer Many programm€rs use the signaturc to veri4, the chip selected
against the actual hardware connected before performing any operation. The different chip
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q?cs havc differcnt programming parameters, so unexpected results crn occur if the actual
chip and the selected chip qpe do not match.

Howevea occasionally it is necessaw to program or read a chip as another chip q?e. For e{-
ample, when the Atmega128 was frst released, many prcgrammeß supported it only in rts
Atmega1O3 mode, so it was necessary to ignore the signature of the Atmega128. It is lor
this reason that a check box is provided to disable the reading ofthe signature. Ifthe signa
ture is not corrcct and Check Signatue is selected, the progamming will not continue. If
the Check Signatur€ check box is not selected, programming wiJl continue regardless of the
srgnaüre .

4 . 6 . 7  C H I P  E R A S E

A chip erase is autonatically performed whenever the ProgmmlAll menu command is
used.To erase a chip independent ofthe programming opcration, the menu cornmand Pro-
gram Erase Chip is available. The PrograrnlBlank Check menu command verifies that the
chipt EEPROM and FLASH nenor,v areas are erased. This verification is also performed
automatically by the ProgramlAll function unless thc Check Erasure check box is cleared.

The Preserve EEPROM check box does just that it enables the preservation of thc
EEPROM data through a chip erase cycle. This is accompJished by reading the EEPROM
into a buffer, performing thc chip erase, then writing the data back to the EEPROM. Ifthe
chip is locked to prevcnt reading, the EEPROM is not preserved, because the drta could

4 . 6 . 8  P R O G R A M H I N G S P E E D

To speed up the programming process, clear the Check Erasure chcck box. In this case,
there is no verification of the corecmess of the chip erase. You can also clear the Verify
check box. When the Veri& checl box is cleared, there is no verification of thc correctness
of the FLASH and EEPROM programming. These are usefi.rl when you dcbug code and
program the device repeatedly for testing. When you program the chip with the flnal ver
sions of codc, it is recommended that you have the Check Erasure and the Verify chcck

4,6.9 PROGRAH ALL

The Program All nenu command automates the programming process. This is probably
the menu item that is most used in the programnel The steps taken arc as follows:

L Erase the chip.

2. FLASH and EEPROM bldk check (if check Erasure is check€d).

3. Program and verit the FLASH.

4. Program and v€rit th€ EEPROI4.

5. Program the Fuse and Lock Bits.



4.6. I  O OTHER PROGRAMMERS

In-system programmers that are not direcdy supported by CodeVisionAVR can be added
to the tools list if they support command-line calls. Our examples show TheCableAVR
in-system programmer as a stand-alone programmer, but this can also be called by
CodeVisionAVR through the command line. To add a new tool, select the Tools lConfigure
menu item. When the Configure Tools dialog box opens, click the Add button. This opens
a browser to select the executable for the tool. Fizure 4-20 shows TheCableAVR beins
added in the Configure Tools dialog box.

Once the tool is added, click the Settings button to open the Tool Settings dialog box
which establishes the settings for the tool: the name of the tool as you want it to appear in
the Tools menu, the path and file name for the executable file, any command line parame-
ters for the too1, and the working directory for the tool. Figure 4-21 shows the settings for
TheCableA\4R.

The command line parameter for TheCableA\rR is simply the TheCableA\rR project name
(iom.isp).TheCableAVR allows you to ffeate a project containing the program files for the
FLASH and EEPROM memory areas, as well as fuse bit and lock bit settings. Several other
settings are part ofthe project file, but these particular settings depend on the target device.

Once the tool is added and configured, it appears in the Tools menu. Figure 4-22 shc;'r.ts
TbeCableAVR.exe listed in the Tools menu. Simply selecting this menu item calls
TheCableA\rR and programs the chip. TheCableA\rR window opens, loads the project f,le,
and begins the automatic programming cycle. If an error occurs during the programming

Figure 4-20 ConfigureTools Dialog Box,Add Button Clicked
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Figure 4-21 Tool Settings Diolog Box

cycle, TheCableAVR window remains open for the user to address the error (refer to Fig_
ure 4-23). If the programming is successfully completed, TheCableAVR closes.

4.7 CODEWIZARDAVR CODE GENERATOR

When creating a new project, you are given the option of using the CodeWizardAVR to au-
tomatically generate a shell of code for your project. The CodeWizardAVR is a great tool
for saving time during the startup phase of any project. It automatically generates code to
set up timers, communications ports, I/O ports, interrupt sources, and many other features.
This saves you from having to dig through the data book for control registers and their
required settings.

To effectively use the CodeWizardAVR, you must know how the microcontroller is to be
used in your project and you must have a basic knowledge ofthe hardware ofthe processor.
Chapter 2, "The Atmel RISC Processors," of this book covers many of the architectural
features available in the Atmel AVR microcontrollers. Chapter 5, "Project Managment,"
details good project planning and assists in project planning and preparation for writing
software. For now, carefu11y consider which I/O pins are used as inputs or outputs, what

Figure4-22 CodeVisionAVRTools Menu
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Figure 4-23 TheCobleAVR Softwore

baud rates arc required bv the communication ports, what timers are required, and what in-
terrupt sourccs are needed.

The CodeWizardAVR places the generated code directly in the source fi1e you speciSr This
is the starting point for your program. Since you will be editing this fi1e, any of the settings
can be modified later, but 1.ou will have to look up the new scttings in the datashects for the
mlcroploccssor.

Thc features available through the CodeWizardAVR depend upon the microcontroller sc
lccted and the version of CodcVisioru{VR in use. (Remember that the e\.aluation and lite
versions of CodeVisionAVR do not support all of the Atmcl AVR processors and do not
support the san.re featurcs in the CodcWizardAVR as the star.rdard version. Refer to
http.//urou.hpinfotech.ro for information on each version.) Figure 4-24 shows the tabbed
frames ofoptions available for the NlTiny22 in the standard version of CodeVisionAVR.
The Atmegal6 sl.rown in Figure 4-25 has many morc tabbed frames available.

This section uscs the Atn.regal6 as the targct device and covcrs some of its basic options
available in tl.re standard version of CodeVisionAVR. The examplc code {ragme nts provided
in this section are specific to thc Atmegal6 dcvice. The initialization code generated by rhe
CodeWizardAVR is placcd at the top of nain). The intcrrupt routines are placed above
nain0.

- t
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Figure 4-24 CodeWizordAVR ATTiny22 Options

Figure 4-25 CodewizordAvR Atmego I 6 Options
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Nate: The CodevizardAI/R i eonstunq bäflg a?dated and eryanded. Tl);s tection ;s not neant
to be an ercbaustive ex/anatkn of;ßjaat res ald ?ossibilities, but rather an ol)ero;eu af the tur-
rent ca?abilities oftl;s taal.

4 . 7 . I  C H I P  T A B

The Chip tab is the 6rst tab selected as the CodeWizardÄVR window opens. The Chip list
box sets the target device. Changing ofthe selection in this list box updlates the rest of the
window. The Clock frequency in megahertz is either selected with tbi up and down atow
buttons or entered direcdy in the edit feld. Selecting the correct frequency is very impor-
tant for getting the other time-sensitive smings cofiect.

At the boftom ofthe Chip tab, the Check Reset Source check box enables code to check the
reset source. Ifthis is selected the following code is generated. This code allolus the pro-
gram to take certain actions depending on the source ofthe last reset. This code is placed at
the very begsnning of nainj.

/ /  Reset  Source checkids
i f  (McucsR & 1)
t

/ /  Po$er-on Rese!
MCUCSR&=oxE0;

else i f  (McUcsR & 2)
{

/ /  Exreroal  Reset
MCüCSR&=0xE0;
/ /  Ptace your  code here

]
eLse i f  (McUcsR & 4)
I

/ /  Brown out  Reset
MCUCSR&=0x80;
/ /  P1ace your  coale here

)
e lse i f  (MCUcsR & 8)
{

/ /  watchdog ReseE
MCUCSR&=0x80,
/ /  P lace your  code here

]
e lse i f  (MCUCSR & 0x10)
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/  /  J rAc  Reseh

MCUCSR&=0xE0 ;

/ /  Place your code here

] ;

Below the Check Reset Source check box is the ProgramType list box. This selects between
generating a boot loader gpe of program and a normal application. For this example, the
application qpe program is used.

4.7.2 PORTS TAB

The Atmegal6 has four I/O ports: A, B, C, and D. In Figure 4-26, Port A is selected. For
each pin in Port A, two options are available, data direction and pullup/output value. These
settings do two things. First, the Data Direction settings determine the value of the DDRx
registers (DDRA for PORTA) and control whether each pin is an input or an output. Sec-
ond, the Pullup/Output Value setting is used to establish the initial value for the port. Ifthe
pins are inputs, the Pu11up/Output Value enables or disables the internal pull-up resistors.
If the pins are outputs, this setting determines the initial value output on the port.

If, for example, we use the upper half of PORIA for input with pull-up resistors enabled
and the lower half of PORIA for output with the value OxOA as an initial value, the Ports
tab settings appear as in Figure 4-26.

Figure 4-26 CodeWizordAVR Atmega I6 PorsTab
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Figure4-27 Extemal lRQTob

The generated initialization code for PORIA appears as follows:

/ /  I npu t /Oubpu t  Po r t s  i n i  t  i a l  i  za  L i  on

/ /  Po t | -  A

PORTA=0xFA,

DDRA=0x0F ;

4.7.3 EXTERNAL IRQ TAB

The External IRQtab has two check boxes that enable or disable the external interrupts:
INTO and INTI. If the intemrpt is enabled, then the Mode list box appears and determines
what conditions cause the interrupt. For example, INT0 is enabled and is set to interrupt on
the falling edge ofthe signal, as shown in Figure 4-27.

The following interrupt routine is added to the source file:

/ /  External  In terrupt  0 serv ice rout ine
interrupt  LEXT_INT0l  vo id ext_ int0_isr (vo id)
t

/  /  Place your code here

)

The code generated to enable INT0 intemrpt on the falling edge is added to main) and
aPPears as

/ /  E x t e r n a l  I n t e r r u p t  (  s  )  i n i E i a l i z a t i o n

/ /  I N T o :  O n

/ /  INTo  Mode :  Fa l l i ng  Edge

/ /  I N T 1 :  O f f

/ /  aNT2 :  O f f

G I C R I = 0 x 4 0 '

MCUCR:0x02 ;

MCUCSR=0x00 ;

G I F R = 0 x 4 0 ;
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Figure,f-28 TimersTob

,1.7.4 TIMERS TAB

The Timers tab, sholrn in Figure €28, is a very versatile tool. It covers Timer 0 through
Timer 2 setups and the Watchdog timer setup. For this example, Timer 0 is set up to use the
System Clock as its clock source and t o n at 7 50 WIz When the timer rolls over, an IRQ
is generated. The code wizard outputs both the interrupt routine and the code to initialize
Timer 0.

The generated initialization code follows:

/ /  T imer / coun te r  0  i n i  t  i a l  i  za t  i on

/ /  C lock  sou rce :  Sys tem C lock

/ /  C l o c k  v a l u e :  7 5 0 . 0 0 0  k H z

// l4od,e: Normal top=FFh

/  /  .  oc0  ou tpu t :  D i sconnec ted

TCCR0 =  0x0  2  t
TCNT0  =  0x0  0  t
O C R 0 = 0 x 0 0 ;

A shell for the interrupt routine ca11ed when the timer overflows is placed ab ove main):

/ /  T i r ne r  0  ove r f l ow  i n te r rup t  se rv i ce  rou t i ne

in te r rup t  IT IMo_OVF]  vo id  t ime ro_ov f_ i s r ( vo id )

The



/  /  Pl"ace your code here

4.7.5 USART TAB

The USART tab has many options once the Receiver and./or Tiansmitter check boxes are
selected, For each ofthese check boxes, there is an option to make the receiver or transmitter
interrupt driven and a place to speciSr the length öf the associated data buffer. When the
CodeWizardAVR generates intemrpt-driven USART routines, the standard 7/O k&zry
rortines putchar) and gexhar) ate rcplaced with the code generated ir1 the source file. This al-
lwrs the puxhar) and, gexhm) frnclions to be interrupt driven. This in turn makes all of the
functions that use putcbmQ ar'd gxcharQ, s:ucJr. as pri.ntf) and smnf), interrupt driven as well.

Below the transmitter setup fields is the USART Baud rate list box, with many of the com-
mon baud rates available. The actual baud rates available depend upon the ftequenry of the
clock used to drive the device. The CodeWizardAVR displays the error percentage associ-
ated with the selected baud rate and the.system clock In this arample, shown inFigarc 4-29,
a baud rate of9600 is chosen, and the baud rate error is 0.270. This error percentage is small
enough not to affect communication with other devices.

The Communications Parameters list box is the final field on the USART tab. Select the
desired setting, and the CodeWizardA\rR generates the needed initialization code for the

Figure 4-29 U$ARfIab
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USART to achieve those settings. In Figure 4-29, the settings are chosen as 8 data bits, 1
stop bit, and no pariry

Interrupt-driven code generated for the USART is placed at the top of the source file. No
modifications to this code should be necessary for the use of the standard I/O library rou-
tines. (This code is not listed here because it is lengthy. See Figure 4-34.)

The initialization code placedin mainl for the USART settings in Figure 4-29 is as follows:

/ /  U 5 A K 1  r n r E  a  z A ! ' O " l

/ /  c o m m u n i c a t i o n  P a r a m e t e r s :  B  D a t a ,  I  s t o p ,  N o  P a r i t y

/ /  U S A R T  R e c e i v e r :  O n

U S A P ' l  T r a n s m i  E t e r  :  O r
/ /  U S A R l  t q o o e :  A S V n C n T O n O U  S

/ /  U S A R T  B a u d  r a t e :  9 6 0 0

U C S R A = 0 x 0 0 ;

UCSRB= 0xD8  ;
U C S R C = 0 x 8 6 ;

UBRRH= 0x0  0  ;
UBRRL=  0x2  6  ;

4.7.6 ADC TAB

The ADC (analog-to-digital converter) tab allows you to generate code to initialize the
ADC. Ifthe ADC Interrupt check box is selected, a shell is generated for the interrupt rou-
tine called at the completion ofthe conversion. The Volt. Ref. list box selects the reference
voltage for the converter. The final field is the ADC Clock list box, which determines the
prescaler setting for the conyerter. The prescaler is set up to divide down the system clock
to reach the selected frequency. Figure 4-30 shows a simple setup for the ADC.

l2c I t wi'* | 2wire fl2xl
LCD I Eireanged I Ptoiect lnfomatian
f,hiF lPorts I EnternallFü l Timers

USART I Analq ComparBtor A0f, lSPl

17 ADC Elöbled T LJseB bits

l !nrErrup(

,Autc Trigger Source:

lffi;-------*---l

File Help

Figure 4-30 ÄDClob
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The code wizard generates the following code to initialize the ADC and to read ralues from
it according to the senings in Figure 4 30:

/ /  ADC in l t ia l i za t ion

/ /  aDC Clock  f requency :  187.500 kHz

a D c  v o l  r d g .  R e f e r p n c e :  A v c c  p i n

i ^ ^ a r  s . '  r . a  N o n e

ADMUX=ADC_vREF_TYPE,
ADCSRÄ=0x85;

/ /  Read the AD convers ion resulE
. r s  g r F d  i n r  r e a d  . c l c l u n s i q n e d  c h d r  d d . _ i n p u r  I

t
ADMUX=AdC iNPUT IADC VREF,TYPE;
/ /  Starr  the AD coovers ion
A D c s R A l = 0 x 4 0 ;

' w a i c  t o !  r h e  A D  c o n v e  s i o n  i o . o r p  F  e
w h i l e  (  ( A D C S R A  &  0 x 1 0 ) = = 0 ) ;
A D C S R A  l = 0 x 1 0 ;
leturn ADCW;

]

4.7.7 PROJECT tNFORI ' iAT|ON TAB

The Project Information tab is just thaq it allows you to enter project informxtion and th€n

formats it into the genemted source file along with information about the setup of the

project. Figure 4-31 shows the project information entered for the example project.

An example ofthe addition to the source frle for the project infotmatior tab follows:

This proqlan was produceal by the
CodewizaldAVR V1.24 .  ?d Professional
Autona! ic  P!o l r ran Generator
@ copyl i9rhE 1998 2005 Pavel  Eaia luc,  EP hfoT'ecb s. r '1 .
h l lp :  /  / ] 'w.  hpinfotech.  con

Pro jec l  :  chapEer  4  Exanp le  Pro jec t

D a l e  |  L 2 / 7 4 / 2 0 0 5

AuLhor  :  Sa11y

Company :  Sa1 ly 's  Source  code
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:  6 . 0 0 0 0 0 0  M H z
:  sma11
: 0
:  2 5 6

Figure 4-3 | Proiea lnformotionTab

4.7.8 GENERATE SOURCE CODE

once the codewizardA\rR options ale set for the pfoject, the codewizardA\rR is ready

to generate a source fi1e. Selict the FilelGenerate, Save and Exit menu item (refer to

f rErfie +-52).

Tii, oo"rr. several browser windows to select the name of the source file, the r-rame of the

projecifile, and the name ofthe code wizard file. Once the appropriate file names are en-

i#d, the project is created and opened. CodeVisionAVR then appears somewhat as in Fig-

*" n-f S. i'igltt" +:4 lists the source code file that is created with the settings in the previ-

ous Darts ofthis section.

Cl-ock frequency

Memory model

Externat SRAM size

Da ta  S tack  s i ze
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Figure 4-32 FilelGenerote, Sove ond Exit Menu ltem

r Eö*:1"*

'  f i 
-hF&

Figure ,L33 New Prcject Creoted by the CodeWizordAVR



Tb.  Codc l i t ionAYR C aaa? i lp t  and IDL A l

Th is  p rosran  sas  produced by  Ehe
Code i , l i za rdAVR v1 .24 .7d  Pro fess iona l
Automat ic  P iogran Gene la tsor
@ Copyr lgh t  1998 2005 Pave l  Ha i ( Iuc ,  EP In foT 'ech  s . r . t ,
h t t p :  /  / w N .  h p i n f o t e c h .  c o n
e-na i1  :  o f  f  i ce@hpin f  oEech-con

Pro jec t  :  Cbaprer  4  Exanp le  Pro jec t

D a i e  : 7 2 / 1 4 / 2 4 0 5
Aulhor  :  sa11y
Conpany :  sa1 ly 's  sou lce  Coate

aTneqa l6  Example  Pro jec t

chip type : aTnegal6

C l o c k  f r e q u e n c y  :  6 . 0 0 0 0 0 0  M H z
Memory  nöde1 :  Sna1 l
Ex terna l  SRÄM s ize  :  0
Data  s tack  s ize  .  256

* * * * * * , * , , + ' ' , ' ' '  /

+include <me9ra16 -  h>

/ /  External  In tedupb 0 selv ice rouEine
intserrupt  IExT INToI  void exE, inEo_isr  (vo id)

{
/ /  PLace your  code here

J

+def ine TXBB 0

+def ine UDRE 5

+dEf iNC FRAMING_ERROR (1<<FE)
+def ine PARTTY_ERRoR (1<<uPE)
+def ine DATA oVERRüN {1<<ovR)
+dEf iNE DATA REGISTER EMPTY (1<<UDRE)
+def ine Rx CoMPLETE (1<<RXC)

Figure 4-34 Soutß Code Crcatßd by drc GdeWtzadAVR ((nltinues)
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/ /  USART Rece iwer  bu f fe r

char  rx_buf fe r  IRX_BUFFER SIZE] ;

+ i f  RX_BUFFER_SIZE<256
unsigned char rx_wr_index, rx rat lndex,rx counter;

unsigned inc rx wr_inalex? rx_ral_index. rx counter;

/ /  Th is  f las  i s  se ts  oD üSART Rece iwer  bu f fe r  over f low
bit rx_buf f er_owerf 1os;

/ /  USART Rece iwe i  in te r rup t  serv ice  rou t ine
in te r rup t  IUSART Rxc]  vo id  usar t  rx  i s r (vo ia l )
{
cha!  s latus,  data, .

i f  ( (s tatus & (FRAMING_ERROR I  PARITY ERRoR I  DATA_oVERRuN) )==O)
t
rx  buf fe i  l rx  wr_indexl  =daEa.
l f  (++rx wr index == RX_BUFFER SrzE) rx  wr index=o, .
i f  {++rx counter  == RX_BUFFER_SIZa)

rx_countser=0;
rx_buf fer overf tos=1,.
\ J

J t
J

+ifndef DEBUG TERMINAL_IO_
/ /  Get  a chalacter  f ron the USARI 'Receiwer buf fer
+defi4e _ALTERNATE GETCHAR

I

w h i l e  ( r x  c o ü n t e r = = o ) ;
data=rx buf fe.  I ix_rd_index]  ;
i f  (++rx rd index == RX_BOFFER SrzE) rx  ra l  index=o;

)

Figure 4-34 Source Code Crcoted hy the CodeWiza'dAVR (Continues)
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+def ine  TX_BUFFER SrZE 16

+ i f  TX,BUFFER SIZE<256
uns igned char  l x  wr  index ,  tx  rd  ina lex ,  tsx -coDnter ;

uns iqned inL  tx  wr - index , tx  rd  index ,  tx -counter ;

/ /  USART T lansn i t te r  in tser rup t  serv ice  .ou t ine

in tex lup !  [UsaRT Txc ]  vo id  üsar t  ta  i s ! (vo id )

{
i f  (Ex_counter)

tx_counter ;
UDR=Lx buf f e! [ Ex-ral-inalex] ;
i f  (++tx rd, index == Tx BUFFER-SIZE) tx  rd- index=o;
) t

)

+i fndef _DEBUG TERMINAL-Io-

/ /  Wr i -Le  a  chaf ,ac tser  to  the  USART TraDsn i t te r  bu f fe !

+def ine _ALTERNATE_PUTCIIAR

v o i d  p u t c h a ! { c h a r  c )

wh i le  ( tx -counte i  ==  Tx  BUFFER-SIZE) ;

i f  ( rx_counter  l l  t tucsra  *  DATA REGrSa0ER-EüPTY )  ==0 )  )

Ex_buf fe r  I  rx  wr - index ]  =c ;

i f  {++ tx  w!  index  == Tx  BTJFFER-SIZE)  tx  wr  index=ot

]

+endi  f

/ /  Standard InpuE/Output  funcl ions
# i n c l u d e  < s t d l o . h >

/ /  T ime!  0 owerf loo in lerrupt  serv ice tout ine
in le l rup!  [TrMo ovF]  void t inero ovf- isr {voia l )

Figure /L34 Sour.e Code Geotd by the CodeWEadAvR (Connnues)
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{

)

+def ine aDc_vREF_TYpE 0x40

// Read the AD conwersion result
uns iqned in t  reaat  adc{uns iqned char  adc  input )

ADMUX=adc_inpu. I ADC.VREF TYPE,
/ /  s ta r t  the  AD convers ion

/ /  wa i t  fo t  the  aD conwers ion  to  conp le te
w h i t e  (  ( a D c s R A  e  0 x 1 0 ) = = 0 ) ;
ADcSRA J=ox1o;

I

/ /  Dec la re  your  s1oba l  var ia t t les  here

vo id  na in (vo ia l )

/ /  Dec tare  you.  loca t  war iab les  here

/ /  ReseE Source  check ing
i f  (McucsR & 1)

t
/ /  Power -on  Reset
MCUCSR&=0x80,

I
e lse i f  ( l t tcucsR & 2)

{
/ /  Ex teraa l  Reset
MCUCSR&=0x80;
/ /  P lace  your  code here

]
e lse i f  (McUcsR 5. 4)

t
/ /  Brown out  Reset
MCUCSR&=oxE0;
/ /  P lace your  code here

I

FiAur€ ,{-34 Source Code C@trd lry the CtdewizotdAvR (Coninues)
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e l s e  i f  ( M C U C S R  &  8 )

t
/ /  walchdog Reset
MCUCSR&=0x80;
/ /  P lace youx code here

l
e t s e  i f  ( M c u c s R  &  0 a 1 0 )

{
/ /  , ]TAG Reset
MCUCSR&=0xE0;
/ /  P lace your  code hele

] ;

/ /  rnput /ourpuE Po. ts  io iL ia l izat lon
/ /  P o r r  A  i n i r i a l i z a t i o n
/ /  Func?=In Func6=In Func5=In Func4=In Func3=oua Func2=Out Funcl=out

/ /  s l a t e ? = P  s t a t e 6 = P  s t a t s e 5 = P  s t a t e 4 = P  S t a l e 3 = 1  S t a t e 2 - 0  S e a E e l = 1

/ /  P o f t  B  i n i r i a l i z a t i o n
/ /  Func?=In Func6=In Func5=In Func4=In Func3=In Func2-In Funcl=In

/ /  sEaEeT=r StaLe6=1'  Slate5=T State4=T Sta ie3=T SLate2=1'  SealeL=T

DDRB=0x0 0 t

/ /  P o r t  c  i n i r i a l i z a t i o n
/ /  Fnacl=h Func6=In Func5=In Func4=In Func3=In Func2=In Funcl=In

/ /  s tate7- ' l  s tate6=T sta ie5=1 statse4=T state3=1'  Statse2=1'  State l=T

DDRC=0x0 0 t

/ /  P o r t  D  i n i t i a l i z a E i o n
/  /  EDncT =In Func6=f !  Func5=In Func4=In Fulc l=In Func2=In Funcl=In

/ /  s . la te7 = ' I  s la tse6=T states=T Sta!e4=1'  Stätef=1 '  Stahe2=T State l ;T

Figure 4-34 Source Code CrcotEd by drc CodewzordAvR (continues)
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/ /  T iner /counter  0  in i t ia l i zaE ion

/ /  c 1 0 c k  w a l u e :  7 5 0 . 0 0 0  k H z

T C C R 0 - 0 x 0 2 ;
T C N T 0 = 0 4 0 0 ;
o c R 0 = 0 x 0 0 ;

/ /  T iner /counre !  1  in iE ia l i zaE ion
/ /  c lock  source :  Sys t€n  c lock

/ /  C lock  va lue :  T iner  1  s topped

/ /  Mode:  Norna l  top=FFFFh

/ /  0 C 1 a  o u t p u t :  D i s c o n .

/ /  O C l B  o u r p u t :  D i s c o d .

/ /  N o i s e  c a n c e l e r :  o f f

/ /  Inpu t  cap ture  on  Fa l l ing  Edge
/ /  T iner  1  over f low InLer rup ! :  Of f

/ /  Compare  A Match  In te r rup t :  o f f

/ /  Compare  B Match  In te r rup t :  o f f

T C C R l B = 0 4 0 0 ;
TCNTlH=0x00;
T C N T l L = 0 x 0 0 ;
I c R I H = 0 x 0 0 ;
I c R I L = 0 x 0 0 ;

2  i n i  r i d l i z d r i o n

/ /  c lock  source :  syscen C lock
/ /  cLock  va lue :  T imer  2  S topped
/ /  Mode:  Nornat  Eop=FFh

T C C R 2 = 0 x 0  0 ;
T C N T 2 = 0 x 0  0 ;

/ /  E x t e r n a l  I n t e r . u p t ( s )  i n i  t i a l i z a E i o n

/ /  INTo Mode:  Fa t t ing  Ea lge

/ /  I N T 1 :  O f  f

/ /  11112:  Of f
c I c R  I  = 0 x 4 0 ;

Figure 4-34 Soufte Code Creakd by the CodeWtmldAVR (Continues)
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M C U C R = 0 x 0 2 ;
M C U C S R = 0 x 0 0 ;
e I F R = 0 x 4 0 ;

/ /  r i m e !  ( s  )  / c o u n t e .  (  s )
T I M S K = 0 x 0 1 ;

rnref fupr(s)  in i t ia l izaEion

/ /  USART in i t ia t l za t ion
/ /  comunica t ion  Paramele ls :  I  Datsa ,  1  S top ,  No Par i ty

/ /  USART Rece ive ! :  On
/ /  USART Transmi t te r :  on

/ /  USART Mode:  asynchronous

/ /  USART Baud ra te :  9600

UCSRC=0x86;
UBRRH=0x00;
UBRRL=0x2 6 ;

/ /  AnaLos Conpara tor  in i t ia l i za t ion

/ /  A la los  Conpara to .  Input  cap ture  by  T ine ! /Counter  1 :  Of f
A C S R = 0 x 8 0 ;

/ /  aDc ln i t ia l i zar ion
/ /  aDc c lock  t reäuency :  187.500 kxz

/ /  ADC Vot raqe Reference:  AVCC p in

/ /  ADC AuEo Tr isser  Source :  None
ADMUX-ADC-VREF_TYPE,
ADCSRA=0x85;

/ /  cLobal  enabte inceüupts

i

)
Figure 4-34 sout.e Code Crcoftd ry ürc codewlzatdAy[ ((nltinued)

4 .8  TERMINAL IOOL

The terminal tool is intended for debugging embedded systems, which employ serial com-
munication (RS-232, RS-422, RS-485)- The ToolslTenninal menu command or the
Terminal button on the toolbar opens the Terminal window, as shown in Figure 4-35.
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nt

Figure 4-35 CodeVisionAVRTerminol Window

The received characters are displayed in the main body ofthe Terminal window in ASCII
or hexadecimal format. The display mode ofthese characters is toggled by the Hex/ASCII
button. The received characters are saved to a file with the Rx File button.

Any characters qped in the Terminal window are transmitted through the PC serial port.
The characters entered can be deleted by the Backspace key. Clicking the Send button
causes the Terminal to transmit a character whose hexadecimal ASCII code value is speci-
fied in the Hex Code edit box. A file is transmitted by clicking the Tx File button and
selecting the appropriate file.

Clicking the Reset Chip button resets the AVR chip on a STK200+/300, VTEC-ISR
DT006, ATCPU, Mega2000, or other similar development board.

At the bottom of the Terminal window, a status bar displays the following:

. Selected PC communication port

. CommunicationDarameters

. Handshaking mode

. Received characters display mode

. Type of emulated terminal

. State ofthe transmitted characters echo sefting
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Figure 4-36 CodeVisionAVRTerminol Settings Diolog Box

The settings for the Terminal window are modified by the Settings lTerminal menu item.
The Terminal Settings dialog box is shown in Figure 4-36. The Terminal window must be
closed before you modifl' the settings. The current settings are shown in the bottom status
bar on the Terminal window.

4 . 9  T H E  A T M E L  A V R  S T U D I O  D E B U G G E R

Both software simulators and in-circuit-emulators are useful for debugging software and are
sometimes referred to as debuggers. Most include some method of starting, stopping, and
stepping through a program. Most also allow the user to peek at and even modiS' registers
and variable values. They are invaluable in helping you find out why your program is not
operating as you expect it to.

CodeVisionA\rR is designed to work in conjunction with a particular debugger, the Atmel
AVR Studio debugger version 4.06 or later. AVR Studio is a software simulator for Atmel's
AVR parts. AVR Studio also supports in-circuit emulators such as Atmel's ICE 200' ICE 50,
andJTAG ICE. AVR Studio is available free from Atmel'sWeb site zt http://ztxrau.atmelconT/.

While it is beyond the scope ofthis book to go into great detail about the operation ofAVR
Studio, there are some basic operations that are useful to every programmer: loading a C file
for debugging; starting, stopping, and stepping through a program; setting and clearing
breakpoints; and viewing and modifying variables and machine state. You are encouraged to
utilize the help files included with AVR Studio for more advanced operations.

Debuggers also usually require specially formatted files. These files contain information
about the format ofthe C file, variable names, function names, and other such information'
The files used by AVR Studio are denoted with a.ro,f extension. CodeVisionAVR is
designed to create this qpe offile and to launch AVR Studio from a toolbar button.
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4.9.I  CREATEA COFF FILE FORAYR STUDIO

A COFFfile is required to perform C source-lcvcl debugging in AVR Studio. To crente thrs
qpe of 61e in CodeVisionAVR, select the ProjectlConfigure menu item to open the
Confgure Project diafog box. Select the C Compiler tab; in the lower right corner is the
File Ougut Format(s) list box. Sclcct the COFf, ROIvl, HEX, EEP list item. Click OK to
close the windorv and save the sctting.

4.9.2 LAUNCH AVR STUDIO FROM CODEVISIONAVR

CodeVision-{\rR has two methods for launching a debugger appJication, .r menLr item and
r toolbar command button. Before using either method, hower€r, you need to speciF,' the
prth to the debugger To do this, sclect the SettingslDebugger menu item and click the
Browse command bufton in thc windorv that appears. Brorvse to the debugger and select ir.
The default path for A\ß. Studio is

C :  \Progran F i les \A ine l \AvR Too ls \av .Stud io4 \ÄvRstud io .  exe

I{owever, it might be placed differendy in 1'our rystcm. You can perlorm a search for
AI/RS/udio.eH to locate the flle if necessary. Oncc thc file is selected, simply use dre
Tools lDebugger menu item, the command button in the toolbar with the bug icon, or the
ke1-s Shift+F3 to launch the application from CodcVisionÄVR.

4 . 9 . 3  O P E N  A  F I L E  F O R  D E B U G

A\rI{ Studio refers to the debugger source filcs as Objett Fiks.To open the .ra/frle created by
CodeVisionAVR for debugging, select the FilelOpen Objectfle menu item and browse to
your 6le. Select 1'our .ra/6le and click OK. This opens the Select Device and Debug Pl'rt-
form dialog box. In the left column, sclcct the platforn -rcu are using as your debugging
platform (this example uses the simulator). In the right column, select the device you re
simulating or emulating (this examplc uses the Atmegal6). Click Finish to close the di:log
box and open the debuggcr rv;ndorv.

As thc program opens, it is displ4,ed as C code with thc dcbugger active. The Run bunon
i in the upper right part of the tool bars and appcars as a page of tert with m alrow n-
ning down the right side ofit. The Stop buton is located to the right ofthe Run button and
appears as r'pause" button (two venical bars). The Debug menu can nlso be used to run and
break the progran. Ye11ow affows appear in thc lcft margin of the code windows when the
program breaks; these denote wherc the code execution hatted when Break was clicked.

Whcn the source lile clanges, because I'oLr found rvhat was rvrong and flred it, 1rcu need to
reload the debugger 61e. Usuall1,, AVR Studio detccts when this happens and prompts you
to reload the file. Follou'the prompts, or simplv rc open the flle using the File menu.

4.9.4 START, STOBAND STEP

Before we divc into this very inportant debugger topic, we nced to rcview one point about
A\rR Studio: It has two modes, editing arld debugging. Undcr thc Debug menu arc nvo
items that tell which mode vou are in, Start Debugging and Stop Debugging. Only one of
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these items is available at a time. If Start Debugging is alailable {not disabLed' grayed out),

seLecc it 10 encer debugging mode. lf Shrr Debugging is disabled. tlren pu are already ;n

debugging mode. NÄ oi the debugging menu options are arailable unless you are in

debugging mode.

The buttons to start (run), stop, and step the debugger are locared in the upper rigit-corner

ofAVR Studiot toolban. The buttons show their function when your mouse ls held over

them for a moment. Equiwlent commands are also arailable from the Debug nenu The

available commands are run, stop, reset, show no.t statement' step into' step over, steP out

of, run to cursor, and autostep. Many ofthese are intuitive, but we should review their tunc

tionaliry Table 4-1 provides a quick guide as to their respective uses'

4.9.5 SETAND CLEAR BREAKPOINTS

A very usefirl tool in most debuggers is the abilig to set and de?r brcakPoints These.are

points in your program where you want alecution to halt. Once it is halted, you can review

".r;rft 
.'t t.gt.,.i"At.r, or yoo .un choo"" to start single-stepping the progrnm to deter-

mine exactly what it is doing.
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Run Stdts o. r€sum6 ftotion of the prcgm. The prcgm

will be *cutcd mtil the uer stol6 it or a break point

Brcak SbDs or bruls Mnon oi the prcsrm.When aeo

üo; n hdted, aI infom,rion In;x wiDdo4 is uldaRd
Ctrl+F5

Re"er, Lhcdmtion t rger. r cumndy qecurin&.Lhe

prosm is h,lted.If müting in s()rre od€ mode.

üe DroFm nn5 unt the fi^t some statemüt-ß
enc,iu"i.ad. (Tt'. .t"nw code is dNted )

Shifr+I5

Sh@Nst Sds the rlow mükd at tle &tu,l prcglu dunter

location md fooses the wid@.

(Nond

Step Into If in disssdbly mode, one line ofdsembler is 4@je'1.

If in sose code node, one line of sore is d@ted
F11

Step Over Exe@tes one instructior Ifthe instruinon is a tunction
catl, the Anction is decurcd s we[ before halting.

F10

Step Out Of Exeuts insüutions u il rhe {rlrcnt fudion is
coDplete o. a breaigoht is e"-ullI4-

Sbift+F11

Exe@F" ißrruction' uodl the progm h* reached tt'e

instnrtion indimted by the (cor in dE eurce file.
Ctrl+I10

Excutes instructioß one at a tine until a bftalQoint ß

cnountercd or the us is$es a bEak olmmd. The

dday bet@ insmtclioß is det@ined in the Debug

Opions menu. All infornariotr h al*indoß is üpdated

(None)

Tabfe 4-f Debugge. Connond Budons
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To sct or clear breakpoints in AVR Studiq right-click on the desired line of source code. A
shortcut mcnu appears with the optior ofToggle Brealgoint. Select Toggle Brealgoint,
and a large red dot either appears or disappears in the lcft margin of the code window.

Once the breakpoints arc set, run your program as usual. The program halts before execut
ing the selected line. After the program is halted, aI oftlrc information in all ofthe windows
is updated.

4.9.6 VIE\^,  AND HODIFY REGISTERS AND YARIABLES

In the View menu are listed the items Watch, Memory Window, and Register. These
menu items bring up windows to display variables, various parrs of memory and registers,
respectively. The information in these windo*s is not updated while the program is run-
ning. Once progarn ercution is halted, by either a breakpoint or the user commandins 

"
brea\ the information in all ofthe windo*s is updated.

The Watch window defaults to appeaing in the lower right corner. To add or remove irems,
you can either right dick in the window and utilize the shoncut mcnu or double click on
an empry Name 6eld and gpe in the name ofthe variable you want to watch. To change the
value of the larinble, double-click the Value column and type in the new value.

The Memory window overlal's the other active windows and allows you to view various
memory spaces, including EEPROM, Data, VO, Program, and Register Here, you can
directly watch memory being modifed. Double-dicking a value allows you to enter a new
value, and thc Address box at the top allows you to specil, the address ofthc space you wnnt

Registers 0 through 31 can be viewed in many ways. To simply see them all displayed at
once, select the ViewlRegisters menu itcm. Double clicting a particular register allows,vou
to modify its value.

4.9.7 VIEWAND ] ' IODIFYTHE MACHINE STATE

Sometimes it is very useft:l to look at the exact state of the microprocessor. What are the
counters doing? Where is th€ stacL pointer? V\4rat is going on lvith the I/O? Along the left
side of the AVR Studio screen is a Workspace frame. Along the bottom of this frame are
thrce tabs: Project, VO, and Info. The I/O tab givcs us the capability of looking ar the
machine state and nodi{.ing it.

There are scvcral items listed with a + to the left. Clicking thc + cxpands the list. Ex
panding thc Processor item presents us with the program countcr, the stack pointer, the
cycle counter, thc X, Y, and Z registers, and some other useftl tidbits ofinformation. Ex
panding the I/O item presents us with a list ofrhe feanires ofthe micrcprccessot such as
the state of the I/O pon, the USART, the SPI, the timer, and so on. For each ofthese, thc
state is sho*n as well as the associat€d contol registers. Now you can really sec what s
happening. The port C, pin 2 is low even though you are driving it high? Did you
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4.I  O GHAPTER SUMMARY

This chapter has covered rnany of the features of the CodeVisionAVR C Compiler and

integrated development environrnent (IDE). The IDE controls the projects and has a Pow-
erful code editor. The IDE gives you access to the compiler, the assembler, ard their associ-

ated options. It also provides tools such as the chip programmer, CodeWizardAVR, and the

terminal tool.

You should now be able to create projects in CodeVisionAV\ add source iles to them, and
make them into executable frles. With the proper programming cable, you should also be
able to program a target device with the built-in chip programmer You should understand

the basic operation ofthe CodeWizardA\'R code generator and the terminal tool available
in CodeVisionÄ\.R.

Finally, we covered a few basics ofthe AVR Studio debugger, but we barely scratched the

surface of the capabilities of this tool. You should now be familiar with loading, starting
stopping, and stepping a program i:r AVR Studio. Also, you should be familiar with secing
and clearing breakpoints ard viewing and modifying wriables and registers. You are en-
couraged to dormload this free program from Atnel use the help files Provided with it, and

rcm€mber to set the pin as an outPutl Your timer is not generating interruPts-is it even

runningi

As with the other views into the processor's state and memory these windows are nol up-

dated while the debugger is executing the program. Once the debugger halts, the informa-

tion in these windows is updated.

4 . 1  |  E X E R C I S E S
L For the project shown in FiSure 4-Szwhat is the Proiect name?Also list the source

file names for the proiect (Sectjon a3).

2. In the compiler options, what q,pe of memo.y model should be used for oPtimum
code speed and size?when should the oüer memory model be used (S€ction 4 4)?

3. Name the two places error and waminS messages are disPlayed alt€r a comPile
(Section 4.s).

4. Describe tie difierence between compiling a proi€ct and making a Project (Section 4.5).

5. Fill in the blanks for the initiälizätion code Senerated for PORTB if the CodewizardAvR
Pons tab appears as in Figur€ a 38 (Section 4.4.

/ /  Inpu t /ou tpu t  Por ts  In i t ia l i za t ion

/ /  PORT B

IORTB = 0x
=  0 x 3 E
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er|t.e dE lcD-Los, tcD-col;
lm:igrd .h* !y!.rr;

t/tt tbE b:D p.tt

/ /  . t  tbe 7a1t4 i3 }al l  i t  .ra.r]  tear7 :E

// ,,cD sE Dott-
// bitwis. op.Ez.i43 * tl: pdlt- s?i at

// 'ßtidb7.. ä.d .ely tä. .&.der to üh. Fe.ü- ::

:
€id ür_hal I lwidl :,( '

rrgD sHrDar d- t-!cr rs);
1CD_DoAI = !cD_st{tDoü, /, @zxing tre

LCD_5HI,oI l= 1[Cr_r);

Figure 4-37 Project Name?

Figure 4-38 CodeWizordAVR PortsTob
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4. I2 LABORATORY ACTIVITTES
| . Creae a new project by using the cod€Wizard^VR to Seneräte the sour€e code

shell.The proi€ct should be configured as follows:

. USART: 9600 baud, I data bits, I stop bit, no Parit)': transmit and r€c€ive €nabled

. PORTA:AII inputs with pull-ups tum€d on

. PORTC:AII outp'rts

. Timer l: Cause an interrupt to occur every 5 ms

2. Modit the project g€nerated in Activity I to s€nd the value Pr€s€nt at PORTA to the
USART once per s€cond. Do not send th€ value from an interruPt routine.

3. Use th€ terminal tool available in CodeVsionAVR to read the data read from PORTA
in th€ proSram in Activity 2 in hexadecimal notation.

4. Send data ir hexadecimal notation, f.om the terminal tool to the target device Place
the value receiv€d by the USART on the targ€t device on PORTC.V€rit that the cor-
rect value is Dresent at PORTC.

5. Us€ the CodeWzardAVR to Senerate a shellto turn on an LED when a fallinS edge
occurs on extemal inter.uPt 0 and to tum it off when a rising edge occurs on exter-
näl interrupt | . Complete änd test the Progmm.



Project Development

5.1 oBlEcTtvEs
The sole o\ective of this chapter is for the student (you) to be able to develop
electronic projects that invoh.e microcontollen for either commercial or pcrsonal
purposes.

5 . 2  I N T R O D U C T I O N

Electronic products involr.ing microcontrollers are most efficiendy developed using
an orderly approach to the ?roce$, using a progrcssion of steps, from conception
through accompJishment, that virtually always results in success. In this chapter, the
process will be desaibed and thcn applied to a real project to further demonstrate
how the Drocess works.

5 . 3  C O N C E P T  D E V E L O P M E N T  P H A S E

Every project is based on an idea or concept, which cones from any need---omebody
"wants one." The need may be to fiIl a gap in a product market, to improve a pro
duction process, to meet a course requirernent, or sirnply to create sornething that has
not bcen created before. Because projects are often started to satisE/ a need, the oig-
inal description of the project is sometimes called a problem statement or a need

5.4 PROIECT DEVELOPMENT PROCESS STEPS

The steps you should folow in the process of d€veloping a project are as follows:

l. Definition phase

2. Design phase

3. T€st definition phase

4. Build and test the prototype hardwäre phase

?57
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5. System integration änd softMre d€velopment phase

6. SYstem test Dhase

7. Celebration phde

5 , 4 . I  D E F I N I T I O N  P H A S E

Defining the project has the objective ofclearly stating what thc project is to accomplish.

This step invoh.es specif,ing what the device is to do, researching to asccrtain that the proj-

ect is, in fact, feasiblc, der.eloping a list ofspecifcations that f. ly dcscribe the fonction of

the project, and, in a commercial environment, providing a formal proposal to go ahead wirh

the project. This step is sot.r,erimes called t\e feaibiüry stud!.

Thc purpose of the research conducted during the dcfinition phase is to ensure that the
projcct can, in fact, be accomplished. The early portion of this reserrch will result in a coarse
or macro level block diagram; alr example is shown in Figure 5-1. This block diagram will
show, in somcwhat general terms, the circuits that will makc up the frnrl project. If the re
search shows that certain portions ofthe project are very sophisticated or are a new use of
an existing technology, some ofthe circuitry can be simulated or built arld tested as a'proof
of concept" that the circuitry calr be used in this project. Thc goal of the research is for the
designer to be reasonably certain that the project wil work.

Figure 5-l Bdsic Block Didgrom

At the end ofthe defrnition phase, a complete set ofspecifications for the project is devel-
oped. These include electrical specifications as well operating specifrcations that detail the
operation and human interface to the project. Although spending time on the human
lactors aspect ofthe project is usually apinst the engineer's instincts and inclinations, it ts
important to ensure that the finished project not only worls büt ,lso fu161ls its purpose m
tcrms ofoperxtion. In many s1.stens, a lot nore effort gocs into creatrng an oPerations spec
ifrcation thxn goes into creating an elecüical or functional specification.

In a cornmercial envnonment, a Project Proposal is written to summarize the definitron
phase ofthe proj ect. In addition to summarizing thc research ard feasibility testing and pro
viding a witten list of the project specifications, the proposrl wifl indude an anticipated
budget for the project and a schedulc for completion ofthe project. The purpose ofthis pro-
posal is to give the customer (or uppcr management) confidence that investing money in

this project will result in a successtul outcome. Figure 5-2 presents one possible oudine for
a project proposä].
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ProjectTide

A. Description of project.

This section w l An$ describe the project, its overall function, the reason
or rationale to complete the project, and an indication ofthe beneflts ex-
pected to arise frorn completion ofthe project. The purpose ofthis section
is for the reader to understand what the project is and why it is important.

B. Summary ofResearch.

The project research completed during this phase of the prcject is sum-
marized, including research done on the market anayor competing prod
ucts, on similar or related projects or products, as well as the results of any
proof-of-concept testing completed. The purpose of this section is to
show that the project has been thorouglily researched to assure that the
relationship ofthis project to other, existing, projects is clexr.

C. Block Diagram.

The overall, macro-level, block diagram is presented in this section. Fol-
lowing the block diagram is a discussion of thelnttian of eachblock a: it
relates to the Projut\ aa'eru fu,trraz. The purpose of this section is to give
the rcader confrdence that the pmject can be completed surcessfirlly.

D. Project Budget.

A detailed budget is presented herc to show all the e4ected erpenditures,
including labor and materials, associated with this pmject.

E. Project Schedule.

The project schedule shows the milestones for starting and completing
each btod., for starting and completing each phase of the development
process, for review or reponing points in the pmject, and for the 6nal com-
pletion and presentation of the pmject The purpose ofthis section is to
show, realistically, the tirne it will tak€ to complete the project and to give
the reader conidence that the project has been thorcughly planned out.

E Appendix.

The appendix includes the bibliography developed during research and
any other infomation that is too lärge to be included in rhe teyt.

Fi8ure 5-2 PrcPosdl Outline
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The defrnition phase is a relatively short but very critical step that consumes approximately

10 to 15 percent of the total project time. This step is crucial in guaranteeing that the com-

pleted project will do what it is designed to do.

5 . 4 . ?  D E S I G N  P H A S E

The major goal of the design phase of the project is to flll in the macro blocks developed

during the definition phase with actual circuitrv and to plan out, in flowchart form, thc proj-

ect software- Because the hardware and softwre of the project are intimately related, the

hardware design and the software plan must be accomplished corcurently When thor-

oughly done, this step rvitl consume 40 to 50 percent of the total project time Unfortu-

natelt the following two characteristics seem to reflect the approach of manl' engineers to

the definition phase of the project:

. DesiSning the project is the steP thar,more than any other steP'determines th€ suc-
cess of the proiect, both in terms of function and ef{icient develoPment-for etn.ient'
read "on time and under budgeC'

. Designing the project is the st€p that 's mosr neSlected, disliked, and €ven hated by

engineers,who vasrly prcfer hookrng uP härdware or writing ProSrams to doirg
reseärch and DaDeruodc

Designing the project involves going from the somewhat hazy notion of how the project

might wor! which rvas developed during the defrrition phase of the project, all the wny to

the completed schematics and sofnvare florvcharts. The design phase of the proiect does not

involve any protoq?ing of hardware or writing of any soft-are. The process of designing

thc project is sholvn sepa;ately for hardware arrd software belorv-

Hardware develooment steps:

t. Stan with the basic block diagram developed during the dennition Phase.This block di-

agram will very likely have blocks that encomPass more than one function. For exam-

ple, if you were developing a dwice to record automobile Pärameters su€h as sPeed of

th€ vehicle,gasoline consumption,and the denection ofth€ sPrings,you would Proba-
bly have one mäcro block that says "sensors with a d'rect lin€ to the microcontroll€n

Or you might have a sinSle block for each sensorw'th a line to the microcontrollei

And you might häve one more block for a disPlay, as shown in FiSure 5-l The objec-

tive ofthis step is to provide a starting point in the form of blocks that you knowwill

provide the desired results if you can fillin the blocks with äPProPrbte circuitry

2. Thoroughly research boti relevant componentr and circuits to determin€ what sort of

circuitry and components could be used to fill ach blockAs you determine what com'

ponents and circuits you are going to use,you will naturally be breaking uP th€ Project
blocks into smaller block.The obiectjve is to break each block into the smallest Pi€ces
that you plan to indierd,olt test.When comptete, each block should be labeled with its

input and output voltage l€v€ls and/or signals.These signal definitions are then used to

develop test5 for the individual block. Figure 5 3 shows only the sPeed sensor (one-

third of the sensor block in Figure 5-l) brok€n up into reäsonable,testable, blocks.
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Figure s-3 Exponded Sensor Block

3. Using your r€seärch as a basis, develop a tentative circuit schematic for each of the
block that contain electrcric circukry. Use a circuit simulator such as SDice or
ElectrcnicWorkbench@ ro simulate rhe operadon oI your circuir./. Modiry your
circuitr/ as required untilthe simulator says it work correctly to fulfillthe purpose
of th€ bloclc

4. Use the individual block €ircuits to create an ov€rall sch€matic for the Droiect. Use
"cut änd päste" te€hniques or, alternativ€ly, combine the circuit schematics so that
errors are not lntroduced by redrawing th€ block circuits into a single schematic.

Software development steps:

| . List the tasks to be comDleted by the software.

2. Prioritize the task and determine which are critical and will need to be handled on an
interrupt basis and which are l€ss critical. Usint our example,timing the speed pulses
would probably be considered critical and, hence, a cändidate for an interrupt, whereas
updating the display would probably b€ consider€d a low-priority task that could be
completed whenever the processor is not doinS more criticäl tasks-

3. Create a software flowchart or outline for qch interrupt function.

4. Cr€ate a softwäre flowchart or outline of the progräm code to complete the project!
entir€ täsk.

When the project has been thorougl y designed, you will have a detailed block diagram
(showing all blocla and signals), a complete set of schcmatics (as yet untried in hardware),
and a set of software flowcharts or outlines.

5.4.3 TEST DEFINITION PHASE

The test definition phase of the project has the goal ofensuring that the project meets r11of
its specifications and goals (determined in thc project definition phase) through the deveF
opment ofa test specifcation for the pmject. The test sp€ci6cation is divided into two parts:
intermediate tests and fnal. or svstem. tests-

The test specification for intermediate tests is a list offünctional tests to be performed on
each block or group of blocks in the project- The tests ,re designed to ensure that the
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section ofthe project being tested will fulfrll its function. For instance, if,vou are testing a
Butterworth lilter, you will need to speciS the fiequency range, the number ofdata points,
and erpected results for the block test.

The final test specification is a document that includes all of the test procedures which
will be used to verif' that the project prototype rneets all ofits intended specifications. In
the commercial environment, the 6nal test specification would very likely need to be ap
proved bythc customer, and the results ofthe 6nal testiq presented to the customerupon
completion.

5.4.4 BUILDANDTESTTHE PROTOTYPE HARDWARE PHASE

Building and testing the hardware should be relatively setf-explanatory In this step, you
should construct and thoroughly test the hrrdr*äe for the protogpe project. Use the actual
input and output devices for testing wherever possible. If using the real hardware is imprac
tical (such as the speed sensor on a \ehicle), then use electronic test equipment and other
circuitry as necessary so that you will be able to supply simulated inputs fiom each of the
sensors to test the blocks or sections ofthe project as specified in intermediate test specifi
cations. Keep any signal simulators developed handy so they can be used during system
integration and softrvare development.

At the completion of this step, you should be absolutely sure that the con€ct input signals are
being applied to the microconüoller from each sensor and that the correct output signals
from the microcontroller will drive the ouput circuitry in dre expected manner.The purposc
of tlis step is to remove the quardary that occun when some portion of the program docs
not seem to be interacting with the hardware conecdy Usualty this leads to unccrtainqr on
the developert part as to whether the problem lies in the circuitry or in the software, but in
this case, because the circuity has a[ been tested, the developer will be relatively sure thnt thc
problem lies with the software.

In some cases,1'ou will frnd it is €asier to t€st those portions ofthe hardware that are driven
by the microcontroller through the use ofthe microcontroller itsell Ifyou elect to do thi<,
combine the effort with the ne:.t step, the S).stem Integration and Software Development
Phase (also known as Write and Test Sofozre), as you develop the tunctions to drive the
output devices. In this way, you will be spending,vour time developing uscful tunctions
rather than simply developing test code that must be discarded later.

5.4.5 SYSTEM INTEGRATIONAND SOFTWARE DEYELOPMENT PHASE

This step is the software corollaq'to the hardware step above. Writing and testing the soft
'ware means to develop and ind;v;.l aI! test e^ch ofthe functions that you flowclurted or
outlined when you designed the project. Use a sirnple na;no fincnon to exercise each ofthc
individual input device functions arrd output device functions so that, as with the hardware
steps above, you are absolutely sure that eacJr ofthe individual input and output functions
works coffecdy. Again, this step is to remove the uncertainty that rvill occur later when
things do not lvork as you expect tlem to.
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When the individual tunctions are working corecdy, writc thc ovcrall software in I stepwise
fashion-adding one additional fünction to the code and debugging it beforc adding
more-until the entire project is functioning correcdy using the ieal or simulated inputs.

It is often usefirl to develop the code to run the output devices 6rst so that yoLL can use our-
put devices such as displal's to show results when testing the input devices. Ir is also useful
to use the serial teminal program in CodeVisionA\tR to display intermediate results as a
means of debugging and testing your software-

The goal of this step in the process ;s to have a fully workng project using the real or sim-
ulated inputs ard outputs.

5.4.6 SYSTEM TEST PHASE

The system test is the activity that actually puts the project into use. During the sl,stem test
phase, the project should be tested in accordance with the final test specification developed
earlier to ensurc that all ofthe specifications defned in the defnition phase ofthe process

For a commercial project, the system test phase will also include a demonstration for the
customer, and it wiJl often include transfer of the inkneüaal ?roperrJ OP) rclating to thc
project. The lP includes complete documentation and rccords relating to rhe project, and it
may be the property ofthe customer, depending on contract and business stipulations.

5.4.7 CELEBRATION PHASE

Successful completion of a project is always a good rcason to cclebrate. It is beyond the
scope of this text to suggest the ways, means, and extent ofyour cclcbration. Just cnjoy it.

5.5 PROIECT DEVELOPMENT PROCESS SUMMARY

The project development process is summaized in Figure 5 4. This 6gurc shows cach ofthc
steps) the e)eected intermediate results, and the final results or dclivcrables from cach stcp.

5 . 6  E X A M P L E  P R O J E C T : A  W E A T H E R  M O N I T O R

5 , 6 . I  C O N C E P T  P H A S E

As an example, suppose we are enginccrs at the Wind Vanes R Us Company, which has
recently begun looking for *ays to erpand its product offerings. At lunch one day with our
fellow \WRU employees, someone comments on how they are underdressed for the
currcnt wcather. This leads to a conr.ersation on the dubious accuracv ofthe locrl weathcr
forccaster and horv it would be nice to watch the weather indicators ourselves to know how

Further discussion leads to some speculation on rvhat weather paramctcrs rvould bc useful
to measure, and eventually a napkin is used (projects often start with a cocktail napkin and
a pen) to start sketching out the attr;butes of such a slstcm.
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Figure 5-4 Proiect Devebpnent Prc.ess Sum'l,,ory

In the design ofthe weather monitor, ot r list might look like this:

. Easy installation

. Collect as many types ofw€aüer data as possible

' Simple construction

Expanding on oul list ofattributes, we speculate that the weather monitor would consist of

tlvo units, an indoor unit and an outdoor unit. The outdoor unit should collect as few para

met€rs as possible in order to make it as simple as possible. Temperature, wind, rainfall, and

humidity must be collected outside, since that's where the actron is. But barometric pressure
is basically the same inside or ouq so why not measure it indoorsl

Indoor tempemtüe and relative humidity musq of coürse, be measurcd indoors. There s

also a factor of time when looking at weather. We might want to know when something
happened, perhaps log some data, such as when there was an occurrence ofhigh winds or

very low temperatures. A real-time dock should be incorporated into the indoor unit.

5.6.2 DEFINITION PHASE

We can 6ll in our list ofwants ftom the concept phase with more details, embellishing or

deining each concept that has been put on paper Notice that no anempt has been made yet
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to determine whät is feasible or possible at this point. Remember that tle goal ofthis phase

of the project is to develop a very basic block diagram of the system and a complete set of

specifications for the project.

We start by expanding orx list ofconcepts:

l. Easy installation

a. Wireless-9oo MHaone-wäY link

b. No exteroal power required on the outside uniq solar/batterv Pow€r€d

c. Outside unit battery to last through ä rainy week

d. Simple setup (we would like to be able to iust Put a Pon uP in the yard)

e. LCD on inside unit GrJPhical would be cool, if not too exPensive)

I Buttons for the user to vi€w difierent Piämeters and set the time on ti€ inside

I Off-the-sher power supply Ior the inside unit, with battery backuP for the clock

2. Collect as many types of weather data äs Possible

a. Temperature,inside and outside

b. Wind speed

c. wind chill would be Sood it helPs in dr€ssing for the w€ather

d. Wind direction

€. Rain Eauge

t Baronetric pressure

g. Relative humidity inside and outside (would be neat, if not too €xP€nsive)

h. Dew point (Should I Park ry convenible inside?)

i. RS-212 port on the inside unit to monitor w€ather with a PC?

3. Low cost

a. Eväluate the costs of each gPe of measur€mert

b. Keep the overall consüuction inexPensiYe (as f€w Parts as Possible)

4. Simple construction

a. Parts should be available from €ary-to-buy sources

b. simple feedback syst€ms, noti;ng too exotic

c. Wind and rain Sautes should be simPl€ to construct o. off-the-shelf

This eryanded list provides n better "mental picture' ofthe envelope that we are trying to

*o.k *ithi". A" *" e*panded the list, the wishes formed- At the same time, complexity r n d

cost werc also noted,
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This is the same process whether you are designing something for yourselfas a hobby or you
are sitting in an Engineering/Marketing meeting discussing the development of the next
product at your company, as we are doing in this case.

5.6.2.1 Electrical Specifrcation

Now that we hav'e a wish lis! rae can expand the definition to build a performaoce specili-
cation. This is where a set ofparameters is assigned to each function or feature, indicating
its range ofperformance and tolerance. Performance specfications do not al*ays need to be
created. They can be found, in many cases, by looking at sirnilar or competitive products
that already e\ist. The preliminary functional specfications for a weather monitor might
look like those in Table 5 1.

-'lO" to 1,107 +/ 1"F

Huidity 10 o 9096 RH +/ 5% RH

2a 'o32 nHg +/ 0.05 inHg

Rainfall 0.00 to 99.9 inchs daily

Rainfal monthty/yeül/ 0.00 to 199.99 in lles

2 to 120 mph 4- 2 nph

0 360' @ 1' resolution
Dew Point -{T to 117F +/,2'F

Wind Ch -102T ht 487 +/ 2'F

24 tL, 1 S* retutior

Date (C,lendd) MM DD YTTY N/A

Tabfe S-f Weot?erlv€osütütent Ptelininory S|e.ifßotions

5.6.2.2 Operational Specif cation

Because there is a human-to-product interface involved in our weather station, an opera-
tions specifcation should also be developed-

A good way to begin is to make some sketches ofwhat the display might indicate and write
a list or even an Operatort Manual about how the button selections aff€ct the operätion of
the device. Txking these steps early will gready reduce the software developm€nt time in
many cases, simply because ofthe psychological effects ofhaving a list. As items on the list
are completed, check tiem off The operational specfications for our weather monitor
might look like this:

Outdoor unit Operational Specifcation:

| . Keep unitr basic, ADC änd timer counts is okay

2. l'4€asure temDemture.
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3. l4easure humidiry.

4. l"leasure wind sp€€d.

5. Measure wind direction.

6. Measure rainhll.

7. Measure baftery/solar-panel voltage.

8. Transmir the information to indoor unit, approximately once per second.

9. Enable the radio frequency (RF) module power only during transmissions to sav€
ener$/.

Indoor unit Operational Specifcation:

L Measure temperature.

2. l4easure humidity.

3. Measure barometric pressure-

4. Measur€ battery/wäll-power voltage

5. Ke€p a reäl-time clock

6. Gather packets of information from outdoor uniq as they come in.

7. Using4X20 LCq represent as much information as possible on a sinSle screen, indi.
cating indoor or outdoor and relative uni6. as much as possible.

8. A "Units" button will allow the user to change display units, "F to "C. mph to kph, and

9. A "Select' button will allow the user to select raintall readings from inches-per-hour,
to inches-per-day,to inches-per-month,to inches-per-year.

| 0. A "S€C' bufton will allow the user ro s€t the time änd dare.

I L Enabl€ LCD backliSht only when wall power is available.

| 2. Include a "low battery" indication LED:

a. The LED flashes when indoor unir battery is low.

b. The LED is on solid when outdoor unit batrery is low.

13. lnclude RF communications activity LED to indicate outdoor unit transm issions.

5.6.2.3 Basic Block Diagrams

Using the data that we have put together so faFthe wish list, the expanded delinition, and
preliminary performance and operational specfications-we can dmw some basic block di-
agrams of the systen. The diagrams shown in Figures 5-5 and 5 6 show the basis for the
hardware architecture. The power supply, what parameters are measured where, and the
method ofoutpufting the processed data, whether it is by RF or LCD.
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Fieure 5-S Blo<k Diocnn,outdoor Unn

The block diagrams show a detail that is determined in the feasibility study of the defnition
phase. On the blo& diagram, the inputs to the microcontrollerure nrmed by the hardware
function of the input. The following section describes how each ofthe measurements ß
taken and what kind ofinput to the microcontroller is required. It is important to do this in
this phase of the project because tie number of special inputs, such as amlog input or
timer/counter input, is limited on the microcontroller.

Using the block diagram as a guide, we can choose an appropiate microcontroller with suf-
ficient VO and special features. As we go on through the design process, we can then check
our chosen microcontroller against the project needs to ensue that we have made a good
choice with the micro.

The AIMegal6 was chosen for the prototyp€ development. The Mega16 is pin-for-prn
compatible with the smaller-memory model ATMega8535 as *.ell as with the larger-memory

Rtsc

ÄN2

T1
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FiSur€ 5-5 Block D,ogrsm,lndoor Unit

model ATMcga32. This allorvs some freedom during the design phase. The option of
increasing the menoq modcl may be needed, since we do not knorv exactly how much codc
space is requned in either unit. At thc cnd ofthe project, alrd after the features have ceased
to creep, if the code rvould fit into a potcntially less axpensive component with a smaller
memory size, that choice is availablc as well.

Thc othcr, pcrhaps more obvious points ofselection are the availability of .{DCs (analog-

to dignal convcrtcrs), a USARI and an osciJlator &iver for the 32 kHz crystal for the rcal
time clock.

5.6.3 MEASUREITlENT CONSIDERATIONS FORTHE DESIGN

Thc 6na1 stcp in the definition phase is a feasibilie srudy or'tmin ' check ofthc system.
Now that wc have specified rvhat rve zazr the rystem to do, can we neet thosc cxpecta-
tions, or do they need to be revised based on ph-vsical or electrical limitations? This sec-
tion dcscribes the steps taken to ensure that our project n feasible beforc \{c move on to
the design phasc.

RISC

ooo
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It is hard, however, to completely separate this final step ofthe definition phase from thc de-
sign phase. In many cases, it is necessary to develop very specific details about the design to
ensurc we can measurc to our specifcations. So this section crosses into the design phesc m
many areas as we explore the physical and electrical requirements ofmeasuring the weather

Examining the basic block diagrams, you may note that there are common elements. Tem-
perature and humidity are required both indoors and outdoors, but they are fundamentally
th€ same meäsurement because analog voltages represent them both. Wind speed, rvind di
rection, and rainfall are outdoor only items. Arrd because barometric pressure is basically
the sane indoors as it is outdoors, why not measue it in the best possible weather condi-
tions, indoors?

Each parameter in a system may require a different method for determining its value. In
some cases, the parameter can be measured in several ways, and it becomes more of a mat-
ter ofselecting what is appropriate based on performance, cost, or both. The design consid
erations for each parameter being measured are discussed below.

Once the method of measuement is selected, it is checked for total ränge and resolution.
When you deal with voltages and ADCs, the resolution ofthe ADC is rhe pacing factor.
When pulses are brought into a counter, thc size oftie counter and the mte at which the
counts are checked determine the range and resolution of the readings.

In this weather monitor project, temperature, humidity, battery voltage, and barometric
pressure are all voltages that arc processed by the ADCs. These are calculated out to verify
that everything is within range and that the specifications can be met as the scctions are de-
signed. The wind speed and rainfall are not quite as staightforward.

5.6.3.1 Temperature

Temperature can be detected inexpensively and simply using a PTC (2ar itixe tem?entare eo
efie;ent) or N IC (negatioe ten?e,ature eoefre;ent) rcsistive device, or thermistor These de-
vices come in a wide range ofvalues, and with proper selection considemtions, no specirl
amplification or conditioning might be necessary.

There are many other temperatüe sensoß available, including bi-metal thermocouples,
temperature compensation diodes, and rastia:oa tenperunre devnu (RTD). There are also
integrated circuits, such as the National Semimnductor LM35, that are calibräted, stable
measuring devices which deliver a speciEc amount of voltage per 'C. For example, the
LM35 outputs 10 mV/'C. Each ofthese, however, is either more costly or requires addi-
tional circuitry that makes its use more cosdy.

A glass encapsulated NTC thermistorwas chosen for oul design to do the temperature sens
ing. Figure 5 7 illustrates the resistance veßrus temperature of a gpical NTC thermistor.

Since thermistors move in ralue as a percentage ofresistance per degree C, using a resistor
divider allows for a reasonably linear measurement of temperature. The dividert voltage
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Figur€ 5-7 NTC Res,in noeyersuslempero&re

output rang€ can also be tailored to match the range ofthc ADC, providing the best possible
resolution for desired range ofmeasurement This is where the NTC device has an a&rrtagc
over an integrated c crrit like the LI\ß5. It would take additional circuiüy, plus the added
cost of the LM35, to g€t a rcsult comparable to the NTC solution. The output rcsult of
the NTC/Resistor divider may not be perGctly linear, but we can use software sawy and
look-up-tables to fx anlthing thet is not deemed acceptable.

The Mega16 processor, as with the entirc AVR family, prefen a circuit with a fairly low out
flrt impedance (about 5K ohms or less) for input into the ADC. We selected a 4.7K resß-
tor to form the divider with a 2K thermistor (approxinate resistance 25'C or 77F). The se-
lected thermistor changes 3.83 percent in value for every 1"C oftcmperature change (from
the thermistor specification). This provides a iange ofvoltage to the ADC ftom approxr-
mately 0.84 V at -.40T to 4.5 V at 1,tO"F. The thermistor was placed in the top of the
divider because of its negative impedance change with temperature. This allo*s the ADC
readings to increase with temperature. Figure 5-8 illustrates the relationship ofthe output
voltage at the resistor divider and the temperatue ofthe thermistor device.

The ADC resolution is 10 bits (or 1024 counts), so that means that each "F is approximately
4.16 counts on the ADC. We arrive at this nurnber by

4 . 5 v - O . 8 4 V r a n q e

5 v ( fu1t  scale)

.  1024 counts = ?49.56 counEs for  the ranqe
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Figure 5-a Nrc/Resinot Divider OuryüVeßusTem.percute

where the range is 40"F to 140"F. This means we have a resolution of approximately
0.240"F for each count ofthe ADC. The calculation for this is

1 4 0 r F  -  { - 4 0 . E )

7 4 9 . 5 6

This resolutioo shows that the measurement accuracy is sufficient to m€et the project
temPerature accuracy specfication of +/- 1"E

5.6.3.2 Barornetric Pressure

Pressure can be detected using oflthe shelf transducers. These devices come in a wide
range ofralues, and with proper sdection considerations, no special amplificatron or condi-
tioning might be necessary. Bärometric pressure is measured in units of incbes of mercury
(inHg). In fact, a total range offour inches ofmercury is typical, as suggested by research on
similar wenther stations. Therefore, a fairly sensitive detection is required.

Pressure transducers usually come in th-ree forms: gauge, differential, and absolute. The
gauge (PSIG) and differential (PSID) transducers, in both cases, measure pressure dif{er
entialy (the difference between two pressures). A gauge pressure tnnsducer measures
against ambient air--pecifrcally designed to ensure thrt rro barometric pressure is figured
into the reading. A differentirl tansducer measures against a reference pressure, so that the
barometric pressure that is awilable ät both inputs is cancelled out. An absolute transducer
measures differentially against a vacuum (0 PSIA), so the Fessure being read includes the
elfects ofbarometic pressure, maling it appropriate for this project.

The SenSlrn ASCX3oAN ts a0 to30PSIA (?ounds ?et sqaare ;nrh, absal te) ptessnre ilans-
ducer In the weather monitor, we simply open the sensor to the outside air. This means that



the only pressuJe detected is b?rometric. The range ofbarcmetic pressure is very nr-üow.It
is generally measured as 28 to 32 inches of mercury. This translates into a pressure range of
13.75 to 15.72 PSIA. According to its specifcation, the ASCX30AN has a sensitiviq' of
0.15 V,4SI. That means the actual output voltage ftom the 13.75 to 15.72 PSIA range
would be 2.06 to 2.36 VDC.

This is not much signal! Consequendy, it is necessary to provide some amplification and
DC oiTset to the transducer signal before it is applied to the microcontroller's ADC. Pro-
viding an amplifier with a gain of 16 boosts the woltage range from the sensor to a useirl

( 2 . 1 6  V  2 . 0 6  V )  .  1 6  =  ( 0 , 3  v :  1 6  )  =  4 - 8  v

A range of 4.8 V uses most of the 5 V input range on the ADC, mrximizing the abiliq' to
accurately measue the signal. For this to wor\ however, the 2.36 V DC offs€t must be sub
tracted lrom the sensor \rcltage before it is applied to the ADC.

A differential amplifier is used to provide a gain of about 16 to the signal as well as an off-
set of-2.06 V This allows the ADC to acquire a signal that ranges from 0.0 to 4.8 V DC
for the 28 to 32 inches of mercury- The total range ofADC counts for the mensurcment
range is

4 , 8  v  0 , 0  v  i a n g e

Pt'je* Dexe/a?he,t

.  1024 counLs =  943.04  counts  fo r  the  ranoe

=  0 . 0 0 4 1  i n H s
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5  v  ( f u 1 1  s c a l e )

where the range is 28.00 to 32,00 incles ofmercury. This means we have a rcsolution of
approximately

( 3 2  i n H g  -  2 8  i n H q )

9 8 3 . 0 4

0.0041 inches of mercuy for each count of thc ADC, which more than meets the desired
accuracy specification of +/- 0.05 inHg.

5.6.3.3 Hürnidity

Hurnidity can be detected using off-the-shelftransducers as well. These devices are ther
mally compensated for accurary and are fa y expensive. Using a humidity-sensing capxci
tor could create a less expensive solution, but a large effort would be spent on compensating
and processing the device input to form an accurate humidity measurement.

In this weather monitor, humiditv is measured by an off-the-shelf temperatrjre compen-
sated humidistat. It was a decision based on ease ofimplementation a1one. This is not the
least e{pensive solution, but it is cenainly simple to integrate and very accurate. The device
used in this design is a Honelvell (Micro Switch) HIH-3602-L. The device outplrts a
processed DC voltage from 0.8 to 4.0 V for 0 to 100% humidity. The output ofthis device
may be conncctcd directly to the ADC input of the Mega16 processor The total range of
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output from the ADC for the humidity range is
4 . 0  V  0 . 8  v  r a n g e

'  1 0 2 4  c o u n l s  6 5 r .  l 6  . o  . a  s  o r  r h -  t a n q e

5  V  ( f u t l  s c a l e )

Using this number, we determine the resolution for humidiry measr:rement as follows:

1 0 0 *  -  0 g
_  =  0 . 1 5 2 9
6 5 5 . 3 6

An accuracy ofmeasurement of0.156% is way more tlun adequate to measurc the RH +/- 57o
as speciEed in the electrical specifications.

5.6.3.4 Wind Speed

Wind speed is gpically measured using a set ofrotating cups or a fan blade arrangement
called an anemometer. Basically, as the wind blows, the anemometer turns at a speed thar is
directly related to the wind speed. A device that m€aslres the rate at which something is
turning is cal1ed a tachometer. Several possible tachometer types are used for wind speed

One often used form of a tachometer is like a small electric motor or generator. As it turns,
it generates a DC voltage that is related to the mte at which it is spinning. In this case, the
resulting DC voltage could be measured using the microcontrollert ADC and the wind
speed interpreted from the DC voltage.

Another version oftachometer ls t\e digital tachonrrs,: A digital tachometei g?icaly gen-
erates a pulse train, associated with the rate ofspin, which car be measured as a lrequency
and converted to 'ez'rlrt;ans ?er ni te (rpm). A digital tachometer is, in most cases, a less
erpensive alternatrve to an analog tachometer. It can be easily constructed from a slotted
disk and a photo-interupter or opto-coupler.It can also be an off-the-shelf solution in the
form of an optical encoder- Since there are no magnets and much less inertia due to the
weight of the armature, t}rc digital tachometer also offers an advantage over the analog
tachometer because it usually imposes less drag or the system.

For our weather monitor, an off the shelf anemometer was selected. This selection was
made for the sake ofmechanics alone (see Figure 5 9). Ifyou are a panicularly handy indi-
vidual, 1ou might be able to construct an assembly that would provide similar results at a
gready reduced cost.

This particular unit uses a magnetic reed-switch for encoding the speed. Basically, a smal1
metallic switch is mounted in tlle base, and a magnet is mounted on the anemometer As the
anemometer turns, the magnet makes and breals the switch dosure. This is a simPle solu-
tion mechanically, but it lacks some electrical quality. Since the switching is not electronic
in nature, there is a high potential for switch "bounce." Switch bounce isjust that; the con-
tacts literally bounce Jike a rubber ball as they are slapped together, creating sevenl transl-
tions as the switch is made. If this signal is brought direcdy into the timer input of the
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ffi wSo-ee Dual Wind Speed/Directlon Sensor

The 034Ais designed lo operale wilh n atemperature range of
-30'C lo +70'Cand with wind speeds up to 155 mph. Wind
speed js measured using a sealed reed swiich lhai provides a series
ol pulses dr d rarF proponroral ro wir d speed A Jninrr c.p: a e
used fordurability. Wind direction s measured uslng an alumlnurn
vane d recty coupled lo a preclsion pote.lior'reter Varialions in wind
d reciion produce a corresponding change of voliage, which lends
llselfto both digllaland analog measuremeni sysiems.

Construction:
High qualty aluminum and släinless steel components. and high-gloss white powder coaling
ensure long ife with rn nimal mai/rlenance- Cable lengih may exiend hundreds ot feet wilhoul
aff eclino measurer.ent Derlormance.

The l\Ioclel 0344 Wind Sensor combines wind speecl
a single remote sensing unit. The 0344 Wind Sensor
accurate, long terr., continuous mon torlng jn hostile envi

. Wind spaed ard d re.lio,l ir a sinq e sersor.

. Durable aluminunr and slainless steel consiruciion.

. Low starling threshold.

. Stalnless slee bearings.

Operation:

WSD-PB Specitications

Fange:0 155 mph (0$9 nts)
Siarting Threshold: 0.9 mph {0.4 nts)
Accuracy <22.7 mph:0 25 mph i0.1 m/s)
AccL,racy > 22.7 mph: 11.i% ot true

Mechanical:0 360

Starting Threshold:0.9 mph (04 m/s)

Oämping Fatio: 0.2s slandad (0.4 ro 0.6 oplional)

outputsi9näl
wind Speed: Pulsed contact closüre
Wind Directioni Polenliometef oulpul (0-10 kohms)

Temperature Range: 30" c ro +70' c
SensorWeight 1 lb 12.5o2 (0.81 kg)

and direction measurements into
inslalls n minutes and wil provde

Rqrnt ritr; rt t trst Tin ükg Stft^ ht.

Figure 5-9 WSD-PB DudJ Wind Speed/Directon Sensor
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microprocessor lvithout any d€ bounce circuitry or frltering appfied, eroneous data will re-
sult, because the timer receives three to tcn times the number ofuaasitions the switch ac-
tually made based on the mph of wind. ConsequentlS some de bounce circuitrl will be
needed to provide accurate wind speed measurement, as shovrn in Figurc 5 11, the outdoor
unit schematic.

The specifrcation for this device sho*s that it will measure wind speed as slow as 0.9 mph
and is accurate to 1.1% ofmre wind speed. At the highest speed we specified (120 mph),
the accuracy would be 1.1% of 120, or 7.32 mph- This exceeds our speciied accuracy of
+/-2 mph.

The wind speed input in this project is a pulse train. Our plan is to count the pulses on one of
the timer inputs änd get a total every second, in order to compute wind speed. To check what
we arc capable of measu;ng, we need to know how fast the fan or cups of the anemometer
spin with respect to a certain wind speed. For now, we carr assume that the anemometer tums
0.15 rc'\'olutions for every 1 inch oflineal air that passed drough it. That would mean that
1 foot per second woold translate into 1-8 revolutioß per second, which is 108 rpm. At one
mile per hour, the wind would be traveling at 1,,f6 feet per second. This would turn the
anemometer at 158 rpm. At 100 miles per hour, the anemometer would spin at 15,768 rpm.

If we place an encoder on the system that delivers four pulses for each revolution of the
anemometer, a one-mile-per-hour wind would yield 10.5 pulses per second (PPS or Hertz).
At 100 miles per hour, a pulse train of 10512 PPS would be generated. Ifthis signal were
sampled at one-second intervals, using an 8-bit counter, the naximum wind speed that
could be measuJed would be one that generates 255 PPS. We can 6nd the ma-rimum wind
speed by working this backward:

255 pu lses  pe .  secon i l
=  63 .?5  rewotu t ions  per  second

Ifthe anemometer turns 0.15 revolutions per one inch ofair motron, then the air speed rc-
quired to turn the anemometer would be

63.?5 revolur ioDs per  seconal

0 . 0 0 6 7 0 7  n i l e s  p e r  s e c o n d
5 2 8 0  f e e t  p e r  n i t e

0.  006707 n i les per  second .  3600 seconds per  hour  = 24.14 npl ]

Our inltial specification is to measure up to 120 mph, which is an ertremely strong wind!

What this crosscheck shoüs us is that we will need to sample the counter 5 trmes per
second, or every 200 ns, to prevent the counter from rolling over during our measurement.
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It also shows that the anemometer can have ouite a variation in the rclationshio between
wind .peed and -pm and we wiil srill bc sale Fom a design ,specr.

Ifthe unit gets all put together and we find out that counts generated at 120 mph will not
fit within the counter in 200 ms samples, we willjust read the counter more often, maybe
every 150 ms instead. On the other hand, ifwe fnd that the relationship is much less, we
can read the counter less often, reducing the sy'stem overhead.

Another method for improving the measuemeflt capacity h to simply get a bigger counter
Timer 1 is a 16-bit counter and can hold a välue 256 timcs lareei This means that we can
effe, r :vely 'an-ple aL one-6ft icrh the rate. or once euery ten 

"ec-nd. l  
I ' rhe ,rnp lng 11q ; '

even once per second, the collected number in Timer 1 would effectively be live times larger
than what could be measured within the 8-bn counrcr.

5.6.3.5 Wind Direction

Wind direction is usually determined by tie use ofa "wind vane" or 'weather vane," our spe
cislty at Wind Vancs R Us. A rveather vane is generally a 6nned shaft, something like an
arrow, tlat is constructed to pivot in a horizontal fashion. The vane is ftee to turn. The 6ns
create drag and are effectively pu11ed by tie wind such that the point of the rane indicatcs
the direction oforigin of the wind. Determining thc wind dnection is a matter ofencodirrg
this position such that the compass direction ftom 0" to 360",where0" is north,90" is east,
and so on can be read electronically.

This can be accomplishcd using an optical encoder, a continuous tum potentiometer, or a
simple mechanical switch encoder. Optical and switch encoding is generally considered a
relative measurement. This means that a 'home" or zero ooint is established. and the e.-
coder indicates the distance from that established home posirion. There rre absolure ver-
sions ofencoders such as a Gray Scale encoder; these encoders offer a different code for each
position within a single rctation of the encoder. Thc disadvantage to this g?e of encoding
is limited resolution. A four-charrnel Gray Scale encoder offers a 4-bit rvord ofinformation
regarding the position within a 360" rotation. This lirnits the discernible number of posi
tions to 16, or 22.5" ofrotation.

Using a continuous turn ?orenrioneter otreß l;ßtrcr resolution. A potentiometer, also known
as a rheostat or vaiable resistor, offers an absolute position effcctir.ely at an infnite resolution.
The limiting factor for encoding the position then becomes rhe resolution of the ADC or
other measuring device used to read the resistance value. Potentiometers are qpically not
continuous-tum devices but are more commonly single tum or 10-tum dei.ices. Some search
ing may be required to locate one if1,ou are planning to build your own rvind-direction sensor.

The Forest Teclnology Slsterns, Inc. WSD-PB Dual \{ind Speed,Direction Sensor, as
shown in Figure 5-9, uses a 10K ohm continuous-turn potentiomcter. Note that in the
specfications the measurement range is 360" but the usable range is 356'. This is because of
a sma11 'dead spot" where a single tum pot would normally stop. This 'dead spot" could be
used to establish a North or South reference wher the weather monitor is set up.
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Thc ouput ofthis device can be tied dnecdy to the ADC input ofthe Mega16 processor.
Thc ADC is 10 bits (or 1024 counts), and the voltage from the sensor will go rail to rail, or
0 5 V DC. So that rneans that each 1" of position is approximately 2.876 counts on the
ADC. We arive at this number by

1 0 2 4  c o u n t s
=  2 - 8 7 6  c o u n L s  p e r  d e q r e e

3 5 6 0

where the positional range is 0 to 356". This means we harr a rcsolution of approximately
0.347' for each count ofthe ADC. This result is far bener than our soecificd accuracv of+/- 7".

5.6.3.6 Rainfall

Rainfall is measured in cubic inches. A gpical rain gauge consists ofa tunnel and a gradu-
ated cylinder The defnition of 'bne inch" of rabfall according to Rcf 031.024 of the
Anerian Farn and Hame Alnanat is as follows:

An acre ofground contains 43,560 square feet, therefore one inch of rainfall over
one acre ofland would e+il 6,272,640 clbic inches ofwater, which is the equiva
lent of 3,630 cubic feet. One cubic foot ofwater weighs about 62.4 pounds (thß
vades with the dcnsity); the weight ofa uniform coating ofone inch of rain over
one acre ofground would be 226,512 pounds (about 113 short tons). The weight of
one U.S. gallon ofpure water is about 8.345 pounds, therefore one inch of rdnfall
over one acre ofgound would be 27,143 gallons ofrvatcr.

The toughest part of measuring rainfall is collecting and reading a volume of water over
what could be a long period oftime. There are a few common methods.

One method involves a tunnel with a r.ery small spout that produces a uniform drop of
water As the funnel flls up at a random rate with rainlvater, the spout produces uniform
drops that can be counted over tirne. This can then be converted to a volume, over time,
which can be converted to inches ofrainfall. This methodt shortcoming is that the laria-
tion in the rate at which the rain is falling cannot be determined. It also could produce an
invalid reading if the volume ofthe funnel were not sufficient to contain all the rain col
lected until it could be dribbled out and accounted for-

Another method is a paddle wheel anangement. A tunnel is used to fill known volume cups
on a wheel. As the cups 611, the wheel tums. Revolutions ofthe wheel indicate the rxte and
the amount ofrain collected, as weII as emptfing the sanples taken as the whecl turns.

A reduced version ofthe paddle wheel is a seesaw configuration. The concept is basicaly the
same, e{cept there are only two cups and when a cup becomes tull, it tips over to empq', bring-
ing thc other cup into position to gain a rain sample ftom the funnel. As the second cup 6IIs up,
it then tips to cmpq-, brlnging the f rst cup back into position again. This method is probably
the most common onc uscd ;n small electronic rain gauges, because it gives all the infbrmation
needed with a minimal amount of mcchanics. Each timc the cuos tir from one oosition to the
orher.  a ,  olume ofrains arcr is accounrcd for and an clccrr ical  . igni i .  S.nerared.
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ffi nc-r Rain cauge
The RG-T Rain Gauge featurcs a chemically milled tipper bucket tor consistent balance
and easy calibration. The tipper bucket pivots on shock-mounted jeweled bearings
provlding a sensilive yel rugged lowfriction pivot to track rainlall accurately.

A precision adlustment for ihe €ed swiich ensuGs one swilch closure
lor each lip ofthe buckel. The tipper, bearings and magnelic reed
switch are held in slurdy machined aluminum mounting blocks. These
are seated on a rigid castaluminum base. The calibration adjuslment
screws are prolecied againsi loss of calibation dunng handling.

Scrcens in lhe lunneland overthe base plate water ouuets sealout
spideß and insects, The cable, whlch lerminales in a waterprool
clrcular bayonet connector, is protected lrom rodents by braided
sla ']lesssleelarnor Aburh-rn levelcoupled wilh a precsion
adjustmenl leveling arm and mounting base make installing ihe
RG-T Jast and easy.

The FTS Rain Gauge is considered bya numberofoutside experts,
lncluding lhose with a lot otfield experience, to be one of lhe
best iipping bucket rain gauges in the wo d, with an unbeatable
combinaiion of quality, accuracy, and long lasting calibration.

The redesign oi lhis qualily product includes investing in a specialcasting prccess so lhal
we can precision cast lhe gaugeb inlernal structure as asingle piece, lalher than a number
ol separate posls and suppods. The resultwillbe a morc dgid gauge wiih even greater
resisiance io vibralion and incrcased repeatabilily frcm one gaugelo the nexl.

RG-T Speciflcällons

Resolütion: o.o1 tn pe! tip (0.254 mm)
Accuracy: 12% at 2 in per hour (s0 m.n)
Cyllndef Dimenslon€: 10-5 in x I in diameter {25.7 cm x 20.3 cm dimeler)
B.sePla leDimensioDs:  12inx12in{30.5mx30.5cm)
cäbre LenEih: 20 fl (6-1 m)
Weightr 10 lb (4.5 kg)

R4tiat üürttt af Fü6t Txb"at gr s!'ft]n', tn

Figure 5-10 RGr Roin Cduge

In all of these methods, a form ofoptical or mechanical encoding is used to bring the inlor
mation in for anallsis. The amount ofinformation is dependent on the size ofthe sampies
taken and the ratc at l'hich a minimum sample can be met. Again, for the puposes ofre-
duccd mcchanical design, rve are using an off-the-shelfsensor from Forest Technolog,r' Sys
tems,Inc., as shown in Figure 5-10. As mentioned with the rvind speed sensor, ifyou are
mechanically inclined, a less expensive solution could be built.

As in the anemometer, this unit uses a magnetic reed switch for encoding the rainfall.
Basica1l11 a sma11 metallic switch is mounted in the base, and a magnet is nountcd on the
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scesaw. As a seesaw tips back and fonh, the reed-switch contacts are closed and then opened
again. Because a reed-switch is a mechanical device, the same rules ofswitch bounce apply
as they do in the anemometer. Some additional circuitry is needed to prevent enoneous
readings.

Whether the measuring sl,stem is purchased or you construct it yourself, even if great care
is taken in creating the funnel, sarnpJing cups, and the wheel or seesaw system, until ]/ou put
water in it you never rerlly krow what kind ofvalues the measuring system might produce.
This build-and-test process in a proofofconcept stage is invaluable, paticularly when there
are somewhat complicated mechanics involved and the'gotchas" ofphysics apply Things
like gravity, friction, and inertia can really mess up an engineer's day.

We can assume that in this weatler monitor project we plan to use a seesaw arangcment
that is fed by a tunnel thät is foü incles in diameter, instead of the really nice, but pretty ex
pensive, purchased sensor thät we have selected. The concept is that as water enters the tun
nel it fills up a cup on one side ofthe seesav When the weight ofthe cup exceeds the lever
ages and frictions in the system, it will tip over. This action not only dumps the contents of
the cup but also places the cup from the other side of the seesaw under the tunnel to collcct
more rvater When this cup f,Ils, the process repeats. The speed at which the rainfall is col
lected is very slow compared to the microcontroller that will be observing the sampling. If
the cups were smaller than sewing thimbles, the sampling would occur faster with higher
resolution. But ifthe cups are too small, the system muld be ovenvhelmed in a heav,v ran
scenario. Cups the size ofcoffee mugs har"e the opposite problem. You could go for weeks
before you get one 6lled up! This would cause the samples to come in more slowly and the
resolution of the measurement to be much less.

For the sake of the "sanity' checL, we assume thit the cups each hold about one cubic inch
ofwater With this system built up, we could actuall]. m€asure the sämple sizes in a sirnple
and controlled fashion. One gal1on ofwater weighs 8.345 pounds. A cubic foot of water
we:g\< 02.4 pounds. Therefore. a gallon ofrvater is

8 . 3  4 5  p o u n d s  p e !  q a l 1 o n
=  0  .  1 1 1 7  c u b i c  f e e t

6 2 . 4  p o u n d s  p e r  c u b i c  f o o !

0  -  1 3 3 7  c u b i c  f e e t
=  2 1 1 - 0 3 6  c u b i c  i n c h e s

l t28  cub ic  inches  per  cub ic  fooE

Since the tunnel is four inches in diameter, its collecting surfacc is 12.56 square inches. So

2 3 1 . 0 3 6  c u b i c  i n c h e s
=  1 8 . 3 9  i n c h e s  o f  r a i n f a l l

1 2 - 5 6  s q u a r e  i n c h e s

is represented by one gallon ofwater. Ifthe cups hold approximately one cubic inch ofwater
then the seesaw should transition approximate.ly 231 tines as the ga11on ofwatcr is poured



into the funne1. That would meän that each transition ofthe seesaw would represent

1 8 . 3  9  i n c h e s  o f  . a i n f a l 1
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= 0.0?96 lnches of  .a infat t  per  t ransi t ion

=  5 2 . 2 5  E r a n s i c i o n s  p e !  h o u r

2 3 1  t l a n s i E i o n s

You can see that by simply building it up and pouring some water through iq we could uo
cover what is really going on- At the end of the gallon, you might come out with more or
fewer counts than were expected. That is okay, as long as you know what they are.

Our preliminary speciflcation calls for measudng up to 99.9 inches ofrainfall in a day That
means approximately 4.16 inches ofrainfall would occur each hour. That means, in this kind
ofrxinfall, that

9  9 . 9  i n c h e s  l  t r a n s i t i o r

2 4  h o u r s  0 . 0 7 9 6  i n c h e s

would occur This is less than one transition ofthe s€esaw Der minute in a downoour whne
srill providing a rrsolution of0.0796 inches of rai.nfall per rransirionl A very acciprable srr-
uation when compared with the +/ 4% effor specifcation for rainfall monitoring.

5.6.3.7 Dew Point Computation

Dew point is a calculated number based on air temperature and humidity that te11s when
moisture will begin to coadense on objects that are at a cooler temperature, that is, when the
dew will collect on the grass in the morning or when moisture will collect inside your con-
vertible even though the top is up.

Dew point cornputation is actually quite complicated. So to reduce the effort, charts have
been established that provide the translations fiom temperature and humidity to dew point,
as shom in Table 5-2.

InTable 5-2, find the air temperature in the listing across the top ofthe chart, and then find
the relative hunidity (in percent) in the listing dowr the lefi side. Follow the column and
row dolvn and across to the box where they intersei:t. This is fhe dew point. For tempera-
ture and humidity ralues between those shown, use interpolation to compute yalues be-
tween the dew points in the column or row. For example, with a temperature of 65'F and a
humidity of45% RH, the dew point temperature mlue will be halfway between that for 60
and 70"F, or

3 1  +  ( 4 7 - \ 3 1  : 2 ) )  =  1 1  + 5  =  4 2 o F -

Objects that are at a temperatue of42"F or below will collect condensed moisture given an
air temperatue of 65"F and a relative hurnidity of45% RH.

In the weather station being designed, the table data will be induded in the software and
used to "look up" the dew point based on the reading for temperature and humidity



282

Tzble S-2 Dew Point Cakuklion Guide

5.6.3.8 Wind Chill Computation

The wind chill temperature is a measure of"relative discomfort" due to combined cold and
wind. It is the perceived temperature, due to the noisture evaporation ftom the skin that is
erposed to the open air-it'GeIs" colder in a high wind than it does in calm air. lt was de
veloped in 1941 by PauI A Siple and Chaies E Passel and is based on physiological stud
ies ofthe rate ofheat loss for various combinations ofambient temoerature and wind soeed.
The wind chiJl temperature equals the actual air temperature *ben rhe *ind 'peed n a mph
or less. At higher wind speeds, the wind chill temperature is lower than the air temperature
and measures the increased cold stress and discomfort associated with wind.

On November 1,2001, the National Weather Service (NWS) implemented a rcplaccment
Wind Chill Temperature Index. The equation for thn new indox is ns follows:

l r i n d  C h i l l  ( r F )  =  1 s . 7 4  +  0 . 6 2 1 5 T  a 5 . t S l v o  t u ,  +  0 . 4 2 7 5 T ( V 0  1 6 )

whcrc T is thc air tcmpcraturc in "F and V is the wind speed in miles pcr hour The changcs
madc by thc NWS improvc upon the Siple and Passel data, which had bccn used since
1945. Table 5 3 will be used in thc softw-are to determine wind chill.

The nature of the equation, with its fractional exponents, does not make it very conducive
to a quick, inline calculation. Just as in the previously described dew point featurc, the table
data will be induded in the software and used to "look uf' the wind clill based on the read
ing for temperature and wind speed.

20' 30' 50' 60" 70' a0" 90' r00' I  t0 ' t20"
9oRH
30 -6 4 13 20 2a 36 52 69 77

35 2 8 16 23 31 .10 48 57 69 71 83
1 1 18 26 35 J3 52 69 78 87

15 13 2L 29 37 56 il a2
50 15 23 31 4tJ 50 67 77

55 L 7 25 34 5.1 70 !i0 89 98

60 1 l 19 27 36 45 55 73 83 95 101

65 '12 20 29 38 47 57 76 85 93 103
70 13 22 31 4{ 60 68 78 88 96 105

75 1i 24 33 42 i2 62 /-l 80 91 100 108

80 25 34 i4 63 73 a2 93 102 110

17 26 36 55 65 75 84 95 104 r13
90 18 28 37 47 6/^ 77 8t- 97 107 117
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wind Sreed in Mites Pq Hour (MPH)
t 0 , 5 20 25 30 35 40

Tenp "F

40 36 34 32 30 29 28 ?8 27
30 25 2l 19 77 16 15 l 4 13
20 13 9 6 3 1 0 1

10 t 7 9 t l -t2 -14 -15

0 -11 19 22 24 26 -27 -29
-10 -22 -28 32 35 -39 -41 -43
-20 -34 41 45 48 -53 -55

-30 53 58 4L 47 -69 -71

,,t0 57 --77 -74 --74 80 82 84

Tabfe 5-3 NWS'200/ Siple and Potselwnd Chi Coleldjon Cuide

5.6.3.9 Battery Health

Baftery health can be as exotic as one chooses it to be.It can be as simple as measuring the
voltage or as complicated as monitoring the charging curents and determining the battery's
internal impedance changes.In most cases, an embedded system is concern€d with a simple
requirement: "Is there enough voltage to operate correcdy?" This can be accomplished in
most cases with a resistive divider, to scale the voltage being measured, and an ADC. Alter
nately, we could use the analog comparator peripherat in the AVR device, if w€ e inter
ested in simply a "Go,4{o Go" reading.

Resolution is not a really important issue for this measurcment in that we are only estab-
lishing a threshold to denote a problem. As long as we set the threshold carefully, resolution

5.6.3.10 RealTime

Real time is what we all live by In an embedded sptem, real time can be as simple as a pe-
riodic event or as complicated as a full blown clock and calendar- When we make measure-
ments, and particularly when we log the measurements, a dock and calendar help enhance
the useftlness of the data. If ln event occurs wherc the data looks out of the ordinary, in
many cases it helps to know when it happened. This allows a human to link the data to a
particular event or outside circumstance.

There are several companies that manufacture real-tirne dock integrated circuits (ICs).
Some are completely self-contained, like the Maxim DS1302 or DS1307, which maintain
the time without the microprocessor, can be porvered for years on a srnall lithium battery,
and usually interface to the microprocessor using a 3 wire SPI or 2-wne I'?C cornmunica-
tions linl. Most integrated circuits of this type reqne a 32.767KtI2 watch crystal for
piopef opefatron.
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Some microcontrollers, like the Atmel AVR, are designed to support a second crystal input
source, such as a 32.767KH2 rvatch crystal, for the purposes ofmaintaining rcal timc withrn
the microcontroller without an ertemal doct IC. As long as the processor has power, thrs
clock can be mdntained. There are even features that allow the orocessor to "sleeo." a mode
ofoperation of very low power consumption. nearll stopped. and to be a*rke;ed by the
timer in order to update the real time and then go ba& to sleep. In this weather monitor,
the indoor unit will be powered 6 time by an external plug-in supply and backed
up through power outages by batteries. The display wiJl alrvavs be actil'e, so there is not
much point in \leeping" the microprocessor to save battery life. The outdoor unit, however,
might pro6t fiom the use of the power-dov"n mode.

5.6.4 HARDWARE DESIGN, OUTDOOR UNIT

Now that we have proven to ounelves that the project really is possible, we cm start de-
signing the 6nal hardware. 81' using the block diagams, specifcations, and feasibility re-
search from the definition phase, we can quickly pull together the schematics for the hard-
ware. First, each block ofthe outdoor unit is developed, arrd then the blocks are combined
together in one schematic.

The outdoor unit is dcsigncd to bc completely wireless. A 900 MHz transmitter sends the
collccted information to thc insidc unit every second or so. The unit is battcry xnd solar
powcrcd, with thc idca that the sun rvill power the unit and charge the battcry by day and
the unit will run completely from battery at night and on cloudy days.

Low power consumption devices are utilized for measuring the prrameters of temperature,
humidity, wind speed, wind direction, and rainfatl. The 900 MHz transmitter is powered up
only to send information, thus consening power- The battery/solar-panel voltage is moni-
tored by the microprocessor such that the "health" ofthe power system can be reported to
the indoor unit. The schematic developed for the outdoor unit is shown in Figure 5-11.
Specific portions are discussed in the following paragraphs.

Wind Speed Input

The r-ind speed detectot as mcntioncd carlicr, is a magncticalll activated reed-switch
arrangement. Each time the ancmomctcr turns, a magnct is brought into proximitJ' ofthe
switch, and thc switch is ctoscd for thc duntion ofthe prcsencc ofthc magnct. Thc prob-
lcm with mechanical switches is s-rvitch bounce. Since the input from the anemomctcr is
going into a counter, it r.ould be very possible to get many more counts in the counter than
there were revolutions of the anemometer

The passive circuitry incorporated into thc outdoor unit hclps to rcducc the possibility of
"extra'counts. The reed-srvitch is pullcd up with a resistor to Vcc (5 V DC) so that a TTL-
level input is arailable for the microprocessor A series capacitor is used to colLple the signal
into the microprocessor The pull-down resistor located at the microprocessor's input, n
combination rvith the intern'a1 protection diodes rvithin the AVR, provides a pulse-shaping
network. As the reed-switch closes, a nafow pulsc is gcncratcd at the Timer 1 input,
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enough to cause it to count one pulse. The RC time constant ofthe pull-down resistor and
the series capacitor allow the signal to recover slorvh enough from the first edge to not pass
the switch bounce but fast enough that the pulses are not missed Ln high wind conditions.

Rain Gauge Input

The rain gauge input is mlldll' fltered as well. Since rve are primarily concerned with the
level (on or offJ at the nicroprocessor input, the main purpose ofthe 6lter is to eliminate
noise and to "clean up" the signal coming from the reed-switch within the rain gauge.

900 MHzTiansmitter

Thc 900 MHz transminer is an off the shelf F[4 transmitter module bv Lin'< Technolo-
gies. The TXM900HPII module supports eight different channels in the'portable tele-
phone" band. A DIP switch is used to select which channel rve wish to use, ,llowing us to
move the radio frequency away from that ofa local portable phone or interfering signals.
The transmitter supports a power-dorvn feature that rvill be used to conserve powet because
the outdoor unit runs fron battery and solar power

The input to the module is the USART TXD signal directb from the Mega16. A 3.9K re
sistor is used to prevent overdriving thc modulation input ofthe transmitter, which would
cause it to "over modulate."The maximum modulation voltage (per the device specification)
is not TTL; it is only about 1 V AC. The input of the module has a fairly low resistance.
Some e4crimcntation proved that 3.9K gave the best performance with our system. Over
modulation forces the ünnsmitter output to srving outside the proper FM modulation
range, which rvould cause both the receiver to not 'heär" the transmitted signal and the
trxnsmitter to generate unwanted R!- interference.

Power Supply

The powcr supply is preqv bxic. You rvill note that there are actually two 5 V supplies, one
lor thc radio and one for evet thing else. This is done to reduce the arnount of digital norse
lrom the processor to the transminer, as weII as to lower the amount of conducted RF from
the transmitter back into eve4.thing else. The baftery is ä 12 V 2200 mAn, gel-cell gpe
unit. These are ertremely rugged and rechargeable. They are considered a zero-maintemnce
qpe ofbanery

The solar panel is diodc couplcd into the qvstem such that on a sunny day n w l not only
completely power the outside unit but charge the battery as rvell. You may also note that
there is no current limiting between the solar panel and the system. The solar panel has a
limited cunent capability due to its high internal resistance. Adding more resistance woul.l
sinply reduce the charging rate of the battew as well as the solar panel's contribution in
runmng the s)5tem.

s.6.5 SOFTWARE DES|GN, OUTDOOR UNtT

Designing the software is rcallyjust planning out how the software rvill tunction. When the
design ofthc software is complete, we have a list of tasks and their priorities and a set of
florvcharts describing holv the tasks are tied tog€ther
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The software in the outdoor uniq by description, could be considered somewhat straight
forward. The basic concept is to collect the data and send it to the indoor unit. It is not qui te
that simple, but it is more basic in many respects than what is going on with the indoor unir
and is therefore a good place to get started.

The task list in order oftop priority to least priority is as follows:

l. Read the wind speed counti fromTimer L

2. Update the räin gauge state.

3. Handle theADC,staning conversions and storing resulLs.

4- Format and handle rhe data being sem to the tmnsmider.

These four tasks are all handled on an interrupt basis. The only tasks left for the main op-
erating loop ofthe software are to calculate when to send information to the transmitter and
to put the informntion into a buffer for the transmrner.

Figure 5-12 shows a basic flow diagram for the outdoor unit software. Note that there is a
main process and four interrupt or erception processes: one for thc rain gauge interupt
(INT0), another for sampling the temperature, humidity, wind dir€ction, and voltage read-
ings (ADC), another for USART transmissions (IJSART_TXE), and another for sampling
the wind speed timer (Timer 1) and initiating transmissions (TMRO).

The basics of the actual measurenents have been covered in the description ofthe hard-
ware. The ADCs that ,re built into the A\.R measure tJ-re temperature, humidiry, and
battery health. Timer 1 samples wind speed. INT0 is used to keep track of rainfall. The
telemetry is even kept simple by using the USART ofthe AVR such that standad I/O rou-
tines could be used 'light out ofthe box-"

5.6.6 HARDWARE DESIGN, INDOOR UNIT

Now we repeat the design process for the indoor unit- When the hardwrre design is done,
we will have frrll schematics for the irdoor unit, as shown in Figure 5-13.

The indoor unit has a 900 MHz receiver module for gathering bformation from the
outdoor unit. The indoor unit comprises the same basic power supply, microprocesso! tem
perature sensing, and humidity sensing as the outdoor unit. The additions of a barometnc
pressure sensor, buttons, LEDs, zbeeper, a 32.767KH2 watch crystal for a real-time dock,
and ar LCD display really set it functionaly aprrt ftom the outdoor unit.

There is no battery-charging slstem on the indoor unit, and the 900 MHz receiver is left
active all the time so that the outdoor unit r€ports are hemd. The input power,6attery volt
age is monitored so that the indoor unit can report a low-battery condition.

900 MHz Receiver

The 900 MHz receiver is ar off-the-shelf FM receiver module by Li*x Technologies. The
RXM9O0HPII module supports eight different channels in the ?ortable telephon€" band.
A DlP-switch is used to select which channel we wish to use, allowing us to move the radio
frequency away from thxt of a local portable phone or interfering signals. The output from
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Figure 5-f2 Bas'r Sofu'lorc Flo\rhocodnoot Unit

the module is connected to the USART R)(D signal of the Mega16. A 1K resistor is used
to provide a small amount ofRF isolation from the microprocessor by reducing RF currents
that may be passing ftom the microprocessor back to the receiver- These currents are a re-
sult of the capacitance that appears on all the inputs of the microprocessor The resistor
works with this caoacitance 10 form a simole filter network.

Set up VO Pons,
Timca, UART

Disable

liansftit Flag

TMRO

Timerl

Sct Flag,

RETI

UART
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The RSSI output of the receiver providcs a signal süength indication. This output rs
processed and lights an LED to indicate when data is being received from the outside unir.
(The LED may also indicate interfercncc and can be helpfin when selecting r channel.)
This processed RSSI signal is also used to "quali$" the data coming in on the USART
indicate that the data is ralid, notjust noise. Spurious or atnospheric noise could apper to
be data. It would bc lcft totally up to the software to discern what is signal and what is noise.
By creating an "RF detected" signal, REDEI we can use an intemrpt as a gating signal
to cnxblc thc USART and lower the anount of software overhead required to decode the
messagcs from the outside unit.

Power Supply

Just as in the outdoor unit, the power suppll'creates two 5 V supplies, one for the radio and
one for cver).thing else. This is done to reduce the amount ofdigital noise from the proces-
sor to the receiver. The banery is a 6 V pact consisting offour AA alkaline batteries in se-
ries. The off the shelf power supply is diode-coupled into the sptem, ,llowing instant
switching fron power supply to battery backup in the event ofa power outage.

The LCD backlight is driven direcdy from the wall supply. Thc bacHight rcquircs too much
current to run fiom the baftery, and it consumes enough curcnt to produce a large amount
ofheat in the regulators. Therefore, we opted to drivc the backlight directly and blpass all
ofthese issues. In the event ofa powcr failure, the unit will continue to operate (on battery
porver), but the display bacldight will be out, making the display harder to see-we can
shine a flashlight on it if wc nccd to know what it sa1s.

5.6.7 SOFTWARE DESIGN,INDOOR UNIT

The indoor unit has two basic functions: collcct and convert data, and interlace with a
human. The collection process is fairly straighdorward in that the indoor unit measures the
indoor temperature, humidiq., barometric pressure, and battery health on its own ADCs in
exäcdy the same manner as the outdoor unit. The outdoor parameters of temperature, hu-
midiq,, rainfall, wind speed, wind direction, and banery health are collected in the same
units as thc indoor unit (ADC counts, timer counts, etc.).

The toughest part to developing the indoor unit sofiware is defining the human interface.
Referring to "Operational Specification" in Section 5.6.2, "Dcfinition Phasc," this wcather
monitor uses a four row by twenty column LCD and an xrangcmcnt of thrcc buttons. A
4X20 LCD may seem like a lot of room for information, but it can quickly become limir
ing. In this s1'stem, all four lines are used to display parameters. The parameters are dis-
played in groups ofthree, as shown in Table 5 4.

'ltmpflture 
Outdoor \lÄnd Chill (Outdoor)

Barometric Press. (^, v, -) wind Dire.tion,' & Head.

Dew Pornr (Oüdoor)

R.infal this (lt, D, xI, Y) Timc (" flslcs $onds) Date

-fable 
54 PorcneterTtiods to 8€ D,:D,oyed
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Figure 5-f4 Exanple lndoot Disploy UnitLCD üd Button layout

Figure 5-14 shows an example layout for the LCD, LED, and buttons for the indoor unit.

The button tunctions are SET. tiNITS/+. and SELECT/-. The SET button allows the
user to set the time. The UNITS/+ and SELECT/- bunons increase or decrease the tirne
or date component, respectively, and the SET button takes the user to the neal component
until all have been set. Each time the user presses the INITS button, the curent units will
switch from imperial to metric, or vice versa. This allows temperature to be viewed in "C or
'F, and wind speed in mph or kph. The SELECT/- bufton ,llows the user to view the rain-
lall in inches-this-hour, inches-this-day, inches-this-month, or inches-this-year.

There are many possible alarm or alert conditions that a weather monitor like this could
detect. Temperatures that are too high or too loq extreme wind and rain, high indoor
humidity that could damage fruniture or equiprnenq and sudden large swings in baro-
metric pressure that could indicate a storm is on its way. Table 5-5 shows some possible
rarning/alert conditions.

For the purposes ofthis ter1, these warnings go a bit beyond the scope ofwhat we are trying
to covet but these messages would make a geat additional feature ifyou choose to imple
mcnt them in your weather monitor. For our weather monitor, we will key in on a couple of
basic s)stem erors that can prevent the monitor ftom performing correcdy:

. Low bättery conditions, indoors or outdoors

. No data €ommunications from tfie outdoor unit

An LED indicator is located near the display to sknal a detected low-batt€rT or low-voltage
condition on the indoor unit. Whenever a low-voltage condition appears, software will flash
the LED until the SET button is pressed-This will inform the user that during a power our-
age the bafteries were found to be lorit is time for a change. The user could put in new

o
RXc

SET UNITS/+ SEI-ECT/-
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High IrdmrTmp

Hish OutdoorTemp

High Ind@r Humidirt

High wind Alc.r
High Rainfal Alcrt

Lw Batt Outd@i

Table 5-5 Possibrewsrdng/,qlen / essdges

batteries and press the SET bunon to dear the eror The batteries can be checled at any
time, simply by unplugging the power supply ftom thc unit.

This low-voltage detection can also be used for an inte\ent shutdown ofthe system, in er-
ther the outdoor or the indoor unit. Ifthe voltage is detected to be below nomal, data such
as the accumulated rainfäll can be sar"ed to EEPROM, arrd then the unit could simply hold
in a loop waiting for the power to disappear completely or to return to an acceptable level.
Handling EEPROM storage in this as needed manner also preserves its life, because con-
tinuously writing to EEPROM will evennnlly lead to its fanure- As discussed in Chapter 1,
the poteotial for failure is due to the way that EEPROM memory itself is constncted, a
function ofelectro-chemistry- In many cases, this memory area will have a rating of 10,000
or 100,000 write operations, ,nßaim rn.

A low-battery condition on the outside unit will eventua[y lead to no data reports from the
outside unit. In this case, the low battcry LED indicator on the inside unit will be turned
on solid until the outside unit voltage goes back up to normal- When the outside unit volt-
age goes back to normal, the LED will go back off.

When valid data has not be€n rcc€ived from the outdoor unit within 15 seconds, a "No
Communications" error exis*. This could be due to the outdoor unitt power going away,
or a lengthy period of RF interference. While this condition exists, all outdoor-related
parameters will be replrced with question marks. For example, wind speed would read:

? ? ?  M P H

5.6.8 TEST DEFINITION PHASE

The test defnition phase ofthe project oudines specifcally how wc iotend to test both the
individual pieces ofthe project and the complete project. Some measurements are very easy



_::::::!:::^::

to test, rvh;lc others requne much more vork and creativiqr Somc may also require writing
softwarc for the microconrroller

The test definitions lor rarious parts of thc projcct are sholvn below:

Wind Direction

Input: 0 to 5 V DC through a 10K ohm potcntromctcr.

Expected Results:0 to 5 V input to microcontroller

Method: Apply different voltages to the input through a potentiometer to simulate a
*.eather rane and measure the \.oltage input to thc microcontroller rvith a rrcltmeter.

Wind Speed

Input: 30 mph u'ind-might requne a friend, a reliablc method of transportation, md a
calm day!

Expected Results:75 Hz signal to the microprocessor

Methodr Cause the anemometer to be blorvn at a knorvn rate xnd measure the pulse tnin to
thc microcontroller using a frequencl' counter, an oscilloscope, or the microcontroller itself.
You might need to unite softlare to count the pulses and transmit them to the indoor umt
for display ifa portable method of counting the pulses is requircd. The selected anemome-
ter lor this project is factory calibrated aad produces a single pulse per revolution.The out-
put is approximatcly 2.515 H'zlrnph. Onl,v ninor adjustments may be rcquired.

Rain Gauge

Input: One cup (8 oz.) ofrvater

Expected Results: A representative numbü oftransitions presented to the microcontrollcr
input.

Method: S/atul1 pour the rvater j nto the rain gauge and, using a counter or thc microcontroller
itseld, count the transitions. Thc RG-T transitions every 0.01 inch of rainfall, so a counter
should indicate 722 lorv to hjgh transitions, or 1444 changes ofstate. You mar nccd to wrire
sofnvare to count the transitions and transmit them to the indoor unit for displar: The
selected rain gauge for this projcct is factorl cdibrated and should need no adjustments.

Air Temperature

Inputr Ice watet room temperature, rvarm hands.

Expected Results: A rcprcsentadle loltage presented to the microcontrollcr input.

Method: Ptace the NTC device on some longwire leads,24 inches or so. Seal the devicc rn
a small plastic bag (remove as much aira possible). Place the device in ice rvater 32'F (0'C);

after a minute or so,2.39 V DC should bc prcsent at the microcontroller's input. At room
temperature, 70'F (21'C) a r.oltage ofappronmatclv 3.3 V should be present.
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Barometric Pressure

Input The atmosphere.

Expected Results: A rcpresentative voltage prcsented to the microcontroller input.

Method: Using another barometer as a refercncc (or the local weather station if it transmits
continuously through the TV), measure the voltage input to the microcontroller with a volt-
meter-O V DC represents 28 inHg, and 5 V DC represents 32 inHg.

Relative Humidity

Input: The atmosphere.

Expected Results: A representativc voltage prcsented to the microcontroller input.

Method: Using another humidistat as a reference, measurc thc voltage input to the micro-
controller with a voltmeter and compare the values { V DC represents 0% RH and 5 V
DC represents 100% RH. The selected humidistat for this project is factory calibrated and
should need no adiustments.

System Test for Complete Project

The o,:tent ofthc system test definition wiII vary according to the end user ofthe project. If
thc weather station project were to be destined for home usc, the test might be no more er-
tensive than comparing the weather statior readouts to the local weather station to see the
results are "about right." On the other hand, ifthe project is for commercial usage or for a
customer, more extensive testing is required- In this case, it would be appropriate to use
tcmperature and humidity-controlled chambers to run thc outside and inside units through
thc entire range ofweather conditions and record thc rcsults. For instance, it would be ap-
propriate to test the tempemture reading at, say, every 5'F and plot the results to ensure that
the unit meets specifications over the entire range of temperature. Each ofthe weather pa-
rameters would be tested in the same thorough maaner and the results graphed for presen-
tation to the customer.

Whatever thc extent of the tests imposed for system tes! the intcnt is the same: to give the
end user conndence that the unit is performing up to specificxtions as set down during the
definition phasc.

5.6.9 BUILDANDTEST PROTOTYPE HARDWARE PHASE

The project hardware is completely designed, and the expected results ofeach section ofthe
hardware are speciEed. It is now time to build the hardware. Aftcr thc hardware is assem
bled, the tests from the previous phase are executed. This section bricflv discusses sorne real
life methods of crecuting the tists and measulng the results. The qoftwarr requircd to
e{ecute the tests is also discussed.

Fundamental tests of the hardware are best oerformed with voltmeters and oscilloscooes.
When an AVR microcontroller is completelycrxed. all ofir" pins ue inputs, rrd it hai no
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impact on the surrounding circuitry. This allows for some basic checking of the hardr,rare
functionality. No matter how good the software is, it can never make up for hardware that
just does not work. Listed below are some step by step checls for both the outdoor-unit
and the indoor unit hardrvare. This example method ofvalidation applies to many g?es of
designs. Knowing for certain that the signals are as expected gready reduces the softlvare
development and integrntion time, as well as the amount of time 1'ou rvill spend "chasing
your tail" when things do not make sense.

Outdoor Unit Checkout

| . Set the lab supply for | 2V DC with a cunent limit of approximately one ampere. At
this point, no battery or solar panel should be connected.

2. Connect a lab supply to the battery or solar panel conn€ction.

3. Make su re that Vcc and Vcc- | are ar 5 V DC. lf the power supply is not correct, noth ing
will be quite right"

4. UsinS a voltmetei veriry that the BATT signal (pin 38 of the M€8a | 5) is approximately
3.8V DC.

5- Using ä voltmeter, v€rit that the oütput of the hümidistat is a levelthat corr€sponds
with the humidity of the room that you äre in- An ofüc€ or classroom is typically 20 to
30% RH. Whätever the percenEge is, yoo should measure about that percentage of
5V on the HUMID signäl (pin 39 of the Mega l6).

5. Using a voltmetei veriry that the output of the tempemture sensor is a level that cor-
responds with the temperature of the room that you are in.The average otrice or
classroom temperature is about 70'F (21'C),and that should cause a voltage of ap-
proximately 3.3V to appear at tneTEMP signal (pin 40 of the l'4egä l6).lf you pinch the
thermistor ir your fingers while watching this voltage, you should see the voltage rise
as your body heat warms the sensor

7. Connectthe anemometer and the wind vane to the appropriate inputs.

8. Using an oscilloscope, verit $ät the SPEED signal (pin 2 of the Mega | 5) häs pulses of
adequate level (rTL level, which is greäter than 1.3 V for a "high" and less than | .5 V
for a"low").These pulses will exist only while you spin the än€mometer, so Sive it a
whir l l

9. UsinS a voltmeter verify that the wlND input (pin 37 ofthe Megal6) moves uniformly
from 0V to 5V DC as you siowly rotate the wind vane. As you cross nonh,the voltage
will iump from 0 V to 5 V, or from 5 V to 0 V

| 0. Connect the räin gaute to the approp.iäte inpur

I l. Using a voltmeter or an os€illoscope, veriry the MIN sisnal (pin l6 of the Mesa l6). As
you either tip the seesaw assembly by hand or pour water through the gäuge, you
should see the voltage ofüe RAIN signaltmnsition f.om 0V to 5V DC and bäck again.

12. Using the test program listed below program the MeSa 16 with the followinS fuse bit
settinss.These settings Suarantee the proper operation ofthe oscillator and brown-out
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detector used to reset the microcontroller:

. CKSEL3:o= | | 00, crystäl Oscillatoi BOD enabled

. SUTI:o = l0

. BODEN = oN

. BODLVL = ON

. JTAG = OFF

. OCD = oFF

. EESAVE = OFF

' BOOTRST = OFF

OuEdoor  un i t  tesL

+ inc lude <Mesa16.h>

+ i n c l u d e  < s t d i o . h >

+ inc lude <de1ay.h>

vo id  na in  (vo id )

{
PORTC=oXoo;  / /  se lup  por l  C  and lu rn  on  TX-POWER. .

DDRC=0x40;

/ /  USART Transn i t te r :  on

/ /  Ü s a R T  B a u d . a t e :  9 6 0 0 ,  a  D a t a ,  1  s t o p ,  N o  P a r l t v

UCSRA=0x00;

U C S R B = 0 x 0 4 ,

UBRR=0x19;

üBRRHI=0x00;

wh i le  (1 )  / /  sena l  res t  s l ream every  1  second

t
d e l a y  n s ( 1 0 0 ) ;  / /  a 1 1 o w  p o w e r  u p  t i n e
pubsf  ( 'uuusresEtQQQ\r '  )  ;
de tay  ns(500) ;  / /  t ransn i t  nessaere

PORTC_6 =  ! ;  / /  RF powe.  o f f

a l e l a y  n s  ( 5 0 0 )  ;  / /  w a i L . .

PORTC.6  =  0 ;  / /  RF Power  on

l

ll. Using a RF signal-streneth mete4 a spectrum analFer, or a Linx Technologi€s
TXl4900HPll emluation kit wiü a rc, monitor the messag€s being transmitted Note
that the RF energy should go ofi betw€€n transmissions for 500 millis€conds.Trans-
missions should occur about one second aparc
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Indoor Unit Checkout
| . Set the lab supply for 9 V DC with a current limit of approximately one ampere- At

this point, no batteries should be connected.

2. Connect a lab supply to the wäll supply conn€ction.

3. l4ake sure thatvc€ andVcc-l are at 5V DC.lfthe power supply is not corr€ct, nothing
will be quite righlSound familiar? lt is stilltrue.

4. Mäke sur€ th€ backliSht is lit on th€ LCD display.

5. Using a voltmetea verify that d'€ BATT siSnäl (pin 38 of the Mega | 6) is approximateiy
2.8V DC-

6. Using a voltmeter, verify that th€ output of the humidistat is a level that corresponds
with the humidity ofthe room that you are in. An office or classroom is typically 20 to
30% RH.Whatever the per€entage is, you should measure about thät percentage of 5V
on the HUIYID sisnal (pin 39 ofthe M€sal6).

7. Using a voltmetei verjfy that the output of the temperature sensor is a level that cor-
responds with the temperature of the room that you are 'n.The average offlce or
classroom temperäture is about 70"F (21"C), and that should cause a voltage of ap-
proximately 3.3V to appear at the TEI'4P signal (pin 40 of the Megal6).lf you pinch th€
thermistor in your fingers while watching this voltage, you should see the vokage rise
as your body heat warms the sensor.

8. Using ä voltmet€r to measure the CAL potentiom€ter wiper, set the CAL poten-
tiometer such that th€ wiper voltäge is 2,06V DC.Once this is set, measure the volt-
age at th€ BARO si8nal (pln 37 of the Megal5) and v€riry that it is somewhat repre-
s€ntativ€ ofthe current barometric pressure. Remember that 0V DC atthe BARO
signal represents 28 inHS and that 5V DC represents 32 inHg. On an average daxthe
reading should be somewhere in the middle.This might be agood time to actually cali-
brate the barometer. Get a current local barometric pressure reading and calculäte the
voltage this pressure should produce atthe BARO signal. Adiust the CAL potentiome-
t€r until you read that voltaSe at the BARO signal.

9. With the outdoor unit running its test progiäm as an RF signal source,checkthe
REDET sitnal by monitoring th€ PxActive LED Th€ RxActive LED should go on for
500 milliseconds and then ofr for 500 millis€conds, again and again.Verify that data is
getting to the processor by looking at th€ RXD input (pin I 4) of the Mega | 6 with an
oscilloscope.The waveform should look something like the TXD output (pin | 5) of the
outdo0r unit.

10. Using the test program listed beloq program the Megal6 with the following fuse bit
settings.These settings guamntee the proper operation of the oscillätor and brown-
out detector used to reset th€ microcontrolle.:
. CKSEL3:o=l 100, Crystal Oscillator,BOD enabled
. SUT | :0 = I0

. BODEN = ON
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. BODLVL = ON

. JTAG = OFF
' OCD = OFF

. EESAVE = OFF

. BOOTRST = OFF

Indoor unit TesE coale

+inc lude <Meqra16.h>

+ inc lude <a le1ay .h>

*def ine  LcD B PoRTB.o  / t  LCD CoDr lo1  L ines  * /

+def ine  LcD Rs PoRTB. l

+def ine  LcD Rw PoRTB.2

*def ioe  LCD PORT PORTC /T  LCD DATA PORT : /

uns igned char  tcD ADDR;

F u n c r i o n s  * * * * * /

v o ' d  w !  a a l t ( u n s i q n a o . n d r  d ä l ä )

{
tCD Rw = 0 ;  / /  se t  wR ac t lve

LCD_E =  1 ;  / /  ra ise  E
I C D _ D O P T  -  ( d a L -  d  0 x 0 F ) ;  / /  p r r  d ä r ä  o a  p o ,
r c D _ E  -  0 ;  / /  d r o p  E

tcD_Rf l  =  1 ;  / /  d isab le  I ' rR

de lay_ns(3) ;  / /  a1 low a l i sp tay  t ine  to  th ink

)

vo id  wr  d lsp(uns isnea l  char  a la ta )

i
LcD_Rl . j  =  0 ;  / /  enab le  s r i te . .

LCD_E =  1 ;

LCD_PoRT= (da ta  >> 4) ;

LcD E =  0 ;  / /  sErobe upper  ha l f  o f  daLa

LCD E =  1 , .  / /  ou t  to  the  d isp lay
LCD PORT = (da ta  &  0x0F) ;

LCD E =  0 , .  / /  now,  s t robe Ehe love !  ha l f
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LcD Rw = 1 ;  / /  d isab le  v r i re

de lay  ms( l ) ;  / /  a l low t ime fo r  LcD to  reac t

)

vo id  d isp  char {uns igned char  c )

t
LCD RS =  t ;

w r  d i s p { c ) ;

LCD-ADDR++;

J

vo id  d isp-cs t r {üns ignet l  c t la r  f lash  *sa)  / '  i l i sp lav  s t l inq

t
w h i l e  (  r s a  ! =  0 )

d isp  cha!  (  *sa++)  ;

vo id  in i t  d isp lay(wo id)

t

LCD_R!! = t;

I c D  E  -  0 ;  / /  p r a s e r  i n f e t l a c e  s i s n a l s

LcD Rs =  0 ;  / /  comaDd node. .

d e l a y  n s ( 5 0 ) ;

wr  ha l f  (Ox33J ;  / /  Th is  sequence enab les  the  d isp lav

sr  ha l f (0x33) ;  / /  ro t  4  b j . t  in te r face  node

wr  ha l f (0x33) ;  / /  These cormands can l t re  found

vr  ]nar f (0x22)  |  / /  in  the  nanufac ture . ' s  da la  sheets -

wr  d isp(0x28) ;  / /  Enab le  the  id te rna t  5x7  fon t

w r  d i s p { 0 x 0 1 ) ;

s r  d i s p ( 0 x 1 0 ) ,  / /  s e t  c u r s o r  t o  n o w e

/ /  ( insEead o f  a l i sp laY sh i fE) .

r r  d isp(0x06) ;  / /  se t  Ehe cursor  to  nowe ! i9 rh t ,  and

/ /  noE sh i f t  the  d isp tay

sr  d isp{oxoc) ;  / /  Turns  a l i sp laY on ,  cursor  o f f ,  and

/ /  c t rsor  b l ink ing  o f f .

r n n i  / ä m  t o  " 0 0 '

f o r  (  1 = 0 x 4 0 ;  i < 0 x 5 F ;  i + + )

{
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a le lay  ns  (10)  ;
LCD,RS = 0;

w !  d i s p ( i ) ;

a le lay ,ns(10) ;

a l i sp-cha! (0 ) ;

J
LCD RS =  1 ;

]

vo id  c lear_d isp lay(wo id)

{
trCD_RS = 0;
wr_disp{0x01) ;
delay_ns{10) ;

ICD-RS = 1;

]

/ /  c feai  a l isp lay and home cursor

/ /  outputs for  LcD s ignals

// ouEpurs for LcD alata

/ / beepe. and LED outputs

Clock  source :  TOSCI  p in

/ /  io i t ia l ize LcD

vo id  na in (vo id )

PORTB:0x00;

DDRB=0x07;

PORTC=0x00;

DDRC=0x0F;

PORTD=0x00;

DDRD=0x60;

// Enable 32K

ASSR=0x04;

in i t  d isp lay(  )  ;

c lear_d isp lay  (  )  ;  / /  c lear  d isp läy

disp_cst i  (  'ha loor  resL" l  i  / /  pr in t  test  nessage.
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r h i l e  ( 1 )
{

i f  ( P I N A  &  0 x E 0 )  / /

t
P O R T D . 6  =  1 ;
P O R T D . s  =  1 ;
detay (s  (1)  ;
P O R T D . s  =  0 ;
delay ns (1)  ;

I

t
P O R T D . 6  =

PORTD.5  =

t

i f  any  bu t ton  P.essed.

// LOI^I BATT LED ON

/ /  LOW BATT LED OFF

| | . Verit dr€ message "lndoor Teqt" äpp€a.s on the LCD-

| 2. Press the UNITS, SELECT, and SET buttons.The beeper should sound at approximately
500 Hz, and the LOW BATTERY LED should light a! long as one of the buttons is
pressed.

| 3. Using an oscilloscope, verify that the 32 KHz oscillator is runnin8 by probing pins 28
and 29 of the Megal6.

5.6.I0 SYSTE1., I  INTEGRATION AND SOFTWARE DEVELOPT4ENT PHASE.
OUTDOOR UNIT

The 6rst step in putting together the software for the outdoor unit is to define the unit op
eration. In this case, a slctem decision can be made as to where the processing ofthe actual
data is to occur, indoors or outdoors. If the drta were processed outdoors, then each of the
parameters would have to be calibrated, and common units,like "F or "C for temperaturc,
would need to be deflred for the data that is to be transmitted- Rainfall gets a bit messy in
that it basically takes forer.er, and the outside unit wodd have to know how long forever is.
This thought process leads us to leaving the data collected in the most basic form possibte
and letting the indoor unit do the conr,crsions at the end. Besides, the indoor unit has a
clock and interfaces with the human anls'ay.

So in this system the most basic units would be ADC counts, Timer 1 counts, and the state
of the rain gauge and the weather vane. This data can be combined and transmitted as a
packet ofvalues on a periodic basis. The transmitted period ofthe packets is not rcally cnt
ical. There should be enough data to catch the peaks ofwind and get an accurate reprcsen
tation ofrainfall. These are not panicularly fast moving parameten, but humans like to feel
like they are being updated fa yfiequendy. For instance, a gical digital voltmeter offers a
one second sampling rate. The only citical sampling that is taking place is the wind speed.
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It is the time between readings that is important for calculating the mph of the wind. Even
though it will be sampled quickly, an average ofthe readings is all that is necessary for an
adequate wind speed representation.

One consideration is the banery consumption during the transmission ofthe data. It is dur-
ing the transmission ofthe data to the indoor unit that the highest cunent requirements of
the system are achieved. The duty cyde, or ratio of time active to time inactive, ultimately
determines the average current draw on the power supply, whether it is the solar panel, the
battery or both.

The nart step in getting the software started is to define the inputs and outputs of the
microprocessor that are to be used. This is a great way to get started, since another round
of sanity checking gets performed on the schematic, and once the deEnitions are made,
the need for constantly refeting back to the schematic is reduced. The definitions for the
outdoor unit may appear as shovm in Figure 5-15. A reminder: comments following the
#defne statements need "/* and "7 as delimiters.

Once the pins have been labeled, the actual inputs, ouguts, and peripherals need to be con-
figured. This is usually performed at or called fton t\e top of na;n). \n the initializatroo
routine "ini r-avR ( ) 

' (see code in Figure 5-16), note thatTimer 0 is set to create an over-
flow interrupt. Based on a 4.0 MHz oscillator, the intemrpt will be issued every 4.096 ms.
This real-time tick will be used to sample the anemometer as well as determine when it is
time to transmit the data to the indoor unit. Timer 1 is configured as a counter to capture
the switch transitions in the aflemometer to measure wind speed. INT0 is set to interrupt
on "any chanqe", which allows each tipping ofthe seesaw in the rain gauge to be captured.
The USART is configured for 9600 baud, 8 data bits, and 1 stop bit for the RF transmis-
sions. The ADC is set up to convert at the slow€st rate, which is generally the best, and to
generate an interrupt upon completion ofeach conveßion.

#def ine I 'x  cTs PrNc- ?
+def ine Tx PowER PoRTc,6
+dEf iNE WIND SPEED INPVT P]NB.1

*dEf iNE TEMPERATURE
+def ine  HUMIDfTY
+def ine  BATTERY
+def ine i,lTND_DIRECTION

/ *  LransniLrer  c lear  to sead * /

/ r  EransniEEer power enable " /
/ *  anenoneter  inpu!  (T iner l )  * /

+def ine LAST_aDC_INPUT 3
+def ine ADC_VREF_TYPE 0x40
unsigned int  adc_data I  LAST_ADC_INPUT-FIRST ADC I I , IPUT+1] ;

a d c  d a r a t o l  / i  a n a l o s  c h a n  0 ,  i n t  * /

adc-a laEal l l  / '  analos chan f .  in t  ] /

adc_alatat2 l  / *  analos chan 2,  in t  * /

adc_alata[3]  / *  analos chan 3,  in t  * /

Figure s- | s üonple Defintions, Outdoot Unit llo
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#def ine  FTRST_ADC_INPUT 0
#define LAST_ADC_INPUT 3
+def ine  aDc_vREF TYPE 0x40

t
/ *  r n p u t / o u r p u t  P o r t s  i n i t i a l i z a t i o n  * /

D D R B = 0 x 0 0 ;

/ *  P o r t  c  * /

P O R T C = 0 x 0 0 ;

/ *  P Ö t L  D  * /

P O R T D = 0 x 0 0 ;

DDRD=0x02;

/ *  T i n e ! / c o u n r e r  0  i n l l i a l i z a l i o n  * /

/ *  C l o c k  s o u l c e :  S y s l e m  C l o c k
/ *  C l o c k  v a t u e :  6 2 . 5 0 0  k $ z
/*  Mode:  OutpuE Conpare

'  o . 0  o .  p u r  :  D i s . o n n e . r c d  ' /

T c C R o = 0 x 0 3 ;
T C N T 0 = 0 x 0 0 ;

/*  T iner /counter  1 in i t ia l izat ion
/*  c lock soulce:  T1 p in Ris ing Ealge * /

/ *  l , Iode:  ourput  Conpare
/ *  o C l A  o u t p u t :  D i s c o n .
/ *  O C l B  o u t p u E :  D i s c o n .
/ *  N o i s e  C a n c e l e . :  O f f

'  -  p . .  . d p L u r c  o n  F d l l i n q  E d q c  ' /

TCCRlA=0x00;
T C C R l B = 0 x 0 ? ;
TCNTlH=0x0 0 ,
T C N T l L = 0 x 0  0 ;
OCRlAH=0x00;
O C R l A L = 0 x 0 0 ;
O C R l B $ = 0 x 0 0 ;
O C R 1 B L = 0 x 0 0 ;

/ *  T iner /counter  2  ln l t la l i za t ion  * /

/ *  cLock  source :  sys ten  c lock

Figure 5-f5 Outtloot UniLIO lnitialization (Continues)
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/ *  Clock value:  T iner  2 sLopped
/*  Mode:  Output  Conpare

'  o c 2  o u l p u L :  D i s c o n n e c t e d  ' /

TCCR2 =0x00;

TCNT2=0x00;

/*  External  In ter iupt  (s)  in i t ia l izat ion * /

/ *  I N T o :  O n
/*  INTo Mode:  any chanse
/ *  I N T 1 :  O f f
/+ rNa2.  af f
c I c R  l = 0 x 4 0 ,

MCUCSR=0x00;
G I F R = 0 x 4 0 ;

/ *  T i n e r ( s ) / C o u n t e r ( s )  I n r e r r u p E ( s )  i n i r i a l i z a t i o n  r /

TIMSK=0x01,

/*  uaRT in ic iat izat ion
/ '  C o m u n i c a c i o n  P a r a m e t e r s :  8  D ä t a ,  I  S t o p ,
/*  UART Receiver :  Of f
/ *  UART Transni tEer :  On
/*  üART Baud rate:  9600
UCSRA=0x00;
UcSRB=0x44;

UBRRH=0x00;

/*  AnaloS Conparalo.  in i t ia t izat ion
/ i  AnaloS Conparalo. :  Of f
/* Analos Conparato. I4put CapEure by
A C S R = 0 x 8 0 ;
S F I O R = 0 x 0 0 ;

/ *  ADC in i t ia l i za l ion
/ *  ADC Clock  f requency :  3 I .25O kaz  * /

/ *  ADc vo l rase  Reference:  Avcc  p in  * /

ADMUX=FIRST ADC INPUTIADC VREF TYPE;

/ *  Watchdos T iner  in i t ia l i za t ion

/ t  Watchdog T iner  Presca le r :  OSC/2048 , /

WDTCR=0x0F;

/ *  c loba l  enab le  in te r rup tss
+ a s n ( " s e i ' )

)

Figure 5-f6 Outdoot Unit,llo In ializotion (Continued)



Temperature, Humidity, Wind Direction, and Battery Health

Tempeüture, humidity, wind direction, and battery health can all be measured in the back-
ground using an interfllpt routine servicing the ADC.Thevalues ofthe array"adc daLa" a-re
automatically loaded. The def,nitions, "tmreenatunr", "EUMrDrrY", "wrND DrREcrrQN",
and "earrsnv" are aliases to help us remember which channel rcpresents which signal. The
general-purpose ÄDC interflrpt subroutine is listed in Figure 5-17.

Rainfall

Rainfall is handled by simply keeping track ofthe strte of the I/O Pin. Using an interrupt
in this manner is probably a little overdone, but therc are still some questions about the
"rcal world" operation ofthe rain gauge, and this is a good way to leave some options open.
The INT0 function ofPIND.2 has been setup to generate an intermpt in "anv chanse".
This means when the signal at PIND.2 changes fiom high-to low or low-to-high, the
interupt service routine "ext-int0 isr ( ) " (shown in Figurc 5-18) gets called. In this
interrupt routine, the character "rain state" is set to reflect the rain gauge input

Projeü Deeelo?ment

6 0 ö  A  a s I  A D .  _ t \ ö u r  o  / ' A l D . o n J e  r e i

+def ine  LAST ADC INPUT l
+dEf iNE ADC VREF TYPE OX4O

i g r 6 o  1 n r  d o .  d e . - l L A s -  A D c  ' N P U T  F I q S -  Ä D . - I N D U F - l l

char  inpur  index=0;
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+def ine  TEMPERATURE
+def ine  HUMIDITY
#def ine  BATTERY
+def ine  WIND DIRECTION

ana log  chan 0 ,  in t  * /

ana log  chan 1 ,  in t  " /
ana loq  chan 2 ,  inL  * /

ana loq  chan 3 ,  inL  * /

/ i  aDc interrupt  se.v ice rout ine
i n P u !  s ' . n r ' - 9  ' /

in te r rup t  IADC INTI  wo id  aa lc  i s r {vo id )

{
/ :  Read the  aDc conve ls ion  resu l t  * /

/ *  SeLecL nex t  ADc input  t /

i f  (++ input  index> (LAST aDC- INPUT-FIRST ADC INPUT)
input  index=o;

ADMUX=iNPUI iNdEX+FIRST ADC INPUT'I ADC VREF_ICYPE;

/ *  S tar l  lhe  nex t  aDc convers ion  r /

A D C S R A  = 0 x 4 0 ;

Figure 5-f7 Ercnple FrceRunningADc fntemrpl Sentce Rour,ine
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r d a f j n p  F A . J \  t N P U f  P t N D . 2  / ' r ä i n  g d u g .  : " p 1 .

cha !  r a l n  s t a i e ;  / *  cuden t  s t aLe  o f  r a i n  gauqe  as  a  cha r  * /

/a  Ex !e !na1 In te r rupL 0  serv ice  rou t ine  * /

. ! e  r  - p t  E r l - - N - 0 1  v o i d  e x r  i n f 0  i s r  ( v o i d )

{
i f  (RAIN_INPUT)

ra in_s ta te  =  1 ;  / t  keep chanqe around in  a  va l iab1e * /

e lse  /a  fo r  ta te r  t ransn iss ion  to  indoor  * /

r a i n  s t a t e  =  0 ,  / *  u n i t . . .  t /

]
Fisure 5-f 8 Rain GoW lnput lntqftupt Hondtel

"nAIN rNPur", which is the pon pin itself. Earlier, w€ discussed the possibility of s\{itch
bounce. In the case of the rain guge, because the seesaw moves so infiequently, and
because we report to the indoor unit the state ofthe actual input pin, the chance of actually
having an enoneous reading is negligible.

Wind Speed
In the previous sanity checks, we decided to use Timer 1 to count the wind speed pulses.
Sampling the count on Timer 1 is handled within the Timer 0 interrupt routrne. As men-
tioned previously, the Tiner 0 interupt executes €very 4.096 ms. Ifwe reduce the sampling
rate to er.,ery second, at least until v/e can obtain actual data from th€ anemomet€r, the col-
lected number in Timer 1 would effectively be five times larger To obtain a sample rate of
approximately one second, we will need to take a Tim€r 1 reading once every 244 passes
through the Timer 0 inteffüpt routine.

( 1  s e c o n d :  4 . 0 9 6  n s / p a s s )  =  2 4 4 . 1

The one-second interv'al also provides a method oftirning when the RF telemetry is to take
place. Once the samples are taken, a flag "RF I'x rime", as showa in Figure 5-19, is set and
ts picked ry ia nain) to initiate a transmission.

RFThlemetry

The RF telemetry is handled in the nainq function. The flag "RF rx rime" is used to
signal when data is to be sent to the indoor unit The data is prearranged into packets.

Packets provide a structure to the data that makes it easier to the receiving device to decode.
When the data is organized in this fashion, the receiving device is able to predict what kind
ofdata to expect and how much. The format of the data packet to be sent is as follows:

UUUSt t t .  hhh -  wv .  ddd-  ssss  -  r  -  xxxxrQQQ

where tr is the temperatute ADC reading, bhb is the humidity ADC reading, vtv is the
battery voltage reading at the ADC, and //1 is the wind direaion. The data for the ADC



Project Deuta?nent

+def ine  LND_SPEED_INPUT PINB.1  / *  anenoneLe i  inpuc  (T iner l )  * /

. - s i g r - d  i  d i n d _ s p c c d ;  / '  a v e r d g e
i n -  Ä : r d  F s L  p ä s s ;  / r  p d s s  . o u n t  b e a o ' e  w i n d  s p e e d  s q m p l e

/ *  T iner  0  over f low in te f iup t  serv ice  rou t ine  * /

i n - . r r u p t  l T r r 4 0  o v F l  v o i d  '  i m c r 0  o v r _ i s r  ( v o i d )
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i f  ( + + v i n d  t e s t  p a s s

{

>  2 4 3 )
/*  passes befo.e widd speed sanple * /

/ *  reaal (accunutaEe) lhe r iner  value * /

/ t  rese t  counEer  fo .  nex t  sanp le .

/ *  s inp le  average o f  two. .  * /

/ i  r ime to Lransmit  anorher  packet  * /

wind_speed +=TCNT1;

TCNT1 =  0 ;
{ ind  tes t  pass  =  0 ,

w i n d  s p e e d  / =  2 ;

RF_TX_Tine  =  1 ;

]

Figure 5- | 9 Timet 0 lntem)pt Seflice Routine

readings are each sent as 3-nibble values, because the ADC ralues will be between 0x000
and oxFFF. This saves transmissior time by reducing the total number ofcharacters sent.
The value ssrs is the Timer 1 reading, / is the rain-gaug€ state, and rrurc is a checksum made
up of the sum ofthe data itself The values are all in hexadecimal.

The preamble (/{/Uis used to provide a somewhat s}.rnmetdcal bit pattern as the pa&et is
starting. The ASCII code for the lener "U" is a hexadecimal 55. This helps the modulation
chamcteristics ofthe transmitter and is easy to detect at the indoor unit. The do[ar sign ($)
is used to indicate the actual start ofpacket. The dots (.) are used to delimit the values such
that they can be easily decodedby r[\e $eß,f0 fitnction in the indoor unit The asterisk (*) is
used to indicate the end ofthe packet, and the Qgq is used as a postscript to again provide
a somewhat synmetricat bit pattern as the packet is ending. The ASCII code for the lettel
"Ql is a hexadecimal s1.

The checksum is used to check the validity of the information that is received by the indoor
unit. Checksums come in a mriety offorms, such as the ones complem€nt ofthe sum ofthe
data, the twos compl€ment of the sum of the data, CRCs (Edi redundancf clecLs), and so
on. In general, a checksum is the surnming or combining of the data withio the message
such that by utilizing the values contained within the message ,long with the checksum, the
receiving device can test the validity ofthe content ofthe message. Iftle checksum does not
match the sum ofthe data received, the data can be rejected- It is rot uncommon in a wire-
less system to have RF interference or amospheric conditions alter the messag€. \tr/hat is
important is that we do not calculate the weather readings with bad data.
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So, using a data packet ofthe form

UUUStt t ,hhh.  wv.  ddd.  ssss.  r .  xxs*aaA

with a temperature reading of 70! a humidity reading of50%, a battery level of 11.5 [ a
wind out ofthe west at a speed of5 mph, and no rainfall, the packet of data viewed with an
ASCII terminal might look like this:

u i r u 9 2 7 6 .  8 0 0  - 2 E E .  2 F F -  0 0 3 2 .  0  -  1 0 9 5 ' Q Q Q

The actual values were calculated using the conversion factors for each parameter being
measured. Since the example temperature is 70"8 its valu€ to be transmitted is calculated as
follows:

Propor t ion  o f  ranqe used

Ent i re  range

1t2  counts  ( to  account  fo r  the  0-84  v  o f fse t )  =  ADc ou tpu t

which computes to be

? 0  -  ( - 4 0 )

.  ?50 counEs in the ranse

.  1 5 0  |  t 1 2  -  6 l 0 . r r o . o u n c s  \  2 1 6 . e  c a - 4 . s
1 4 0  -  ( - 4 0 )

Therefore the temperature value within the packet is Ox276 as shown below:

u u u s 2 7 5  . 8 0 0  . 2 E E . 2 F F .  0 0 3 2  . 0 . 1 0 9 5 * Q Q Q

As in other examples in this t€xt, interrupts are us€d to actually send the characters out of
the USART. As shov,.n ̂  Fiq'ne 5 2ß, ? tcba4) has been redefined to work with this in-
temrpt sewice mutine, and the "*define AT,TERNATE purclrAR " is used to signal to the
standard library that this ?uftharq rs to rcplece the built in tunction.

+def ine  TX_BUFFER SIZE 4a
cha.  Tx  Buf fe .  [Tx  BUFFER SrZE+1] ;  / *  UART Transn iC le !  Buf fe r  * /

char Tx countef , .
char Tx Rd rndex;
' - ä -  T x  w r  I n o e x ;  / {  U A R ' I '  I ' r a n s m i t c e i  i n c a r r u p r  s e l v i c e  - o u L : -  e

/ *  UART T lansmi r te r  in te l lup t  se lv ice  rou t ine  ' /

in le l fup ts  tusÄRT_Txc l  vo id  uarE_Ex_ is r (vo id )
i

i f  { T x  c o u n t e r  ! =  0 )

t

Figure 5-20 Exomple, lntenpt Dtiven USART Tnnsnission (Continues)



Proj.ct Deutofnent 309

i f ( fPr inedIL  == 1)  / *  on ly  send a  cha!  i f  one  in  bu f fe r  * /

I
fPr inedIE =  0 ;  / *  t radsn is ion ,  then don 'E  send Ehe * /

i f (++Tx_Ral  rndex  >  TX BUFFER SrZE)
/ *  Les t  and wrap the  po in te r  * /

Tx_Rd_Inalex = 0,.

TX Counter - - ;  / r  keep ts rack  o f  lhe  counter  * /

t

i f  (TX-CounEer != 0)
{

UDR = ' I x -Buf fe r  [TX Rd hdex ] ;
/ *  o rhe lw ise ,  send char  ou t  por t  r /

if (++Tx_Rat_Index > TX_BUFFBR SrzE)
/ *  tes t  and wrap the  po in te r  * /

TX Rd Index  =  0 ,

Tx_Countser ;
/ *  keep t rack  o f  the  counter  r /

)
J

J

/ *  Wl i te  a  charac ter  to  the  UART Transmi t te r  bu f fe r  * /

w o i d  p u t c h a r ( c h a r  c )
t

c h a r  s t u f f i t  =  0 ;

wh i le  (Tx_counter  >  (TX_BüFFER SIZE 1) )

/ *  ITAIT l  u f  fe r  i s  qe t t ing  fu l l t  I  * /

i f  (Tx_CounEer  == 0)  / *  i f  L 'u f fe r  empty ,  se tsup fo .  inEer rup t  * /

s l u f f i t  =  1 ;

Tx_Buf fe . lTx  wr  hdex++ l  =  c r  /+  jan  the  char  in  Ehe bu f fe r , ,  * /

i r  { - z _ w . _ r - d e r  -  T X  B U e F E R  s r z E )  / r  w / ä p  t h c  p o : - . e r  i

Tx_ltr_Index = 0;

TX-Coun ler++, .

Figure 5-20 Exompie, ,nterrupt Driven Us4{Tlrans,'.'ission (Contitues)
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/ *  do  we have to  "Pr ime lhe  pump"?

/ .  t h i s  c h d '  s ! c r . s  t ! ö  , ,  -  . p . . .  .

]

_ALTERNATE_PUTCHAR_

/*  SEandard  Input /ou tpu t  func t ions  * /

+ i n c l u d e  < s t d i o . h >

Figure S-20 Example, lntempt Diven USANTnTßnirrbn (Connnued)

The flJnction nain) is\tstedinFgate 5 21. nain, tests the "RF rx-rine' flag and per-
lorms the telemetry operation. This operation includes computing a checksum, formatting
the data into a packet, enabling the RF transmiüe! sending tie packet, waiting for the
transmission to complete, and powering down the RI transmitter The example shown in-
dicates the intended operation. There may be timing considerations to be taken into ac
count when enabling and disabling the RF transmitter Note that the watchdog timer n
reset periodically in the mainq totine.The watchdog witl help the outdoor unit to con
tinue prcper operations during periods oflow battery power, or any other situation that may
lead to an erratic electrical or operational condition. As mentioned previously, the defini-
tions, "TEMPEFATURE", funMrDrry", tdrND_DrREcrrori', and "BATTERy" aft aliases to
help us remember which channel represents which signal. In Figure 5 21, you can see how
they are treated as vadabl€ names.

{de f ine  Tx  Po i iER
/*  t ransmi tEer  c lea !  !o  send * /P I N C . 7

PORTC.6

l n s i g n - o  c n a !  p - c k e E t T x  B - e F E R  S r T E l ;  /  r F  d - . -  o " ' l -  '

Figure s-21 Ptopose,l noin1, fot drc Outdoot Unit (Continues)

+def ine  TEMPE|ÄTURE aa lc  daLa[0 ]  / *  ana los  chan 0 ,  in t  * /

+def ine  HUMIDITY adc  daLa l l ]  / *  ana los  chan 1 ,  in t  t /

+ d e f i n e  B A T T E R Y  a d c  a l a t a [ 2 ]  / *  a n a l o g  c h a n  2 ,  l n E ' , /
+def ine  wrND DrREcTroN adc  a la ra [3 ]  / *  anatos  chan 3 ,  rnE r /

vo id  na in  (vo id )

t
in i ! -aVR( )  ;
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{

if (RF_Tx_Tine)

{
/ *  d isable in terrupts tso prewents dara f ron changing * /

/ *  dur lns the format t ins of  Ehe packet
* a s n ( ' c 1 i ' )

checKsun = TEI4PERATURE + IIUI{IDITY + BATTERY;
checksün += $IIND DIRECTION + winal_speed;
checksun += ra in  s ta te ;

spr in t f  (packet ,
.  u u u $ * 0 3 x  -  3 0 1 x .  a 0 3 x ,  $ 0 3 x . 8 0 4 x .  g u .  g 0 4 x * Q Q Q '  ,

TEI{PERÄTURE,
I I I 'MIDITY,BATTERY,WIND_DIRECTION,wind speed,

{  in t )  ra in_state,  checksN) ,
/ *  Nole:  dols  were aala led to nake sscanf  +/

/ *  v o r k  o n  i n d o o r  u n i t . .  * /

# a s m {  s e i " )
/ i  reenable inrerruprs to a l tow sendins the * /

/ r  packeE aod conl inue to qather  data, -  * /

+ a s m { " w d r " )
TX_POWER = 0 i  / *  turn on t ransni t ter  * /

d e l a y _ n s ( 2 0 ) ;  / *  a l 1 o v  2 0 n s  f o r  p o s e r  u p . .  * /
whi le  (TX_CTS == 0)

/*  sa i t  unt i l  tsraDsni ts ler  is  ready. .  * /

t
+ asn ( 'walr' )

t
p u r s ( p a c k e t ) ,  / ,  s e n d  p d c l c .  o u l  /
whi le  (Tx Counler)
I  / '  wai t  unLi l  data is  a l l  gone * /

*asn(  vdr .  )
)
delay_ns {20)  ;

/ *  hold carr ier  for  20ns af rer  end of  tx . .  * /
RF Tx_Tine = 0;  / r  reseE Ehe f laq unr i t  nexr  r ine * /
Tx PoWER = 1 i  / *  power do@ unEi l  nex!  l ime. .  * /

t

o . t . h c '  ( ' x  ) ;  /  d u m m y  t u n . c i o n  t o  a l i n i n ä l F  d ä l n i r g s . .
)

Figure 5-2f Ptoposed nok1,fot trc outdoot Unit (Continued)
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5,6.I  I  SYSTEM INTEGRATION AND SOFTWARE DEVELOPMENT PHASE,
INDOOR UNIT

The indoor unit software shares some common features with the outdoor unit in that the
ADCs are used to measure humidity, temperature, baromeftic pressure, and battery health.
In fact, the same auto-scanning arrd name alias structure is used to provide references to the
software for later computations. There are some key dift'erences, particularly feature-driven
differences, in the indoor unit that we will focus on in this software design and int€ration
description.

In the indoor unit, there are additional routines for keeping time,lighting an LED, and ac
cepting the incoming data from the outdoor unit. Most ofthe software in the indoor unit ;
dedicated to formulating and maintaining a display. This is common in systems that deäl
with humans. Humans are a bit "high maintenance" when it comes to de\€loping software
to relate to them. The medrods ofhuman communication that we have allowed ourselves m
this weather monitorure the LCD, a couple of LEDs, some bunons, and a beeper

KeepingTime

Time is kept through the use of the Timer 2 of the Mega16. There are special teatures
within the microcontrollet t\at allow a 32.?67 YJlzwatch crtstal to be used to drive an ln-
ternal oscillator by connecting it to PINC.6 and PINC-7. Tirner 2 is initialized to have a
prescale ofTlOSC/128. This allows Timer 2 to count up at 256 Hz An interrupt is gener
ated at rollor'.er, or once everv second.

/ /  c l o c k  s o u l c e :  T o s c l  p i n
/ /  c l o c k  v a t u e :  P C K 2  / 1 2 I
T c c R 2 = 0 x 0 5 ;
A S S R = 0 x 0 4 ;

A structure is used to unify the tirne variables as a block. This is a good method of tying a

set of variables together referentially.

s t ruct  TIME_DATE {
anE
int  n inute;
inL secondt
inL month, .
in t  day;

When Timer 2 rolls over, an interupt is generated, and the tirne is updated. Note that there
is no year and that the nurnber ofdays for each month is tested against a look-up table to
establish when a month is complete. This means that the user will have to manually adjust
the date on l€ap year on this weather monitor. Figure 5-22lists the interrupt routine.

The real-time nature of this rcutine also provides a method of testrng for communications
from the outside unit. Whenever an outside unit telemetry message is success{Llly decoded,
the variable "outdoor_okay' is set to 15. Each second or pass through the interrupt
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s t ruc t  T IME_DATE {
in t  hoür ;

in t  seconat ;
in t  nonth ;
int day j

b  e d  .  i n q i  / "  r  i m F  b e i  n s  e d i t e d  f  l d s  ,

/ *  seconds w i thout  wa l id  comunica t ions  * /

+def ine  ouTDooR_TIMEoUT 15
char  ou tdoor  okay ;  / r  ou ta toor  un i r  i s  ta1k ing . .  * /

/ *  le ru ln  nax  day  fo r  a  g iven nonEh r /

con6t  char  f lash  MAx DAY[13]  =  {
0 , 3 1 ,  2 8 , 3 1 ,  3 0 ,  3 1 ,  3 0 ,  1 1 , 3 1 ,  3 0 ,  3 1 , 3  0 ,  3 1

) '

b i c  l o q v  l . a -  o r :  / .  l o u  b a t c e r y  t l ä 9 . .  ' /

i n !  ra in  th is  hour , .  / *  co l lecEed ra in fa l l  a ta ra  * /

in !  ra in  th is  day ,
in !  la in - lh is  month , .
in !  la in - lh is  year ;

vo id  backup ra in fa t t (vo id ) ;  / *  p ro to t l@e EEPROM backup lou t ine  * /

/ *  T iner  2  ower f low in te r rupE serv ice  rou t ine
/ *  Th is  i s  used to  keep "Rea1 T ine"  and happens * /

/ *  every  1  second
in le r rup t  IT IM2 oVF]  vo id  t iner2_ov f  i s r (vo id )

i f  ( e d i l i n s )

/ *  l ime is  be ing  ed i ted . .  so  a lon  E updare  i t t  !  * /

i f  (ou tdöor_okay)

/ *  t ine  a lo@ for  va l id  comümica t iöns  * /

ou tdoor -Okay ;  / *  f ron  ou ts ia le  un i t  * /

i f ( + + t i n e . s e c o n d  >  5 9 )  / '  c o u n t  u p  s e c o n d s  * /

{
l ime.second = 0; /"  enou€rh for a minure? */
i f  ( + + r i n e . n i n u E e  >  5 9 )
t

i f  ( towv_in_error  == 1)

Figure 5-22 ri,li,et 2, ReoLTne Chck h'temrpt Rouüne (Corfinrres)
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/ *  i f  runn inqr  on  1or  ba t te ry
backup ra in fa l l  O ;

/ *  backup ra in fa l t  da ta  every  hour . .  * /

ra in  th is  hour  =  0 ;

/ *  r e s e t  l a i n  f o .  t h e  h o u . . .
t i n e .  n i n u E e  =  0 ;

/ *  enoush n inu tes  fo r  an  hour?  * /

i f  (  + + t i n e .  h o u r  >  2 3 )

I
backup ra in fa l r  (  )  ,
/ *  tackup da ta  every  day  to  eepron " /
ra in  Eh is -daY -  0 , '

/ *  rese t  ra id  fo r  r t le  day .  -

t ine .hour  =  0 ;

/* enoush houis for a alay?

i f  (++ t ine .  a lay  >  üax_DAY I  t ine .  nonth ]  )

{
ra in  Eh is -nonth  =  0 ;

/ *  r e s e t  r a i n  f o !  E h e  n o n t h . .  ' /

E ine  day  =  1 ;
/ t  enoush days  fo r  th is  monrh?
i f  l + + t l n e . n o n E h  >  1 2 )

{
la in - rh is  Year  =  0 ;

/ *  r e s e l  r a i n  f o r  t h e  y e a r . .  * /

E ' m e . m o n l h  -  I ;

/ *  ano lher  year  gone by . .

t
t

)

J '

Figure s-22 fi|net z,Reot-T-t.lie Ao.klnte 
"pt 

Rourine (Gntinued)

routine, this rariable is decremented, and as long as the ralue is nonzerc, we know we have

reasonably curent weather data.

Also note that the flag "ealitins" is used as a method ofholding off the updates of the time

structure during the period that the user is editing th€ time md date.

Low-Battery Indication

The low battery LED and low-battery conditions are monitored and controlled within a

timer intetupt. This a1lows the test and the handling ofthe LED to be a time-independent
process. This code could be performed in the rzaizl'l routine, but the flashing ofthe LED

would then be subject to other processes and €t(eptions, like the display update time or a

user pushing the buttons. Figure 5 23 lists the code for handling this task.
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+def ine  BATTERY adc_data t2 l  / *  ana log  chan 2 ,  in r  * /

+def ine  Low INDooR_v 306 / *  A /D counts  tba t  re fa le  Eo 4 .7v  * /

+def ine  Low ouTDooR_v 306 / *  a /D counts  tha t  re fa re  to  4 .7v  * /

{ d e t i n e  ! O  l  B A 1 1  L E D  P O R T D . 6  / *  l o w  b ä l  L e r y  i r d ' . d  o

/ '  a u F c L  i o n  p r o L o t y p e  . /

v o r o  b ä ^ k ! p  r a j n ' a l l l v o i d ) r  / '  s d v e  r d i n t d l r  ! o  e e p ! o n  '

/ *  T iner  0  over f tos  in te f tup t  serw ice  rou t ine
/ *  lh is  happens about  every  4 .096ns
inber lup l  I t IMo OVF]  vo id  r inero  owf  i s r (vo id )
{

/ '  keep coua l  fo r  b t inky  l igh t . .  * /

i f  (outdoor bat tery < LoW_OUTDOOR_V)
1o0v oüt  ef for  = 1;

/*  Detect  errors and ' ta tch '  then

if (BATTERY < LOW INDOOR V)
I  / *  tshe eüors are c leared e lsewhere * /

i f ( 1 o w  i n  e r r o r  = =  0 )
backup_raiofal1 ( ) ;
/ *  backup ra in sause a laEa. ,  in  case * /

/ *  of  power fa i lure.  .
I  o w v  i n  e r r o r  1 ,

J

i f  (1owv,oul -er !or)
LOit BATT LED = 1;
/*  d: isp lay errors on LED
/ *  1 o w  o u t d o o r . .  o n  s o l i a t . .  * /

t
i f ( r r c  &  0 : 4 0 )  / *  l o w  i n d o o r . .  b 1 i n k . .

LO''I-BATT_LED = 1;

LOW BATT LED = 0;
J

IO9i_BATT_LED = O;

+ a s n ( " s d f , " )  / *  p e t  t h e  d o g - - -  + /

]

Figur€ 5-23 Low-BotEry lndi.otot Hondler,Tmer 0 ISR
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Another adiantage to using a timer intemrpt is that the battery health reading is updated
by an interupt routine, and the fact that it is tested within an interupt routine lends pro-
tection against using a value drat could change in the middle of the test. Normally, the rn
terrupts would need to be turned off duing this gpe of computation, but since no inter
rupts are allowcd while one is in process, there is no need for disabling them.

The Buttons and the Beeper

The buttons are simple switches that are brought in on input pins and monitored directly by
the software. The definitions for the buttons look something like this:

/*  deftni t ions for buttons r /
#def iDe UNITS BUTToN PINA.s
#def ine  SELECT BÜTToN PINA.6
#def ine  SET BUTTON PINA.  ?

The beeper management is also kept simple by utilizing the Timer 1 peripheral in P\4M
(? lse u;dtb nadulat;on) mode. This allors us to simply set up rhe timer for the output fre-
quency we want, and then, by placing a duty ryde into the output compare register
(OCRIAL), we get a tone at a volum€ related to that duty cycle. The PIAM is initialized
like this:

/ *  T imer /Counte !  1  ln i t ia l i zar ion

/ *  C lock  source :  sys ten  c lock

/ t  C l o c k  v a l u e :  5 0 0  k H z

/ *  Mode:  8  b i t  Pu tse  w id th  üoa lu laE ion

/ *  OC1A outpu t :  Non Inw,
TCCRlA=0x61;

TCCRlB=0x03;

Then to control the beeper, a couple ofmacro functions are used:
#def ine BEEP oNO {TccRlA=0x81;TccRlB=oxoa;ocR1ar,=ox4o;}
* d e f i n e  B E E P  o F F O  { T c c R l A = o x o 0 ; T c c R l B = 0 x 0 0 ; o c R l a L - o x o o ; }

This is done to make the code a little easier to reäd. The teat "BEEP oN ( ) ; " is replaced
with the tex:t " {TccRlA=ox81; TccRlB=oxoA; ocRlAt-=ox4o; } " during compilation.
Figure 5 24 lists the button/beeper handler routne.

vo id  check_but !ons  (vo id )

I
i f (UNITS BUTToN)  / *  togg le  un i ts :  hper ia l  <  >  l4e t r i c  * /

i  f  ( 1 a s r  u n i t s  = =  0 )
{

u n i t s  ^ =  1 ;  / *  t o q r q r l e  u n i r s , .  * /

Fisure s-24 Exon4e ButtonlBeeper Handter (6ntinues)
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las l  uni ts  = 1;  / *  renenbe!  that  but ton is  down. ,  * /
BEEP,ONO ;
delay_ns (25 )  ;

]
J

l a s t  u n i t s  =  0 ;  / *  f i n s e r  o f f  o f  t ü t t o n ?  ] /

i f (SELECT BUTToN) /*  Lossle ra iDfa l l  per ioal :  I l ,  D,  M,  Y
{

i f  ( l a s t _ s e l e c l  = =  0 )
t

w h i c h _ r o j n r  r ;  / '  t o g g l e , ä i n r d l l  p e '  o d . ,
which_rain &= 3;  / *  0-3 te11s which per io i l . .  r /
last_select  = 1;  / *  renehber that  but ton is  down. .  * /
BEEP_ON { ) t
delay f rs  (25)  ;

I
)

last_select  = 0;  / *  f in€rer  of f  o f  but ton? i /

i f {SET_BUTTON) /*  set  t ine anal  date?? r /

t
i f  ( lorv_out_error  l l  lowv, in error)
t

lowv out  er .or  = 0;  / *  c lear  LED erro ls  and rerurn * /
lowv in error  = 0;
BEEP,ON( }  ;
d e l a y _ n s { 2 5 ) ;

)

i f { last -set  == 0)  / i  o thesise,  edi t  t ine * /

t
seL_L i  me_da Le o ,
last  set  = 1,  / i  renenler  that  but lon is  dosn, ,  * /
B E E P  O N ( )  ;
delay ns (25)  ;

)
]

l ä s l _ s e (  -  O ;  / \  f i n g e r  o l  i  o l  b u L L o a ?  ' '

B E E P  O F F { ) ;
)

Figure 5-24 Elf,'lpb BüanlBeeper Handlet (CütiNed)
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While nany q.stems rely only on a tactile, or "clicky," bunon to provide feedback to the user,
the beeper impror.es the "fed" of the rystem. The beeper provides a confrmation from the
software that the button press was acknowledged- In the future, the tunctionality of the
beeper in this weather monitor could easily be o<panded to provide audible weather alarms,
or even an alarm dock feature, sirnply by software embellishment.

Decoding the RFTdemetry

The telemetry from the outside unit is handled very similarly to the way it was constructed
for the outdoor unit. The REDET input is used as a pting signal to indicate that an RF
signal is on frequency, that there is a good possibility it is from the outside unit, and that
there may be data as well- The INT1 interupt is conligued for rising-edge. This causes an
interupt when the RF is f,rst detected. The INT1 interupt routine sirnply enables the
USART receiver and intemrpt:

r  a r n , n t  r  c p r v i c e  r o u t i n e
'  ' l h i s  o c c u t s  o n  R F  r e c e p L i o n . .

in te r rup !  [EXT_INT1]  vo ia l  exE_ in t1_ is r  {vo id )

{

Rx_Wr_Index = iJDR; // clear any chars fron input of USART

D y _ l r r r _ T n d e x  -  0 ;  / / r e s e L  i n d e x  o l  . e x r  c l - d '  - o  b -  p .

Rx_Rd_Index = Ot / /reseE i.alex of next char !o be fetched

Rx_CounEer  =  0 ;  / / reseE rhe  Eota l  count  o f  charac ters
Rx_Buf fe r_Ove. f low =  Ot  / /  .  -aad any  er ro rs

I

This method ofgating reduces thc parsing ofspurious nois€ as data. The receive function of
the USART is handled by intemrpt much in the way the üansmit function ofthe outdoor
unit is handled. This automates the recq)tion and buffering ofcharacters and ,llows us to
utilize the standard I/O finctlons getehar) and seanfl) to patse the lnformatior packets
fiom the outdoor unit. Figure 5-25 shows the code for the intenupt service routine.

/ *  UART Rece iver  in te r rup t
in te r rup t  IUSART_RXC]  vo id

{
c h a r  c  =  0 ;

serv ice  rouEine
uarr_rx_isr (voiar)

Rx_Buf fe !  IRx , l t ! - IDa lex l  -  c_  / '  pu t  rece ived char  in  bu f fe r  * /

i f  (++Rx_Wr_Index  >  RX_BUFFER_SIZE)  / t  wrap  the  po in te r  * /

RX i'ir Index = 0;

Figure 5-25 rntefflJptorven USqRI Recete (Contnües)
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i f (++Rx counter  >  Rx BUFFER srzE)  / *  keep a  charac ter  count  * /

\  /  *  o v e l f l o w  c h e c k . .  * /

R i . 'Cou j  te !  -  RX_BLTFFBR SIzE i  / '  i f  too  nany  chd ls  cane '

Rx-Buf fe r_ove. f1ow =  1 ;  / r  in  be fore  lhey  cou ld  be  used * /

\  / r  lba t  cou ld  cause ao  er !o ! ! !  r /

)

/ '  Get  a  charac te !  f ron  the  OART Rece iver  bu f fe r  * /

char  se tchar  (vo id )

{
c h a r  c  =  0 ;

w h i l e ( R x  C o u n t e r  = =  0 )  / *  i f  e n p r y ,  w a i r  f o r  a  c h a r a c t e r . . .  * /

i f  (  i + +  >  2 0 0 0 )
r e E u l n  1 ;

c  -  D x _ B u r - e r ' R x _ R d _ T n d e r l ;  /  q e t  o r e  t r o n  L h e  b L t f e , . . '

i f  (++Rx_Rd_Index  >  RX_BUFFER_SIZE)  / *  wrap the  po in te r  * /

RX_Rd_Index = 0,

i f  (RX_Coun!er )

P x _ - o . n r e  - - :  / '  k e e p  d  c o u n L  ( b u f f -  s  z . )

/ *  v e r s i o n  o f  q e t c h a r O  w i t h  o u r s . .
/ *  That  way ,  a l l  the  o ther  s td io .h  func t ions  can use then!  !  r /

+define _ALTERNATE_GETCHAR_

/*  nov ,  we inc lude the  l ib ra ry  ana l  i t  w i l t  una le rs tana l  our  * /

/ *  r e p l a c e n e n r s  * /

+ i n c l u d e  < s r d i o .  h >

Figure 5-25 lnterrupt-Drten USARr Receive (Co'Ittn',ed)

The main loop, in tuncoot na;n), wztcJres t\e rariable "Rx-counter", which indicates
the oumber of characters in the receive buffer. While there are characters in the buffer, the
tunctron gxchar) rs called and the rctumed characters are checked for a start ofmessage.

As defined in the outdoor unit software, the format ofa t€lemeüy packet is as follows:

.  - L $ ! L c . h h h . w v . d d d . s s s s .  r . x x x x ' O O 0
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where at is the temperatue ADC rea?t;lrg, tht is the humidity ADC reading, zzo is the
battery voltage reading at the ADC, and l/1 is the wind dnection. The data for the ADC
readings are each sent as 3-nibble values, because the ADC vatues will be between tu000
and OxFFF. This saves trarsmission time by reducing the total number of characters sent.
The value s.r.r is the wind speed (Timer 1) reading, r is the rain gauge state, and x,*r is a
checksum made up of the sum ofthe data itself The values are all in hexadecimal.

The do ar sign ($) is used to indicate the beginning ofa data packet, and the asterisk (-) is
used to signal the end of paclet. The L/r-r{/and QQQ are preamble and postscript data that
are used to stabilize the message for RF trarsmission and are to be ignored by the receiver
Once the start of message ($) is detected, the mutine "set-outdoor-info ( ) " is called to
retrieve änd decode the data (refer to Figure 5-26) . A tenporary buffer called "packet" is
loaded with aI the data between the $ arrd the * markers Once the * is received, the USART
receiver is disabled to prevent bogus input until the next transmission fiom the outdoor umt
begins. The stardard libtary fincion scarf) is tlten used to parse out the values and place
them into the aDproDriate räriables.

+deflne ouTDooR TrMEouT 15 /* seconals withouL valid comunications */

. 1  _ .  p - . \ ^ r  [ 1 8 - :  / ,  b u r f - .  r o r  i n . o m i n g  o - . d o o .  d a L ä  ,

chai  outdoor okay;  / *  outdoor uni t

i n t  r  d i r , o u t  h ,  r a i n ,  c h e c k s u n ;  / *
i n t  l a s l  r a i n ,  r a i n f a l l , w h i c h  r a i n ;

vo id  ge t_outdöor  in fo  (vo id )

{
c h a r  * p  =  0 ;
c h a r  c  =  0 ;
i n r  c h k  =  0 ;

w h i L e ( c  l =  ' * ' )

I

i f  ( + + c h k  >  4 6 )

i s  r a l k i n g .  .  * /

renporary var iables * /

/ *  u n u s 2 7 6 , 8 0 0 . 2 E 8 . 2 F F . 0 0 3 2 . 0 . 1 0 9 5 * Q Q Q  * /

/ '  q d L h c r  d d l d  J a  i l  - r d  o  F - s s a S F .

/ *  Eoo  nuch  qa rbaqe?  ' /

Figure 5-26 Telenety Poßing Exonple (Cot tinues)
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break ;

)
c = seLchar o ;
i f ( c  == - t )  / *  no t  enousrh  charac ters?  r /

b reak ;

J
' p  0 j  / '  n u l 1  t e r m i n ä t e  l h a  s L . i r S . .  L

UCSRB=oXo8;  / '  d isab le  lece ive .  un t i l  Dexr  l ine .  -  * /

i f ( c  = =  - 1 )  / *  p a c k e t  w a s  j u n k - -  E o s s  i t . .  r /

/ *  parse  ou t  the  parameters  in to  va . iab les  * /

c  =  ( c h a ! )  s s c a n f  ( p a c k e t . '  g x -  g x .  g x .  g x -  * x .  * u .  g x ' ,  & o u t _ t ,
& o u !  h , & o u t  b a t E , & w  d i r . & s  s p e e d ,

&ra in ,  &cbecksun)  ;
/ *  c  now conra ins  the  coun!  o f  ass iqned paraneLe is . .  * /

chk  =  ou t  t  +  ou t  h  +  ou t_bat t  +  w_d i r ;
chk  += w speed +  ra in ;

/* lest the nunber of pareelers ad the checksü for a va1ld nessage r/

i f ( ( c h k  = =  c h e c k s u n )  & &  ( c  = =  ? ) )

O L ( d o o '  . O k a y  O U T D O O R  T - I M E O U T ;  / '  l e s e t  c o m  L : m e o .  . .
c o n v e . ! _ o u ! d o o  _ d a L c r ) ;  / '  u p d a t e  d d f a  t o !  o i s p . a r ,

]
)

Figure 5-26 Telemetiy PoßineE ompte (co inu.d)

Once rsra4flJ has pulled the values from the text strean in the buffer "packet", the values
are added together and tested against the value "checksum' to make sure that the data is
free ftom conuption. (This method of srmming the data mimics that found in the outdoor
unit software.) Ifthe data is complete and intact, the \,äiable "outdoor,okay'is set to the
timeout value of 15 seconds, resetting the "no outdoor data" condition. The data is pulled
into temporary va;iables because it all must be scaled into real units at a later point.

Collecting and Protecting Rainfall Dat4

Rainfall is collected as transitions of a tipping bu&et or seesaw over time. In our weather
monitor, we are using the RG T rain guge. Each transition ofthe tipping bucket within
the rain gauge is 0.01 inches ofrainfall. The valu€s "rain" and "fast-rain'are flags used
to determine when a tansitioo has occurred at the rain guge, and the data is allowed to be
collected ooly at the transition. Variables are set up to accumulate hourly, daily, monthly,
and yearly. Each time the gauge transitions,0-01 inches is added to all ofthe accumulations.
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The real time dock ISR (Tirner 2) resets the accumulations at the beginning of each hour,
day, month, and year, respectively, as those times change.

The math for rainfall, as in all ofour measurements, is handled using fixed point numbers.
This means that basic integer arithmetic is performed and the decimal point is "mental$'
lixed in one place. Floatingloint math is available in the CodevisionÄVR compiler as well
as in others, but in general floatingpoint suppon is big and slow and is not usually neces-
sary for doing simple unit conversions. Using rainfall as an example, each time the gauge
state chang€s, 0.01 inch€s is added, but as you can see in the example code in Figure 5-27,
each value is increment€d by one. This says that our decimal point is to the right ofthe 100s
place, which means that one inch ("1-00") of rain is rcpresented b1' the integer number 100.
For us to display the rainfall in one-tenth inch units, we simply divide the accumulated value
by 10 before displaying it.

The rainfall information comes in rery dowly A power outage with a low banery condition
woüld cause the loss ofdata that could have been collected for as much as a vearl We couru
simpty have declared the mriables used for rabfall to be located in EEPROM, but the poten-
tial ofwearing out the EEPROM from arcessive writes also exists. In this weather monitor

i aE las l  ra in ,  ra in ,  vh lch_ra in ;
in t  ra in  th is  hour ;
in t  ra in  Eh is  day ;
in t  ra in_Eh is  nonth ;
in t  ra in_ th is_year ;

vo id  qer  ia in fa l l  (vo id )

I
i f ( r a i n  l =  t a s t  r a i n ) / t  b u c k e L  ( s e e s a w )  h a s  t r a n s i t i o n e d  * /

r a i n  t h i s  h o u r + + ;  / *  E a c h  t i p  o f  E h e  b , u c k e r  =  0 . 0 1  '  o f  r a i n -  * /

ra in  rh is  day++;  / *  These va lues  are  a l l  in teqers  and ' /

rain-lhis month++; /* are treated as if Ehe value is a fraction */

r a i n _ t h i s _ y e a r + + ;  / *  w i t h  t h e  d e c i m a l  a t  E h e  1 0 0 s  p t d ! e .  ' /

) d h  . F _ r o  r  )  / '  . o n v a r r  s a t F . t a d  v d t L c  
- ö .  

d  s p  . y

{

ra in_Eh is  hour /1o ;  / *  se
/ '  s o  w e
/*  doen.

ra in  Eh is  monLh/10 ;

sca le  the  number  a /

Fisure 5-27 Roinfal Co edion Exon'pte (Contjnues)
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. d i n r d - l  r ä i n  t h i s  y e a ! / I 0 .

/ *  dewelop  f i xed  dec ina l  po iEE,  1 /10 ths  o f  a  incb  * /

ra ln_nant issa  =  ra in fa l l  /  lo t  / '  ^öw the  va lue  is  "mant .  f rac '  * /

ra in_ f rac  =  ra io fa l l  ( ra in -nant issa  *  10) ;
Las t  ra in  =  !a i ! ;

Fisure 5-27 Roinfol Coledion Ej,€lllple (Continued)

example, we "frIe" the rain data to EEPROM in order to protect it. This is done in a couple
ofways, daily and intelligendy.

The daily method is shou.n in the rsl time ISR (Timer 2). Basically, all the accumrilations
are saved to EEPROM at the end of each da)a The intelligence comes in the form of a
"smart save.' At the moment a low-battery condition is detected (or withio 4 milhseconds
ofit), the current accumulations are saved away. Ifthe unit is running on batt€ry and this
low-battely condition continues to exist, the real-time ISR will sar.e the data every hour,
until the system quits from loss ofpo*.er.

This f,1ing of the data gready reduces the activity on the EEPROM, making it last longer.
There are a couple of other considerations, though. When the sJstem is povrered up from a
failed battery condition or for the firct tirne, the rah{äll accumulations must be pu11ed lrom
the 61e before we continue to add to them. The other consideratioo is the validity of that
data. Here is an example of how it is han<lled in our weather monitor:

i f ( raqby te  !=  0x55)  / *  i f  eeproa un in i t ia l i zea l .  then i /

I  /  *  c l e a r  i t  o u t  b e f o r e  u s i n g  1 e , ,  * /

backup-ralnfa1l ( ) ;

\  
tasby te  =  0x55;

/ *  qe t  va lues  f ron  eepron. ,  i /

!a in_ th is_hour  =  ra in  hou! ,save;

laiE_lhis_dat = rain day save;

!a in_ th is_nonth  =  ra in  non lh ,sawe;

rain_Ehisl.ear = rain year,save;

The ralue "tagbyte" is set into EEPROM ir order to determine that the EEPROM is in
a known state. When the monitor is powered for the fust time, the EEPROM default, or
erased value, is 0xFF. Thercfore, "tagbyte" will read OxFF. We cornpare this value against
a knolvn like 0x55. If it is not equal to this knovm, the EEPROM is initialized and the
"taglyce" is set to 0x55.
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CONVERTING FROM COUNTSTO REAL UNITS

As stated in "Operational Specif,cation" in Section 5-6-2, "Defnition Phase," the data for all
ofthe weather panmeten are collected in the base measurement units, such as ADC and
timer counts. This keeps t]rc acturl collecnon process clean and simple. But here we are back
at the human interface again- The problem is that most people cannot mentally convert
from ADC counts to temperature in "F. In facq most people have a tough enough time
going fiom 'F to 'C. So as develop€$, it is oul task to do this fancy thinking and present the
information to the human in a nice prepackaged form.

Figure 5-28 shows the code used to convert the inside temperature, humidity, and baro
metric pressure. Just as in the rrhfrll measurements, füed-point arithmetic is used. Most
unit conversions invoh.e two parrc, a slope (or gain) and an oIFset. lt depends on the gpe of
conversion to de6ne which part is applied when.

+dEf iNE IMPERIAL O
+def ine METRTC 1

/ /  cur te t  a l isp lay uni ts

c o n s t  i n L  f l a s h  I  K  i t  =  1 2 ,
/ *  l *  0 -12)  sca le  indoor  tenpera ture ,  lmper ia l  * /

c o n s t  i n t  f L a s h  I  o f f s e t  i t  =  1 ? 1 ;  / *  l - . a 4 v )  o f f s e t  f o r  i n d o o r
lempera ture ,  hper ia l  * /

c o n s t i n t s f t a s h K b = 2 6 ;
/ ,  { r / 2 6 )  s c e t e  t o r  b ö r o m e r  r i c  p r F - s u r e

c o n s t  i n t  f L a s h  O f f s e t _ b  =  2 8 0 ;
/ .  ( 2 8 . 0 ' H q ) o f r s e r  _ o r  

b d  o - e r ' i c  p  e s s .  e

c o n s r  i n t  f l a s h  K  i h  =  1 0 ,  / '  ( 1 / 1 0 )  s c a t e ,  i n d o o r  h u n i d i t )  * /
' o n s  -  f l " s h  o f f s a l  i n  0 ;  / /  o f f s e l  ,  a d o o  ' u -  d  ,  

'

l n l  indoor  te f tp ;
in t  ba lon  nant issa ,  baron  f rac ;
in t  indoor_hun id i ty ;

vo id  conver t , indoor -daEa {vo id )
I

i n t  b a r  =  0 ;

'  d . s d b l -  
' a L F ' r u p - s  l o  p r c v a n l  d d l d  l r o m . ' " - 9 i n S

'  v h i l -  
" e  

a r -  p a r f o r n : n 9  l h F  . ä l . u l d ,  i o n s  {  ?

+ a s m  (  c 1 i  )

indoor_ temp =  (  {TEMPERATURE I_Of  f  seE_ i t  )  t I_K_ i t  )  /  100  ;

Figure 5-28 Unit Conveßion E onple (Cotlinues)
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i ndoor_ tsp  =  ( ( indoor_ tdp  32)+5) /9 t  / ,  sca le  to  desrees  C * /

bar  =  BARoMETER /  K  b  +  o f fse t_b ;
baron mant issa  -  ba t  /  7Oi
baron f rac  =  bar  -  ( ta ron  nant issa  *  10) ;

indoor  hun id i ty  =  HUMTDTTY /  K  oh  +  o f fser  oh ;

+ a s n ( ' s e i " )
l

Figur€ s-28 Unit Convetsion Exompte (Cofünued)

In the case of temperatu.e, there is a voltage offset of0.84 V (171 counts ofthe ADC) that
should be removed before scaling the number. Once the offset is rcmoved, the temperature
in "F is computed by multiplying the counts by 0.24. The arample shows 6xed point adth
metic performed by multiplying the ADC counts by 24, which would make the ralue have
two plrces after the decimal (that is, 61.44"F), and then scaling the value back into whole 'F

by dividing by 100. Once the tempernture is conv€ned to "f; it is simple to re convert it to
metric ifneed be.

The barometric pressure and humidity are different in that the scaling occurs before the
offset. This is because the ralues ofthe ADC go rail-to rail (0 to 5 V DC) and the offset
applies to the units direcdy instead ofthe counts. For example, with baromeüic pressure, the
ADC value will be 0 V when the pressure is 28.0 inHg. The ADC value is divided by a con-
stant (r<-r) to get the proper number of fractional inches of mercury The result is then
offset by 280 (or 28.0 inHg) to anive at the proper value rcpresentation, a number between
28.0 and 32.0 inHg.

The same processes described hold tme for the temperature, humidity, and wind speed
measurements delivered by the outdoor unit. Wind chill and dew point are üeated differ-
endy in that they are products ofa look-up-table. In Figue 5-29, you can se€ how temper-
ature, humidity, and wind speed are conened and then those converted ralues are used as
indices into a table to return wind chill or dew point in "F. Just as before, if the system is ors-
playing metric values, the conrrted units are rescaled to metric.

Routines for Controlling the LCD

Figure 5-30 shows the routines for controlling the 4X20 LCD. The display is an Optrer-
compätible device operating in ,tbit rnode. This means that all of the data going to the
device is transferred using four data lines. This method ofinterface saves precious I/O pms
on the microcontroller but still allows the display to be updated quickly There are three
control signals E, RD (or R rW), and RS. E is used as a strobe to validate the data (DB4 7)
to the display. RD is used to indicate that the operation is to ftad data ftom the display
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+def ine TMPERIAL 0
+def ine METRTC 1-
char  uni ts ;  / *  current  d isp lay uni ts  r /

in t  outdoor tenp,  wind chi11;
in !  wind speed,  winal  degrees;
in !  ouEdoor humidi ty ,  dew poinr ;
in !  ouEdoor bat tery, .

"  Ä _ d ' r . o L l _ L , r - i n , c \ e c k s u n ;  / '  t e m p o r d r y  v d l i d o - e s  '

b i t  d p  v a 1 i d ,  w c  v a 1 i d ,  / 1  v a l u e s  a r e  v a l i d  f l a q . .  r /

'  D e w  P o i n r  L o o k - U p - T a o l e  -  r m p e ,  i d l  . /

c o n s t  c h a r  f l a s h  D E w  L U T [ 1 3 ]  [ 1 1 ]  =  {
6 ,  4 ,  ! 3 ,  2 0 ,  2 4 ,  3 6 ,  4 4 ,  5 2 ,  6 t ,  6 9 ,  7 7 ,
2 ,  A ,  1 6 ,  2 3 ,  3 ! ,  4 0 ,  4 A ,  5 1 ,  6 9 ,  1 4 ,  A 3 ,

1 ,  1 1 ,  1 8 ,  2 6 ,  3 5 ,  4 3 ,  5 2 ,  6 I ,  6 9 ,  7 4 ,  4 7 ,
4 ,  1 3 , 2 1 , 2 9 ,  1 1 , 4 1 , 5 6 , 6 4 ,  1 3 ,  A 2 , 9 ! ,
6 ,  1 - 5 ,  2 3 ,  3 1 ,  4 0 ,  5 0 ,  5 9 ,  6 7 ,  1 1 , 8 6 , 9 4 ,
9 ,  l 1  ,  2 5 ,  3 4 ,  4 3 ,  5 3 ,  6 1 ,  7 0 ,  8 0 ,  8 9 ,  9 8 ,
! 7 ,  1 9 ,  2 7 ,  3 6 ,  4 5 ,  5 5 ,  6 4 ,  7 3 ,  4 3 ,  9 5 ,  1 0 1 ,
! 2 ,  2 0 ,  2 9 ,  3 4 ,  4 1 ,  5 t ,  6 6 ,  7 6 ,  4 5 ,  9 3 ,  1 0 3 ,
t 3 ,  2 2 ,  3 1 ,  4 0 ,  5 0 ,  6 0 ,  6 8 ,  7 8 ,  8 4 ,  9 6 ,  1 0 5 ,
' L 5 ,  2 4 ,  3 3 ,  4 2 ,  5 2 ,  6 2 .  7 1 .  8 0 ,  9 1 .  1 0 0 ,  1 0 4 ,
1 6 ,  2 5 ,  3 4 ,  4 4 ,  5 4 .  6 3 .  7 3 ,  A 2 , 9 3 , 7 0 2 ,  1 1 A ,
1 1 ,  2 6 ,  3 6 ,  4 5 ,  5 5 ,  6 5 .  7 5 ,  A 4 , 9 5 ,  t O 4 ,  1 1 3 ,
7 4 ,  2 4 ,  3 1 ,  4 7 ,  5 1 ,  6 1 ,  1 1 ,  A 1 ,  9 7 ,  ! O 7 .  ! ! 7

) r

/ *  l . J ind  ch i11  Look-up-Tab1e -  Inper ia l  t /

c o n s t  c h a !  f l a s h  w c  L U T I g ]  [ 8 ]  =  {
3 6 , 3 4 ,  3 2 .  3 0 ,  2 9 ,  2 4 ,  2 4 ,  2 7 ,
2 5 , 2 1 ,  1 9 ,  1 1 ,  1 6 ,  1 5 ,  1 - 4 ,  1 3 ,
1 3 ,  9 ,  6 ,  4 ,  3 ,  I ,  O ,  - 1 ,

r ,  4 ,  7 ,  9 ,  t t ,  1 2 ,  1 4 ,  - I 5 ,
, l I ,  1 6 ,  1 9 ,  2 2 ,  2 4 ,  2 6 ,  2 1 ,  2 9 .
- 2 2 ,  - 2 4 ,  - 3 2 ,  1 5 ,  1 1 ,  3 9 ,  4 a ,  4 3 ,
- 3 4 ,  - 4 L ,  - 4 5 ,  - 4 4 ,  , 5 1 ,  5 3 ,  5 5 ,  5 1 ,
- 4 6 ,  - - 5 3 ,  - 5 8 ,  - 6 1 - ,  - 6 4 ,  6 7 ,  6 9 ,  7 1 ,
. . 5 1 ,  - 6 6 ,  - 7 L ,  - 7 4 ,  - 7 4 ,  8 0 ,  8 2 ,  8 4

c o n s !  i n t  f l a s h  I  K  o t  =  1 2 ;
'  ( '  0 , I 2 )  s . d t e  o u f d o o r  L e m p F r ä r u r e ,  m p e r  i d l  '

/ r  ( - . 8 . v )  o r - s c r  r o r  o u t d o o '  t e m p e r c r u t e ,  t n p e ! i d l

consr  in t  f lash  I  K  ws =  25 ;  / *  sca le  w in i l  speed,  Imper ia l  * /

consr  in t  f lash  I  o f fse t  ws  =  0 ;  / *  o f fse t  w in i l  speed,  tmper iaL* /

Fisure 5-29 Morc Unit Conveßions (Cornkues)
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c o n s t s  i n !  f l a s h  K  w d  =  3 5 ;  / *  ( *  0 . 1 5 )  s c a l e  w i n a l  d i r e c l i o n  * /

consE in !  f lash  o f fser  wd =  0 ;  / *  o f fse t  w ina l  d i rec t iön  * /

- o n s l  .  f l d s l  K _ o h  -  1 0 ;  / r ( l / l 0 l  s r a l e ,  o u L d o o r  l - u -  d  !
cons t  in t  f lash  o f fseE_oh =  0 ;  / *  o f fser .  oura loor  hun id i ry  * /

vo id  conver t_outdoor_datä  (vo ia I )

t
i n t d t = 0 , d b = 0 , d r - 0 ;
l ong  lemp =  0 ;

o u t d o o r _ t e n p  =  ( { o u E _ E  r  o f f s e r  o t ) * r  K  o t ) / 1 0 0 ;  / *  d e s r e e s  F  * /

w ind_speed =  w_speed *  I_K_vs  +  I  Of fse t  ws ;  / *  MPH * /

tenp =  (1ong)w_d i r t  /+  use  1o4g so  we don !  over f low l  !  * /

temp * :  K  vd ;
l e n p  / =  1 0 0 ;  / *  a f t e r  t h i s ,  i n t  i s  s a f e - .  i /

w ind_deqrees  =  remp +  o f fse t  sa l ;  / *  degrees  f ron  Nor th  * /

ou tdoor_hun id i ty  =  ouE_h /  K  ih  +  Of fse t  ih ;  / *  g  RE

o u L d o o J _ b - l L e r y  -  o u L _ b d L t ;  / .  j u s E  . o u n t s  ' /

i f ( (ou tdoor_ tenp >= 20)  && {o l td loor_ tenp <= 120)  &&
(outdoor  hu i id i ty  >= 30)  && (ou tdoo._hun id l ty  <= 90) )

t
d t  = (ourdoor,Eenp 20)  /  Lor  / *  scale for  table index * /

d h =  ( o u t d o o r , h u m i d i  t y  -  3 0 )  / s ;

dp-val id  = 1;  / *  iEEerpolaEion could be added herel  !  !  * /

)
e l  s e
t

de$-point  = 0,
d p  v a l i d  =  0 ;

]

i f  (  (outdoo!-Eemp >= 40)  && {outa loor  tenp <= 40)  &&
(wind speed >= 5)  && (r ind speed <= 40))

{
dt  = (outdoor_tenp 40)  /  70t  / *  scale for  Lable index * /

dw = (wind_speed 5\  /  5 i
v ind_chi1 l  = l . tC_tUT ld l  I  ta tq l ;
wc val id  = 1, .  / *  in terpotat ion coula l  be added here Eoo!  I  I  * /

]
e L s e
t

v in i l_chi l l  =  0;

Figure 5-29 Mote Unit Conveßions (O)ntinues)
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wc_vä l id  =  1 ;

)

i f  (un i ts  == UETRIC)

w i n d  c h i t l  =  ( ( w i n d  c h i l l  -  3 2 ) + 5 ) / 9 ;  / j  s c a l e  t o  d e s r e € s  C  * /

dev-po inE =  (  {dewjo in t  -  32)+51/9)  /+  scä1e to  desrees  c  * /

ouEdoor  lemp =  {  (ou tdoor  tenp -  321*5) /9 .
/ *  sca le  ro  degrees  c  * /

v ind_speed =  ( (w ind_speed)1881/55 ;  / *  sca le  !o  KPH
]

)

Figure 5-29 Morc Unit Conveßiorß (Coninued)

+def ine  LCD_E pORTB.o  / "  LcD cont .o l  L ines  * /

+def ine  LcD_Rs PORTB. l
+def ine  LcD R9 l  PORTB.2
+def ine  LcD PoRT PoRTc / t  LCD DATA pORT ( lo resE 4  b : i rs ) i /

/ i  l h is  Look  up  lab le  c rans la tes  LcD l ine /cursor  pos i t ions  * /

/ i  in ro  lhe  d isp lays  in te rna l  nenory  addresses  * /

c o n s t  u n s i q n e d  c h a r  f l a s h  a d d L U T [ 4 ]  =  { 0 x 8 0 , 0 x c 0 , 0 x 9 4 , 0 x D 4 1 ;

vo id  s r  ha l f (uns igned char  da ta)

I
LCD Rld  =  0 ;  / *  se t  i rR  ac t iwe t /

LCD_E =  1 ;  / *  ra ise  E * /

LCD_PORT = {da ta  &  0x0F) ;  / *  puL da ta  on  por t  * /

LCD_E =  0 ;  / *  d rop  E

LcD Rl , i  =  1 ;  / *  d isab le  l iR  * /

d e - a y  m s r  ) ,  / r  d l l o w  d i s p r d y  t i m e  L o  l h i n k
J

vo: id  wr  d isp(uns iqned char  a la ta )

LCD_RW = 0 ;  / *  enab le  wr i te . ,  * /

L C D E = 1 ;
r ,cD PoRT= (dara  >> 4) ;
LCD E =  0 ;  / *  s t ro t 'e  upper  ha l f  o f  daEa a /

Figure 5-30 LCD Co'nrct Routines (contitues)
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LcD E =  1 ;  / *  ou t  Eo the  a l i sp lay  * /

LCD,PORT = {dara  & 0x0F) ;
LCD-E =  0 ,  / *  now.  s t robe the  lo te r  ha l f  r /

LCD-Ri t  =  1 ;  / *  d isab te  wr i te  * /

d e l a y  n s ( 3 ) ;  / *  a t l o {  t i R e  f o r  L C D  t o  r e a c t  * /

J

vo id  in i t_d isp lay{vo id )

I
e h a r  i  =  0 ;

LCD-RW = 1;
LCD_E = 0;  / *  preset  in ter face s ignals- .  * /

i rcD-Rs = 0;  / *  comand node--  * /

d e l a y _ n s ( s 0 ) ;

d -  h a - t { 0 x 1 3 ) ;  /  T h i s  s e q u e n c e  e n a b l e s  t h e  d i s p l ä }
w r  h a l f ( 0 x 3 3 ) ,  / *  r o t  4 - b i L  i n l e r f a c e  n o d e  * /

w!  hal t (0x33);  / *  these comands can be founal  * /

w!-ha1f(0x22);  / *  in  the nanufaclure i 's  data sheets

vr-d isp(0x28);  / *  EDable the ln ternal  5x l  font '  +/

w r _ d i s p ( 0 x 0 1 ) ;
sr_disp(oxlo) ;  / '6et  cursor  to mowe { instead of  a l isp lay shi f ! )  * /

s r _ d i s p ( 0 x 0 6 ) ;
/ *  ser  rhe cursor  to nowe r iqhl ,  and not  sh i f t  the d isplav * /

v !  d i s p ( 0 x 0 c ) ,
/ *  turns d isplay of f ,  änd cursor  t ' l ink ins of f  * /

f o r ( i = 0 x 4 0 ;  i < 0 x 5 F ;  i + + )  / *  i n i t  c h a r a c E e r  f o n t  r a n  t o  " 0 0 '  ' /

{
d e l a y  m s ( 1 0 ) ;
L C D  R S  =  0 ;
{ !  d i s p ( i ) ;
delay_ns (10)  ;
d i s p - c h a r { 0 ) ;

ICD-RS = 1;  / i  data node * /

J

void l ine (char  which-1 ine)
{

t C D  R S  =  0 ;

trcD_aDDR = addruT Ishlch_1ine-11 ;
wr_disp(LcD ADDR);  / *  nove to wt l ich-1 ine l ine * /

t C D  R S  =  1 ;

Figure 5J0 LA Contnt Ro/'nnes (Conünues)
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LCD_ADDR = 0 ;

vo td  cLear  d isp lay(vo id )

' JCD-RS =  0 ;
w.  d isp(0x01) ;  / *  c lear  d isp lay  a .d  hone cursor  * /

d e l a y _ n s { 1 0 ) ;
LCD_RS = 1 ;
l i n e ( 1 ) ;

J

ro  id  se t_ I  CD_cur  (char  LCDlow,  .har  LcDco l  )
{

LCD_RS = 0 ;

LCD ADDR = addLUT[LCDTow] + LCDcol;

vr-di sp ( LCD-ADDR ) ; /t nowe Eo row and column */

L C D  R S  =  1 ;
LCD L INE =  LCDlow;

)

wöid  d isp_char  (uns isnea l  char  c )
t

LCD RS =  1 ,
w r  d i s p  ( c )  ;
LCD ADDR++; /* auto@ticatly srap text as required +/

i f  (LCD-ADDR == 20)
l i n e ( 2 ) ;

i f  (LCD_aDDR == 40)
l i n e ( 3 ) ;

i f  ( rcD_aDDR == 60)
l i n e ( 4 ) ;

i f  {LcD ADDR == 80)
t i n e ( 1 ) ;

vo id  d isp_s i r (uns iq roed c t la r  ' sa)  / *  d isp lay  s r r ing  f ion  RAM * /

{
w h i l e  (  * s a  ! =  0 )

d i s p  c h a . ( * s a + + ) ;

)

vo id  d isp_cs t r  (uns iqned char  f lasb  *sa)  / *  d isp tay  s t r inq  f .on  RoM * /

t
w h i l e  {  * s a  l =  0 )

d i s p  c h a r ( * s a + + ) ;

I

Figure 5-30 LCD Co'tttol Rounnes (Codinued)
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(RD=1) or write data to the display (RD=O). The RS signal is used to indicate to the display
that the data being transfeffed is a command (RS=O) affecting the displayt mode of opera-
tion or data (RS=1) that is to be displal,ed.

The function "init display ( ) " configures the LCD for the appropriate operation for
the weather monitor. The internal character set is used. the cursor is turned off. and the
graphic characters are deared. The manufactuer's datasheet on the LCD display describes
each ofthe command and register seftings for the display, as well as any time requirements.
Some of the commands take a while for the display to execute, so delays wete inserted be-
tween these commands to gir"e the display time to complete the operations before the next
command is issued. The functions "wr-ha1f { ) " and "wr. disp ( ) " are used to send only
the lower halfof a blte or both halves, respatively.

The remaining commands perform the text display operations that will make it easy for for
matting and displaying the weather information. The "set LcD-cur ( ) " function sets the
invisible cursor to a specified row and column. The "line ( ) " tunctron sets the invisible cur-
sor to the beginning of the specified line. The "clear display ( ) " tunction wipes the
display completely clean and sets the invisible cursor to the upper left corner (row=0,
column=0).
'disp char ( ) " is th€ l utchar1 for t\e LCD-Its funaion is to place a character on the dß-
play The invisible cursor is automaticälly moved, within the display, to the next position.
Some tests have to be performed to check for the end ofthe display 1ine. The cursor does
not nutomatically " wrap" to the ne'rt line; therefore, the cursor address is checked, and, based
on the address size, the appropriate "line ( ) " function call is made.

The "disp_str ( ) and "disp_cstr ( ) " functions call "disp_char ( ) " in order to place
formatted "C" strings to the displal "disp_str { ) " is used to display strings located in
SRAM and "aisp-cstr ( ) " is used to display strings located in FLASH.

Keeping the Display Up to Date

The display is maintained as a low-level task. This n,ens th^t nain) eirhcr worla on the
display or calls display related functions when therc is time to do so. The display items are
common in form, so a simple way ofupdating the display is to treat each item ofthe display
in the same way A structure is used to indicate all the properties ofa display item.

s l ruc t  DISP_ITEM {
char  f lash  row;

char  f lash  co l  t
char  fLash * fn ts t r ,

in t  *vaLue;

c h a r  f l a s h  * u n i t s  I ;

char  f lash  iun i ts  M;

c h a !  f t a s h  s o u l c e ;

/ *  röw posi t ion of  texL * /

/ *  spr int f  fo .nar  * /

/ *  pointer  co var iable eo d isptay * /

/ *  unics nark imper ia l  * /

/ '  un iEs nark neEr ic  * /

/ t  i4s ide or  ouEsia le neasurenent  * /
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Each display item has a position, "row" and "cot", a format, a value, a units indicator, and
an indication as to whether the data came from the indoor unit or the outdoor unit- By cre-
ating an ,iray of these items we can almost completely describe the display contents:

st!uc! DISP I1'EM nain alisplay lMAx-ITEr,rl =

0 , 0 ,  I S 3 d ' ,  & i n d o o r  t e m p , " F  ' , ' C  , I N S I D E ,
0 ,  ? ,  o g 3 d ' , & o u t d ö o r _ t e m p , ' F ' , " C  " ,  O U T S I D E ,
0 , 1 4 ,  ! i c * 2 d ' ,  & w i n a l  c h i 1 l , ' F  ' ,  C  " , O U T S I D E ,
1 , 0 ,  8 S 0 2 u "  ,  & b a r o n  n a n t i s s a , ' . " , " .  , I N S I D E ,
1 , 4 ,  " t 1 u  , & b . a ! o n  f r a c ,  " ,  " , I N S I D E ,
1 ,  t ,  *3u"  ,  &wind  speed,  "üPH"  ,  'KpE"  ,  OUTSIDE,
1 ,  1 4 ,  "  $ 0 3 u " ,  & w i n d  a l e g r e e s ,  .  

"  
"  ,  o u T s r D E ,

2 ,  0 ,  "  I $ 3 u " ,  & i n d o o r  h u n i d i t y ,  " * " ,  ' 9 " , I N S I D E ,

2 ,  7 ,  " O * 3 u ,  & o u t d o o r  h u f r i d i t y , ' t  " ,  "  g " ,  O U T S I D E ,
2 ,  1 4 ,  " D P S 3 d "  ,  & d e k j o i n t ,  ' F .  ,  ' c '  ,  O U T S I D E ,
3 , 0 , " 3 0 2 u , & r a i n  n a n t i s s a , ' . ' , ' . ' , o U T S I D E ,
3 , 3 , ' B 1 u , F i r a i E  f r a c ,  " \ "  " ,  ' \ i  r , o U T S I D E ,

3 , ? , ' 9 0 2 u . , & E i n e . h o u r ,  "  : ,  : " , r N s r D E ,
3 ,  1 0 , ' * 0 2 u " , & E i n e . n i n u l e ,  "  " ,  " ' ,  r N s r D E ,
3 ,  1 5 ,  " 9 0 2 u " , & E i n e . n o n r h ,  " / " ,  " / ' ,  r N s r D E ,
3 ,  1 8 , ' t 0 2 u " , & E i n e . d a y ,  "  " ,  " ' ,  r N s r D E

J t

In Figure 5-31, the function "update_dispfay_itm ( ) " formats and displays the
requested item. The cursor is placed, the value is formatted into a display string using
s?r;nll1, ^nd 1t is p\tt to the display using "disp_s tr ( ) ". lf the vrlues are outdoor measüe-
ments, based on'main displaytiteml -source", and the data has not been refreshed
in the last 15 seconds ("oubdoor okay"), then the digits are replaced with question marls.
Also note that if wind chill or dew point values ,re out of range, their digits are replaced
with dashes. Finally, the appropriate unit tert, "main displaytiteml .units I" or
'main display i ite,nl . units_M", is sent to the display based on which units have been
requested by the user,

+def ine rr4PERrAL o
*def ine r4ETRrc 1
cha!  un i ts ;  / *  cur ren t  d isp lay  un i l s  * /

c h a !  t e x t  b u f f e r l 2 4 l ;

chär  Ourdoo!  Akay  i  / *  ou tdoor  un i t  i s  ta lk inq- .  ' /

/ *  d isp lay  i ten  tab le  descr ipE ion  fo r  the  na in  d isp lay

+ d e f i n e  r N s r D E  ' i

#de f ine  OUTSIDE
+def ine  MAx ITEM 16

Figure s-'3 | Toble.Diven DisW Routine Exonpte (Cofünues)
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char  wh lch_ l ten ;
s t ruc t  DISP T1 'EM I

. h a r  r - a s n  t o u j  / ' l o w  p o s j t j o n  o .  t e x L  /

char  f lash  co1;  / *  co1  pos i t ion  o f  lex t  r /

. h a !  f - a s h  ' f n t s t r ;  / '  s p r ' r ,  I  r o ' n d L
in r  *vaLue;  / *  po in rer  to  war iab le  ro  d isp lay  * /

c h a !  f l e s h  ' u n i L 6 _ v i  / r  u n i L s  m ä . 1  d F r r i .
char  f lash  source ;  / *  ins ide  o .  ou ts ide  measuremenE i /

s t ruc t  DISP ITEM main  d isp lay  IUAX_ITEM]  =

0 , 0 ,  I 4 3 d  ,  & i n d o o ! _ t e n p ,  ' F  ' , ' C  ' , I N S I D E ,

0 , 7 ,  0 8 3 d " ,  & o u l d o o r _ t e n p ,  " F  ' ,  ' c  ' , o u T s I D E ,

0 , 1 4 , " W C 8 2 d ' , & w i n d _ c h i 1 1 , ' F ' , ' c ' , o u T s I D E ,
1 ,  0 ,  " B 8 0 2 u " ,  & b a r o n _ n a n t i s s a , '  - ' , ' . ' ,  I N S I D E ,
1 ,  4 ,  " 9 1 u " ,  & b a r o n  f . a c ,  " .  " ,  I N S I D E ,
1 ,  ? ,  ' s 3 u ' ,  & w i n d  s p e e d ,  " r { P H " , ' K P l i " , o o T s I D E ,
1 ,  1 4 ,  "  t 0 3 u ' ,  & w i n d d e a r r e e s ,  " ,  " , O U T S I D E ,
2 ,  0 ,  "  r $ 3 u ,  & i n d o o . - h u i d i t y , ' 3 " , '  g ' ,  r N s r D E ,
2 , 7 ,  o g 3 u " ,  & o u t d o o r _ h u n i d i t y ,  "  *  " ,  ' g ' ,  o u T s r D E ,
2 , 1 4 ,  D P 8 3 d '  ,  & d e w j o i n t ,  ' F ' ,  " C  " ,  O U T S I D E ,
3 ,  0 ,  " 9 0 2 u " ,  & r a l n _ n a n t l s s a , ' . ' , ' , ' ,  o u T s l D E ,
3 ,  3 ,  " g 1 u ' , & r a i n _ f r a c ,  i \ i  i ,  i \ i  i , o ü I t s I D E ,

3 ,  7 ,  " 9 0 2 u ' , & t i n e - h o u r , '  : ' , '  : ' , I N S I D E .
3 ,  1 0 , ' 9 0 2 u ' , & t i n e . n i n u L e , '  " .  " ,  r N s r D E ,
3 ,  1 5 , ' 9 0 2 u ' ,  & r i m e . n o n l h , ' / " ,  " / " ,  r N s r D E ,
3 ,  1 8 , ' 9 0 2 u " ,  & E i m e , d a y ,  , ' , '  " , r N s r D E

woid  upda!e_d isp lay_ i ten(char  i ten)

{

/ *  f i rsL,  set  the LcD culsor  ro Ehe i ten s posi t ion r /

s e t  L c D  c u r ( n a i n  d i s p l a y t i l e n l  . l o v , n a i n  d i s p l a y l i t e n l  . c o l )  t

.  p l a - e  - h e  v a ! i a b ] e  i n L o  i t s  p r o p e r  f o ' . d L  - s  d  s l  ' : 1 9  '

sprinrf (text buf fer, nain display t iEol . fnEsEr, *Gin_alisplay t itenl . value) ;

_  i f  i n s i d e  d a t d . .  t h e n  d l h d y s  d i s p l d y  r /

i f  (maln-d isplayt i tenl  -source != rNsrDE)
{  / ;  outs ide data nay not  t 'e  up to date. ,  i f  i t  is ,  qreal l  r /

i f  (outdoor okay > 0)
|  / *  i f  w i n d  c h i t l  o r  d e w  p o i D !  o u t  o f  r a n e ' e . . .  * /

i f ( ( ( iEen == NIND-CHILL-ITEM) && {wc-vä1id == O))
( ( i ten == DEW-POINT-ITBM) && idp val id  == 0)) )

Figure 5-'3 | TobEDtiven Di9'/f|/ Rdttine E onple (Cotuinues)
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t
s  =  tex t  bu f fe r , .  / -  po inE Eo the  fo rna t ted  tex t . .  * /

w h i l e ( r s )

|  / \  rep tace  nun ibers  w i lh  dashes . .  -  * /

i f l i s d i q i E { ' s )  )

J
j  / *  o t h e r w i s e  a l l  i s  w e 1 1 ,  j u s t  p r i n t  i r - .  r /

{  / *  the  ouEs ide  in fo  i s  no t  cur ren t  so ,  . .
s  =  t e x t _ b u f f e r ;  / *  p o i n t  t o  t h e  f o r n a r r e d  r e x r _ .  * /

w h i l e ( * s )

|  / ,  r c p l d c e  n u n b a r s  w i  h  q u e s l
i f  ( i s d i s l t  ( t s )  )

)
j

)  /  i  d l w q y s  p l a . a  u n i r s  s r r i n q  l d s - . .  '

d isp  s t i  ( tex t_buf fe r )  ;

i f  (un i ts  == I I 'PERIAL)
d i s p  . s c r  ( n ä  a  d i s p l d y l i t e m t . u n i r s  t ) ;

d isp_cs l r  (na in  a l i sp lay l i ten l  .un i rs  M) ;
J

Figure 5-3 | TobleDiven Dßploy Rourjne Exol7lrple (Gntinued)

The entire display is up dateÄ ftonl' nainQ t:y dnply catling the upda re_di sp tay_itan ( )
function from a for loop:

/ *  update  enEi re  d isp tay  t /

fo r (wh ich  i len=o, .  wh ich_ i ten< üax  ITEM;  rh ich  i tem++)
updaEe d isp lay  i ten(wh ich  i !en) , .

s e ! - L C D  c u r { 3 , 5 ) ;  / t  i n d i c a t e  w h i c h  r a i n f a l l  p e r i o d  * /

d isp-cha!  (RAIN TYPE Iwh ich_ra in l  )  ;

s e E _ L C D - c u r { 1 , 1 ? ) , .  / *  i n d i c a t e  w i n d  h e a d i n s  * /

i f  {ou tdoor_Okay)
d isp_cs ! r  {wrND HEADTNG Iw ind_deqrees  /22  ]  ) ;

d i s p - c s t r ( '  " l ;  / *  -  - i f  p o s s i b l e . .  t /

s e t  L c D  c u r ( 3 , 1 2 ) ;  / *  f l a s h  s t a r  v i t h  s e c o n d s . .  * /
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i f ( t i n e . s e c o n d  &  1 )  / *  t o  i n d i c a E e  l i f e t t  * /

d i s p - c h a r ( ' * ' ) ;

d i s p - c h a r ( ' ' ) ;

Additional information, such as rainfall period, wind heading, and a flashing asterisk to
indicate seconds, is simply added on at the end ofthe update. Look-up-tables aJe used to
provide the appropriate strings for the display, eliminating the need for giant if-else or
switch-case statements loaded with "disp cstr ( ) " calls:

c o n s t  c h a r  f t a s h  R A I N  T Y P E [ 4 ]  =  { ' H ' , ' D  ,  M  ,  Y  } ;

*WIND HEADINGI IT ]  =  {

Editing the Time and Date

The editing of time and date are also handled using a table driven method. This allows a
simple procedure to deal with all the ralues in the same vray, even with the same code. An
editing structure was designed that contains all the necessary elements, th€ position of the
itern on the LCD, the tide or name of the item (teling the user what is being edited), a
pointer to the value that carr be changed, and some lirnits to prwent the user from taking
the value "out-of-bourds."

SI IUCI  EDIT '  I ' IEM {
cha!  f lash  row;

char  f lash  co l ;

c h a r  f l a s h  t i t l e [ 1 0 ] ;

in t  *va lue ;

inL  f lash  Minva lüe ;

in t  f lash  Maxva lüe ;

) ;

/ *  l o w  p o s i t i o n  o f  t e x t  * /

/ *  c o l  p ö s i t i o n  o f  t e x t  * /

/ *  i r e n  t i r l e  * /

pointer  to  war iable ro d isp lay i /

/ *  l { in inun value * /

/ *  üaalnun value * /
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struct  EDIT_ITEü eal iE d isplay14l  = {
0 , 5 ,  " M o n t h :  " ,  & t i n e . n o n r h , 1 , 1 2 ,
1 , 5 ,  " D a y :  

"  
& t i m e .  d a y , 1 , 3 1 .

2 , 5 ,  " I l o n r :  " ,  & t i m e . h o u r , 0 , 2 3 ,
3 ,  5 ,  " ü i n u t e : ' , & t i n e . n i n u L e ,  0 ,  5 9

The display is cleared and rebuilt to form the €dit sqeen, as shov,n in Figure 5 33 (page 338).
A greater than slgn (, is us€d to indicate the cunendy select€d item. The bunons arc
processed diecdy aJId are üsed to change the selected item, select the next item to be edited,
or exit. The flag'eaitinq" is used to signal the real-time ISR (Timer 2) that editing is in
process and the values are not to be updated while the user is making changes.

Figure 5 33 shows the LCD during an editing process.

+def ine uNrTs BUTToN prNÄ.s /r  def iDir ions for burrons */
+def ine  SELECf_BUTTON PINA.6
+dEf iNE SET_BUTTON PINA.  ?

SI IUCI  EDIT ITEM {
char  f lash  row,  / *  row pos i t ioo  o f  tex t  t /

char  f lash  co l ;  / *  co1  pos i t ioo  o f  tex t  * /

c h a !  f l a s h  r i t l e [ 1 0 ] ,  / t  i E e n  ! i r 1 e  * /

iaE *va lue ;  / t  po iDrer  ro  var ia l r le  to  a l i sp lay  + /

in t  f lash  Minva lue , .  / *  M in inun Va lue  * /

in t  f läsh  Maxva lue ;  / *  Max inun va lue  i /

s l ruc t  EDIT ITEM ed i t_d isp lay [4 ]  =  {
0 .  . .  M o n r h :  , , r L i m c . n o n L h , I , 1 2 ,

1 , 5 ,  " D a y :  " ,  & t i n e  -  d a y , 1 , I 1 ,
2 , 5 ,  H o u ! :  ' ,  & t i n e  - h o u r , 0 , 2 : ,
3 ,  5 ,  " M i n u r e : ' , & t i n e - n i n u t e ,  0 ,  5 9

J t

vo id  se t  t ine_date  (  )

i n t  c u r  i t e n  =  0 ;

edi t inq = l i  / '  s iqnal  inreüupt  roüt ine tö sk ip updaEe ' /
cur_ iEen = 0;  / *  s tar t  s i th  f i rsr  i ren. ,

c l e a i  d i s p l a y o ;  / *  b u i l d  t h e  e n t i r e  e d i t  s c r e e n . .  * /

for(cur  i ten=0;  cur_ i ten<a;  cur  i ren++)

Figu.e sJ2 TobEDtiven E{tjng Exd,npte (Crntint'es)

/ *  t ine  be ins  ea l i ted  f laq  * /
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I  /+ f i ts t ,  se!  lhe IJCD cursor  to the iaen s post t ion * /

set_LcD cur(ediE d i  sp lay l  cur- i ten l  . row,edi t -d isp lay lcur  i ten l  co l ) ;

. .  p I a - e  E h e  v " '  i d b  e  i n l o  i t s  p l o p e r  t o ' o d L  d s  ä  s t r i n q
s p r i n t f  ( r e x t - b u f f e r , ' * s  g 0 2 u ' , e d i l - d i s p l a y l c u r  i b e n l . t i r l e ,

' e d  i  |  _ d '  s p  l a y  l c u r  i r e m l  , v a l u e ) ;

Ä f  Ä  s E r  B L r T o A ,  / '  w ä i l  l o r  t i n q e r  o t a  t h e  b u r l o n .  '

w h i l e ( 1 )  / *  n o w  w o r k  e a c h  i t e n - .  + / - ,  a n d  S E T  t o  n o v e  .  * /

{
set_LCD_cur(edi t  d isptay lcur- iEenl  - row,edi t  d isp layIcur- iEen] .co1-1)  ;
d i s p _ c h a r { ' > ' ) ;  / "  p o i n t  t o  t h e  i t e n , .  r /

dhiLe(SET BUTTON) /*  f iaser  of f? ' /

d e t a y  m s  ( 2 5 ) ;

vhi le  (  (  ISET_BUTToN) && (  !TJNITS-BUTToI{}  && ( !SELECT BUTTON) )
;  / *  wai t  for  a but ton I ' ress. .  * /

i f  (uNrTs BUTToN) /*  increnent  lbe current  i ren.  .  * /

I  / *  a n d  d o  l i m l E  c b e c k s - -  * /

B E E P  O N  ( )  ;
t ime,second = 0;  / *  reset  Ehe seconds to 0 when r ine edi ted * /
* e d i ! - d i s p l a y  I c u i  i c e n ] . w a l u e  + =  1 ;
i f  ( *edi t -d ispraytcur  i teml  ,va1ue > eal i t -d lsp lay lcur  i len l  .Maxvalue)

*edi t -d lsp lay lcur  i renl  .va lue = eal i  t -d i  sptay I  cur  i ten]  .Minvalue;

i f (SELECT BUTTON) /*  decrenenr Ehe current  i ten. ,  * /

I  / *  anal  a lo l in i t  checks--
BEEP ON 0 ;
t ime.second = 0;  /1  reset  the seconals Eo 0 whed t ine edi ted i /
*edi t  d ispLaylcur_ i tenl  ,va lue = 1;
i f  ( *edi t -d isp lay lcu.  i ten l  -va lue < edi t -d isp lay I  cür  i ten l  Minvalue)

*ediE-display lcur  i len l  .va lue -  edi t -d isptay t  cür  i teml  Maxvalue;
)

/ '  up i la te the i ten on lhe screen.  -  * /

set  LcD cu!  {  edi  ld isp lay I  cur- i ten]  .  ror ,  edi  t  d isp lay lcur- i ten l  .co l ) ;
s p r i n t f ( r e x t - b u f f e r ,  " g s  9 0 2 ü ' , e d i t  d i s p l a y  l  c u r - i t e n l  . t i t l e ,

' e d ' ! _ d i s p l ä y l c u r  i  t e m l  . v d ] u e ) ;

Figure 5-32 Tohli$D|,jven Ediüry E o,rl,ple (Continues)
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d isp  s t r  ( tex t_buf fe r )  ;

d - _ e y _  s ' 2 5 ) i  / "  d  l i r t r e  L i m e  l o r  s w i r . r  s e . r l i n q . .
BEEP_OFF ( )  ;

whiLe ( (UNITS BUTToN) | | (SELECT-BUTTON) )

i f  (SET BUTTON)

BEEP ON O ;
d e l a y  m s ( 2 5 ) ;  / '  a  1 i t h 1 e  t i n e  f o r  s w i E c h  s e r r l i n g .  -  * /

BEEP.OFF ( )  ;
se t_LCD cur (ed i t  d isp lay Icur  i ten ]  - row,

e a l i t  d i s p t ä y l c u r  i r e n l  . c o t - 1 ) ;
d i s p _ c h a r ( '  ) ;  / *  e r a s e  E h e  c u r r e n t  c u r s o r . . .  * /

cur  i ten++;
i f  ( c u r  i r e n  >  3 )

)

vh i le  (SET_BÜTTON) / *  f in t te t  o f f?  *  /

c l e a !  d i s p l a y 0 ;  / t  b a c k  L o  b u s i n e s s  a s  u s u a t , ,  * /

l

Figur€ 5-32 TobleDüven Uinng Exontple (Contjnued)

M o N T H 2

D Y 2 5

H o U R 5

M I N U T E 0 3

o
RX

o a)
\_-/

SET UNITS/+ SELECT/

Figure 5-33 TimelDok Uitwindow
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The function "set rime dare { ) " is caled ftom the "check-buttons ( ) " procedure,
which is slled lrom zaralJ. As mentioned previously, the display maintenance and user in
terlace re all happcning at the lowest level. The normal operation of device is not disturbed
by the time spent converting and displaying information, but during editing, the real time
clock does not update and other data collection processes ?re ignored until the user exits the
editing process.

5.6.I2 SYSTEM TEST PHASE

At this point in the project, the tests specified for system test during the Test Definition Phase
of the project are carried out to give the user confidence that the unit performs as deAned by
the specificätions. As stated earlicr, thc tests may be as etensive as needed to convince a cus
tomer, or they may be as simple as comparing the results to the local weäther station.

For thc purposes ofthis targ extensive testing is above and be1'ond the scopc ofthe require-
ments and would contribute litde to expanding your knowledge ofproject development

However, one important topic to be addressed hcrc is what to do if the project does not
meet specifcations, that is, it fails a systcm tcst. Problerns such as incorrect calibration ofthe
temperature results, lack of lineariry in the humidistat, and mismeasurement of the ra.n
gauge will all be spotted during q.stem test. The important issue is what to do about it, and
there are really only two choices: fx it, or change the specification. Changing the specificr-
tion is only a very last resort and should zorbe required if thc Definition Phase was carried
out properly. So iring it is the only zaalchorce-

As an axnmple, consider the wind speed indicator- Its intended calibration was based on an
empnically derived number from the manufacturer (2.515 }Iertz./mph), znd the design al-
lows for some mriation in the actual results, allowing for losses due to ftiction, method of
mounting, and so on, so that the wind speed could be properly calibrated.

For example, suppose that when we measured the output ofthe anemomcter in a wind tun-
nel at a local university, we noticed an eror of4%. We just did not get quite as many pulses
per second out of the system as we erpected at a wind speed of 100 mph. So when we plot
the output frequency (Hz) versus the wind speed (mph), our gaph looks something like
"Measured A' showa in Figure 5 34.

In this case, even though there is sone error, the result is linear, so a simple adjustment of
the scaling would be in order This could be accompJished by changing the scaling constant
in the software from

c o n s r  i n t  f l a s h  r  K  w s  =  2 5 ;  / *  s c a t e  w i n d  s p e e d ,  h p e r i a L  r /

c o n s t  i n t  f l a s h  I  K  w s  =  2 4 ;  / '  s c a l e  w i n d  s p e e d ,  I m p e r i a l  * /

This easy adjustment shows the value ofputting conversion constants and calibration frc
tors in as constant rariables stored in FLASH memory You can adjust these easily if neces
sary without looking through the program to find where the constants or calibration factors
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afe used, and perheps missing one or two, ifthey arc used in muftiple pleces. Examination
of th€ program will show that these are inserted in the program end really do not increase
or decrease code size by their rxe, so they are a no-cost convenience.

Ifthe result were nonlinear,like the "Measured B" data in Figure 5-34, a more serious g,'pe
of conection might be in order, requiring a complex algebraic expression or perhaps the
sirnpler approach ofusing e look-up-table and somc interpolation. The choice of method,
ilr this case, gready depends or the expcted accuracy, the precision ofthe result, and avail-
able computing time. Overafl a bok-up-table (LUT) is a tough approach to beat no mat-
ter how great someone is with "that äncy math." In real systems like the one we ate de-
scribing, it is not uncornmon at all to crome across some r€ally strenge-looking cuffes and
bends in the data that are collected &om a device. As lorg as there is curve to the earth,
gravity pulling us do*'n" and the sun rising every day to cause a constant change in temper-
ature, the data that is collected ;s going ha!'e a shape, and it is probably not going to be a
straight Jine.

So we can convert the "Measured B" data to mph usiag a LUT and linear-interpolation
approach. One ofthe best parts ofthe LUT epproach is that J,ou can use the data },ou actu-
ally collected.Table 5-6 shows measurcd frequencies.



Ptu je t t  Deae/a?nent 341

(nph) (Hetu)
2.5

l0 u.6
20 48.3

l0 ö8.7
40 92.6

50 11.1.3

60 132.9

70
80 169.2

90 185.8

100 201.5

Tabf€ 5-l /Veosu.ed Freg ue(ies tonwndTunnelTen

If the data is more straight thän it is cuflred or S-shaped, fewer points can be used in the.ac-

tual table, and the lineir interPolation can fill in the values in between as they are needed'

With ten frequency measurements liom our virld tunnel testing, arr array is formed to cre-

ate the LUT-

c o n s t  i n t  f l a s h  \ ' J f . e q s l 1 1 l  =  / *  f l e s  x  1 0  i ' e '  2 4  6  =  2 4 6  * /

1 2 5 , 2 4 6 ,  4 a 3 ,  6 A 1 , 9 2 6 , r r 3 1 ,  l - 3 2 9 ' 1 5 a 5  a 6 9 2 . ! a 5 A ' 2 A ! 5 1 '

The following function shows how the frequency detected b{ the-counter and.placed in,the

variable'w öeea" is checked against the valucs of the LUT If the speed is lower than

the LUT, it i;bss than one mph and nothing can be computed lf rhe speed is higher than

the LU! nothing can be coÄputed either, so an error is displaved using a bogus wind

speed of"888 MPH "

Once two values are selected from the table, one above "w-speed arrd one below, the delta

("t l") is calculated for the two table values to determine the slope ofwhat is effectively

a short linear segment within the long, cuftrd data. The delta fron the measured valte

"" 
"p""c.' 

to thä low.t selected value '1" is uscd to compute at what point (in percentagc)

the measured data would fall on the short line scgment. The base mPh is fhen comPured

ftom the indcx "x", and the ftactional ponion of rhe mph based on the rario ofthe dcltas n

added back to yield the actual mPh.

vo id  ca lc  s ind  speed(vo ia t )  / *  conpute  q loba1 var  d ind  speed * /

i n t  t ,  b ,  x ;

l o n q  v l ,  v 2 ,  v 3 ;

i f  ( w - s p e e d  < =  l r f r e q s [ 0 ]  )
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v ind-speed =  0 ;  / *  too  s1öw tö  neasure ,  <  1MPH * /

]

i f  (v_speed > wfreqst l0l  )
{

v i4d ,speed =  88a;  / *  too  h igh  tö  neasure ,  >  100MPH r /

r e t u r n ;  / *  " 8 8 8 '  i s  a n  e f f o r  n e s s a g e l  I  * /

)

f o r { x = 0 ; x < 9 ; x + + )

t
i f  (w  speed >  ld f reqs  [x ]  )

/ '  f iad  rhere  rhe  counrs  fa l t  * /

| / * in lhe rab'le
L  W f J e q s I x { l ] ,

b  -  W f r e q s l x l ,  / '  r o p  d n d  b o t t o ,  v - l u e s
b ' !eak , .  / t  x  w i l l  be  our  base M!H/10

)
)
v 1  =  ( l o n q ) w  s p e e d  -  ( t o n s ) t ' ;  / *  ( n o t e  t h e  ' c a s t s  ) . .  i /

v1  i=  100L;  / *  now ca lcu la te  the  percentase be tween * /

v 2  =  ( l o n g ) E  ( t o n q ) b ;  / *  t h e  t w o  w a l u e s  ' /

v3  =  lv l / !2 ) ;  / *  percentaqe o f  I , IPH d i f f  *  10  * /

v 1  =  ( l o n g ) x  '  1 0 0 L ;  / *  n a k e  x  i n t o  U P E  *  1 0 0  ( f r a c t i o n l )  * /

v1  += v3  / t  now add in  percentaqe o f  d i f fe rence * /

w ind_speed =  ( in ! )  (w1 /  !OL) ;  / *  noo sea le  to  who le  MPH * /

Therefore, if'w speea.'w-as measured in this example at 1200 counts, the values as a result
ofthe for loop for the index "x" and the top and bottom values ofthe linear segment, "t"
and "u", would be

t  =  r , i f r e q s [ 5 + 1 ]  =  1 3 2 9
b = r ,r f reqs [5]  = 1133

Stepping through the program, the computations would go like this:

v 1  =  ( 1 o n s ) w - s p e e a l  ( 1 o n 9 ) L ' ;  / *  ( n o t e  t h e  ' c a s t s ' ) - -  * /

result: v1 = 1200- 1133 = 67
v t ' -  I 0 0 L i  / '  n o w . a l r u l a L e  l h p  p e r . c n r d q -  b e . , e e n

result: v1 = 67' 100 = 6700
v2 = (1ods) t  -  ( tons)b;  / '  the Ewo walues * /
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result:v2 = 1329- 1133 = 196

1 3  =  l n 1 / ! 2 ) ;  / *  p e r c e n t a s e  o f  l 4 P H  d i f f  *  1 0  * /

resuli v3 = (6700./196) = 34, rvhich is 34% of10mph, or 3.4 mph

v 1  =  ( 1 o n q ) x  r  I O O L ;  / r  n a k e  x  l n t o  M P H  *  1 0 0  ( f r a c t i o n l )  * /

result: v1 = 5 * 100 = 500, which is fxed point for 50.0 mph

v1 += v3r  /+  now add in  percentsase o f  ' I i f fe rence " /

result: v1 = 500 + 34 = 534, agin, which is 6xed point for 53 4 mph

Find  speed =  ( inL)  (v1  /  1aL\  i  / *  now sca te  to  v rho le  MPH * /

f inaL lY :  w ind  speed =  534 /  10  =  53  nph

As you may recall frorn the indoor unit specification, only whole mph is displaycd Other-

*| it i" 
"'ot 

aif6."tt to see the level ofaccuracy that can be achieved using a method ofth;s

twe. ln rhi. .umple, we .implv th-row the fradional ponlon arvay ln thi( :'r\rance r 'rm

Jt'. lUf una tl".* i"t.rpolaiion can be applied effectively to lincarize a nonlinear result so

ihat the project will meei its specilications-

As shown in the example above, the purpose ofthe system test is to ensure, to whatever d*

qree ncce..ar), Lhar rhe 'y"re'n pcrlorm" ro speci-fications Alter the rcs(q are comolered and

;."  
" . . . rr , . ;  "di ,"r 'nent" 

."ä. ,  rh.  p 'oj . . i  is ready for use wirh a h'g\  degree o'corf i -

dence m the results.

5 . 6 . I 3  C H A N G I N G  I T  U P

The Wind Vanes R-Us Company thinls that our weather station is the best thing to come

along since indoor plumbi"g, .ä no- *" fac. th" task of improving the profit margin of

the product by linding some Places to reducc cost.

Now thät the weather station product is designed arrd proven stable and reliable, whr are

the areas that costs could be re<tuced? In your career, you may be faced with this quesrion

time and time again. There are manv arcas in our weather station project where cost could

be reduced. It€; such as the humidity senso! tipping rain bu&et, and anemometer are all

pretty e{pensive-but their performance is known and therefore may not be the fust pl"e

to starting cutting away at the cost.

When we started the development process, u"e chose a processor that would give us ample

room to design and debug thi software but we left ounelves the option to jncrease or de

crease memoiy and featuies as rcquired, without involving a large redesign effort Let's look

at changing thc CPU as a cost rcduction maneuver.

Picking a PaIt for a Better Fit

The outdoor unit CPU has very little software on board.In fact, with the code as it a stands'

only about 11% of the total flash memory is used. Looking at other members ofthe AVR

fariilv, we need to select a component with v€ry similar features, but perhaps onc with a

,Inull'e. -"-ory 
"pu." 

There are very few extemal connections, so even a smaler pin-count

oarnvould be acciptable.
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The required featrues that we rced to include are a USARI ADCs, and a timer to count
our wind speed pulses. The AIMega4S has these features, comei in a 32-pin TQFP pack-
age, which is a surface-mount package, so no socket is required (and it can be easily assem-
bled by a rcbot, saving labor costs as well), and has a 4K memory space, so it is more closely
matched to our actual application size. At the time ofthe *riting ofthis text, an AIMegl6
has a uait cost of about 86.00. The AIMega48 costs about $2.00- That carr be signiEcant.
If the Wind Vanes R Us Company sells 10Q000 units, tlut is a S400,000 cost savings (and
you will be a hero for making the change from an ATMegal6 to an AIMega4S!).

Changes to the Schematic
Figure 5-35 shows the outdoor unit schematic modfied to work with the ATMe948.
Signals were simply moved around to the appropriate pins, picking up the required func-
tionality of the USART, ADCs, and timer.

Changes to VO Mapping

Because wr thought aheÄ ardused #defne to assign firnctional names to speciic VO pins,
it is easy to look at the software and know what few changes have to be made to support the
design change. The VO specifc changes are as follows:

+def ine  RAIN_INPUT'  PrND.2  / *  ra in  qauqe input  * /

+def ine  I iT IND_SPEED_INPUT PIND.5  / *  anenonerer  inpur  * /

+def ine  TX_CTS PINB.o  / *  t ransn i t te r  c lear  to  send * /

+def ine  Tx_PowER PoRTB. l  / *  r ransn i r re r  power  enab le  * /

There are other changes that go witi these, induding the DDRB and DDRD settings, as
well as the default states ofPORTB and PORTD. These chane€s can all be made in the ini-
tialization fuoction.

vo id  in iL_AVRlvo id )

/ r  c iysta l  Osci l la tor  d iv is ion facto! :  1  * /

*p iagna opts ize-
cLKPR:ox8o;  / t  these iasEruct ions musr be * /

cLKPR=oxoo;  / *  wi th iD a few CPU cycles,  so opt in izat ion * /

/ r  is  tenporar i ty  d isableal  * /

+ i fdef  _OPTIMIZE_SIzE_
f p i ag ia  op t s l ze+

/ *  Inpur /ou tpu t  Por ts  in i t ia l i zar io4  r /

PORfB=0x00, '

DDRB=0X02;  / *  enab le  rad io  powe.  cont ro l  * /
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D D R C = 0 x 0 0 ;

DDRD=0x02; /*  enable USART t ransmit ter  output  * /

/ r  T iner /Counrer  0  in iL ia l i za t ion  * /

/ *  C lock  source :  Sys len  C lock

/ *  C lock  wa lue :  62 ,50O k l l z

/ r  Mode:  OutpuE Coupare

/ *  OCo outpu t  r  D isconnected

TCCR0B=0x03;

TCNT0=0x00;

ocR0B-0x00;

/ *  T ine . /counter  1  in i t ia l i za t ion

/ *  c tock  source :  T1  p in  R is inq  Edqe * /
'  I ' l o d e :  O u l p u l  C o - p d r -  ' /

/ *  oc la  ou tpu t :  D iscon-

/ *  oc lB  ou tpu t :  D iscon-

/ *  No ise  cancete . :  o f f

/ *  hpur  capture  on  Fa l l ins  Edge

TCcRIA=0x00;

TCCRlB=0x0?;

TCNTlH=0x00;

TCNT1L=0x00;

I C R l H = 0 x 0 0 ;

I C R I t = 0 x 0 0 ;

OCR1Ai ,=0x00;

OCRIBg=0x00;

O C R L B I = 0 x 0 0 ;

/ *  Ex terna l  h le r .up t  (s )  in i t ia l i za t ion  '  /
/ *  I N T o :  O n

/*  lNT0 Mode:  Any  change

/ r  I N T 1 :  O f f

/ *  Tn ter .upE on any  chanqe on  p ins  PCINTo-7 :  o f f

/ *  fn te r rup t  on  any  change on  p ins  Pc INTa-14:  o f f

/ *  Id te r rup t  on  any  cha4se oD p ins  Pc INTl6-23 :  o f f  * /

E ICRA=0x01;
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E I M S K = 0 x 0 1 ;

E I F R = 0 x 0 1 ;

/ *  T i n e ! ( s )  / C o u n E e r ( s )  I l t e r r u p E { s )  i l i E i a l i z a t i o n  ' /

T I M S K 0 = 0 x 0 1 ;

T I M S K l = 0 x 0 0 ;

T I M S K 2 = 0 x 0 0 ;

/ *  UART id l t ia l i za t ion

/ *  comunica t ion  Paraneters :  8  Data ,  1  s top ,  No Par iLy  * /

/ *  UART Rece iwer :  o f f

/ *  uaRT T ' ransn i t te r :  on

/ *  uaRT Baud ra re :  9600

UCSR0A=0x00, .

UCSR0B=0i48 , .

UBRR0L=0x19, .

UBRR0H=0x00, .

/ ;  AnaLogr  Conpara tsor  in i t ia l i za t ion
'  A  o _ o q  C o m p d r c t o r :  O f f

/ *  Ana los  Conpara tor  Input  Capture  by  T iner /Counter  1 :  Of f  * /

/ *  ADc in i t ia l i za t iod

/ *  ADc c lock  f requency :  31 .250 k I Iz  * /

/ *  aDc vo l tage Reference:  avcc  p in  * /

ADMUX.FIRST ADC INPUTIADC VREF TYPE;

/ *  watchdos  T ine !  in i r ia l i zar ion

/ *  I ' ra tchdos  T ine !  Presca le r :  osc /1024k

/ *  watchdog T ine !  in te r lupc :  o f f

+praqna op ls ize

WDTCSR=oX39;  / *  these ins t ruc t ioDs nus t  be  w ich in  * /

wDTcsR=ox29;  / *  a  few cPu cyc les ,  so  op t in iza l ion  * /

/ *  i s  temporar i l y  d isa t t led  * /

+  i fde f  OPTIMIzE SIzE

+pragna op ts ize+

/ *  G1öba1 enab le  in te r rup ts
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Since the A\rR processors are all very similar in capability, it is simple to move or "port" the
code from one A\aR to another. To move the AIMegal6 code to the AIMega48, we
automatically g"in the functionality of the USART and ADCs with virtually no changes
whatsoever. Th€re is a small ditrerence in howTIMERl is handled.

On the AIMega48, TIMER1 is in an upper address within the register memory space. This
m€ans that the Code\tsionAvR compiler does not provide for a direct 16-bit access to
TCNT1. Performing two 8-bit accesses and combining them for the 16-bit result can eas-
ily overcome this. To accomplish this, the intem4t routine that reads the wind speed
counter is modfied as follows:
/ i  l iner  0 owel f loq in terrupt  serv ice rout ine * /

in lerrupl  tTIMo OvFl  vo id l inero ovf  isr {voia l )
T

stat ic  unsigrned inr  TcN'r1 = 0;

TCCR1B=oXoo;  / *  sEop counter  ho prewent  ro l lover  dur ins read " /
TCNT1 = (  (unsisned ioE)TCNTIH) << 8;
T C N T 1  l =  ( ( l u n 6 i s n e d  i n t ) t C N T l L )  &  O X F F ) ;
TccRlB=0x0?;  / t  sEart  counEer aqaln * /

i f  (++v ind_tes ! l )ass  >  244)  / r  pass  count  te fo re  w ind  speed sep le  * /

t

/ r  r e s e t  c o u n t e r  f o r  n e x t  s a n p l e . .  * /

/ '  reseE pass counler  * /

/ *  t ine  Eo Eransn iE l  !  * /

TCNT1 =  0 ;

w i n d  t e s t  p a s s  =  0 ,

w ind  speed /=  2 ;

RF TX T ine  =  1 ;

J

A local variable TCNT1 is created to hold the 16 bit counter value. The TMER1 counter
is stopped during the read to prevent the counter from changing while it is being read, yield-
ing a bogus result. Once the two 8-bit reads are performed, the TIMER1 counter is re-
enabled and everything continues on as usual.

Other Considerations

There are a few other differences fiom the ATMegal6 and the ATMega48. It is these
differences that reinforce (the fact) that reading dre datasheet is a critical step in the de-
velopment and support of software. As Atmd f,nds better ways to do things with AVRs,
those features will be incorporated into their parts. Atmel made a few changes to the
clock-oscillator circuits on the ATMep48 that are not currently in the AIMega16. So
you may have noticed a couple ofunique items in the initialtation process.

/*  Crysral  osci l lator al iwision factor:  1 r /
+pragna optsize-
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CiRPR=o:So;  / *  these lns t ruc t ions  nusE be t /

CLKPR=0Xoo;  / *  w iLh ln  a  few CPü cyc les ,  so  op t in iza t ion  * /

/ *  i s  benpo lar i l y  a l i sab led  t /

+ i fde f  _OPTIMIZE SIZE

+pra9rna op .saze+

The AIMep48 has many clo& con6gurations to support a wide vari€ty of oscillator
options as well as low power modes ofoperation. One of the features is a clock pr€scaler
that allows the s)ßtem clock to be divided down to reduce the power consumption of the
processor by tunning it slower In order to guarantee a glitch free change in the system
dock whiJe changing the prcscale, it is rcquired that the CLKPR register be enabled and
modified within four s;stem clock cydes- To guarantee this gpe of timing within the
CodeVisionAVR compiler, the optirnizer must be disabled. This causes the compiler to
generate the assignment instructions in-line änd to reduce the potential of the optimizer
inserting a call or jump insüuction between the ässignments.

The same gpe of assignment rule applies to the watchdog timer as well:

/ *  l ' i a rchdos  T iner  in i t ia l i za t ion
.  , c r c \ d o s  6  m c r  p . e s . a l e . :  o s c / 1 0 2 4 k

/ *  i fa lchdoq T iner  in te f tup t :  o f f

*p ragma optsaze-

*asn (  wdr "  )
WDTCSR=oX39;  / "  these ins t rucL ions  nus t  be  w i lh in  * /

x D , C S p _ o r 2 o ;  / ,  ä  t a w  c p u  . y . t e s ,  s o  o p t  i n : z e .  i o r  ,

/ *  i s  Lemporar i l y  d isab led  * /

+ i fde f  _OPTIMIZE SIZE

+prasna op ts ize+

In order to guarantee that the watchdog timer was not simply disabled by errant code
running wildly through memory the "two assignments within four cycles" rule applies
here as well.

You can see that it is realistic iri many cases to move from one processor to another in order
to add or reduce features, imprcve unit cost, improve performance, or reduce power con
sumption. In many cases, a move like this can be performed in a few houß with very üttle
impact to the entire desgn.

5 . 7  C H A L L E N G E S

Listed below are various features that could be added to or changed in the software to
eniance the weather monitor operation and performance:

. Add year and leap yeär träcking.

. Add weather alarms, as discussed in S€ction 5.6.7,"Softwäre Design, Indoor UniC'
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Add äverägint to the wind speed and rainfall measurements to make them more stable

Add linear interpolation to improve the wind chill and dew point calculätions.

Rainfall tracking: instead of todat this month, this Fa|! make the system tra€k rainfall in
terms of the läst 24 hours, the lasr 30 days, and the last year to date.

Track and indicate barometric pressure chänge rising, fälling, änd steädy.

Add softwär€ to send the display information to a PC using the serial port and

Enhance the software to accept commands from a rc using a softwäre USART r€c€iv€
on the lNTo pin.

Add logglng capability to trlck peak wind, räin, temperature, and pressure conditions
änd when they occurred.Allow the user to view them on the display or download

Make the m€a5uring functions of the monitor a state machine, such that time/date
editing and alarm set poim adjustments do not imp€de the normal operation ofthe

5 . 9  E X E R C I S E S

I . List each of the steps of the process of proi€ct d€velopment and giv€ an example of
the activities that would take place durinS that st€p (S€ction 5.4).

2. In which step of the proi€ct development prccess would each of the following occur
(section s.4)l

A. Prototyping a sensor änd iti conditioning circuitry

B. SimulatinS a circuit! op€ration

C. Creating detailed specmcatjons for a project

D DrawinS a project schematic

E. Testing individual softwäre functjons

E Wrif ng software nowchans

G. Testing the final proi€ct to its specifications

H. Doing proof-of-concept tening on a questionable circuit

5 . 9  C H A P T E R  S U M M A R Y

In this chapter, project development has been approached as ap,.rda$, an orderly set ofsteps
that, when followed, wi11virnrally alwals lead to successful project. The process has beeü
demonstrated by the development ofa weather station based on the Atmel Mega16 micro-
controller.
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UsinS the table data below write a proSräm to perfrcrm a look-up-table and linear-
interpolation operation to return a compensated temperature from the ADC read;ng
fsection 5.6. | 2):
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3 .

ADCVoluq,
t0 Bt'|s (o-t023)

723 20
344 0
57a 20
765 40
492 60

1002 80

5.I  O LABORATORY ACTTVITY

The only laboratory activity that is really appmpriate to this chapter is to demonstrate the
process ofproject development by developing ä projecl Some suggested projects are shom
below. Any ofthese ideas could be modifred or expanded tluough tie use ofdisplays and,ror
additional sensors or inDut devices.

| . A robotic "mouse" that can follow black elecüical taDe on a whitish vinvl flooiThis
proj€ct will require controlling the sp€€d and steering as wellas sensing the black line.

2. A device composed of t]|e microcontroller and a video cämera that can d€tect simple
shapes such äs ä square, a triände, or a circle of black paper on a white surhc€.

3. A device using motors, sensors, and a cardboard arrow to point to and follow a heat
source as it moves about the room.This device would make excellent use of steDDer

4. A replacement for a fumac€ tl€rmostac

5. A securit/ system for an automobile witn sensoß to deted doors being open€d
(includinS the gas tank covei the trunhänd t]|e hood) änd thät would d€tect when
the vehicle is beins moYed.



Library Functions Reference

I  N T R O D U C T I O N

Much ofthe programming porver and convenience ofthe C language Jies in its built-
in, or library, tunctions. These are routines that accompJish many of the more
common tasks that face a C programmer.

As with all C functions, you call the librarv functions from your code by using thc
function namc and cithcr passing values to the function or receiving the values re
turned by the function. In ordcr to makc use ofthe tunctions, the programmer needs
to know what parameters the tunction is expecting to be passed to it and the nature
of any r':rlues returned from it. This information is made dear by the protogpe for
the tunction. The tunction protogpes are contained in a set ofheader fles that the
programmer "includes" in the code.

There are many library functions a\,äilable in most C compilers, gathered into groups
by tunction.This grouping avoids having to ;ncludc a whole host ofunncedcd tunc
tion prototypes in every program. For examplc, thc function protoq?es lor thc group
ofroutines concerned with the standard input and ougut routincs arc contxincd in a
header filc called stdio.h. If programmers wish to use some ofthese tunctions, they
would put thc follow;ng stxtcment into the beginning oftheir code:

+  i n c l u d e  < s t d i o . h >

With the header file included. the tunctions concerned with standard I/O such as the
pr;zffunction (refened to in earlier chapters) rre made available to the programmer

This reference section describes each of the librar.v tunctions available in
CodeVisionAVR. A comprehensive Jist, grouped by then header lile names, is fol-
lowed by a detailed description and example of each funcrion, in alphabeticll order.
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FUNCTIONS LISTED BY LTBRARY FILE

bcd.h

crype.h

delayh

Srayh

math.h

unsigned cha!  bcd2bin(unsigneal  char  n)
unsigned cha!  b i r2bcal  {  uns iqned char  n)

unsisned char  i6alnun{char c) ;
unsisned char  isatpha{char c) ;
unsigned char  isasci i {char  c) ;
unsigned char  iscntr l {cha.  c) ;
unslgned char  isa l iq i t  {char  c) ;
ünsigned char  is lower {  cha.  c) ,
unsigned char  isp i in t {chär  c) ,
unsigned char  ispunct  i  char  c) ,
unsiqned char  isspace (char  c) ;
unsigned char  isupper (char  c) ;
unsisned char  isxdig i r  (char  c) ;

c h a r  r o l o w e r { c h a r  c } ;
c h a !  r o u p p e r { c h a !  c } ;
char  roasci i  {cha!  c}  ;

vo id delay_us (unsisrneal  inE n) ;
vo id delay ns (unsisneal  in t  n) ;

unsiqned char  q lay2binc (unsiqneat  char  n) ;
unsisned inE sray2bin (unsisned int  n) ;
unsisned lonq qray2bin l  (unsiqneal  tonq n)
unsiqned char  b in2qrayc (unsisneal  char  n)
unsiqned int  b in2sray (  unsiqned inr  n)  ;
u n s . i q n e d  ] o n q  b i n 2 q r - y ] ( u n s i g n e c l  l o n q  n )  j

! n s i g n a d  . h a r  . a b s ( s i g n F d  c h d r  x ) ,

uns igned lons  labs  (1ons  x ) ;

f loa t  fabs  ( f1oat  x )  ;
s igned cha.  cnax{s igned char  a ,s isned char

i n t  n a x { i n t  a ,  i n t  b ) ;

long  lnax  (1ong a ,  long  b)  ;
f L o a t  f n a x  (  f l o a c  a , f l o a t  b ) , .

s ie rned char  cmin(s ig rned cha.  a ,s igned char

i n t  m i n ( i n r  a ,  i n t  b ) ;

l o n q  l n i n ( l o n q  a , 1 o n q  b ) ;

f l o a r  f m i n ( f 1 o a t  a ,  f l o a L  b ) ;



s igned char  cs ig rn(s iqned char  x ) ;

s i g n e d  c h a r  f s i s n ( f l o a t  x ) ;

uns igned char  i sqr t {uns iqned in l  x ) ;

uns igned in t  l sqr t (uns igned lonq x )  ;
f l o a l  s q r t ( f 1 o a t  x ) ,

f l o a t  f l o o r  l  f l o a t  x )  ;
f l o a t  c e i l  ( f t ö a t  i )  ;
f L o a t  f n o d ( f 1 o a t  x ,  f t o a l  y ) ;

f loa t  nodf  ( f1oat  x ,  f loaE * iparE)  ;

f loa t  ldexp( f1oat  x , in l  expon)  ;

f loa t  f rexp( f1oar  x ,  in t  *e ) .pon) ;

f l o a l  e x p ( f 1 o a t  x ) ;

f l o a !  1 o g ( f t o a r  x ) ;

f l o a t  1 o 9 1 0  ( f 1 o a t  x )  ;
f l o a t  p o 0  {  f l o a t  x . f l o a E  y ) ;

f l o a L  s i n  {  f t o a E  x ) ;

f l ö a L  c o s  ( f t o a E  x )  ;
f l o a t  l a n  (  f t o a t  x ) ;

f t o a r  s i n h  (  f l o a r  x ) ;

f l o a t  c o s h ( f 1 o a t  x ) ;

f 1 ö a t  L a n h ( f l o a E  x ) ;

f l o a t  a s i n  (  f t o a E  x )  ;
f l o a t  a c o s  ( f 1 o a E  x )  ,
f L o a r  a t a n  (  f l o a t  x ) ;

fLoar  a tan2 ( f loa t  y ,  f loa t  x )  ,

mem.h
vo id  pokeb (uns igned inE aa la l l ,uns igned

woid  pokew(uns igned in t  ad ld r ,  uns igned

uns isned cbar  peekb(uDs iqned in t  äddr )

uns isned in t  peekw(uns iqned in t  ada l r ) ;

sleep.h

vo id  s leep d isab le  (wo id)  ;
vo id  id le  (vo id )  ;
vo id  powerdovn (vo id )  ;
wo id  powersave (vo id )  ,
vo id  s randby(vo id ) ;

vo id  ev  t  e  rdcd_ s l  d  nc tby  (vo io l  ,

spi.h
unsigned cbar  spi  (unsisrned char  data) ;

.lppe ix A-Library Ftnction! Referen.e 355
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stdio.h

char  geEchar  (wo id)  ;
vo id  puEchar  (char  c ) ;
vo id  purs  (char  rsEr )  ;
v o i d  p u t s  f  ( c h a r  f l a s h  * s t r ) ;

c h a r  * s e E s ( c h a r  r s E ! , u n s i q n e d  i d r  t e n ) ;
vo id  p r in t f  (char  f lash  * fn ts r ! )  ;
vo id  spr i4 t f  (char  ' sLr ,  char  f lash  i fmrsr r ) ;

s igned char  scanf (char  f lash  ' fn rs r r ) ;

s i q n e d  c h a r  s s c a n f ( c h a r  * s t r ,  c h a .  f l a s h  * f n r s E r ) ;

vo id  vpr inEf {char  f tash  * fnEsEr ,  va_1 is r  a rgpr r ) ;
vo id  vspr inEf (char  *s r r ,  chär  f tash  r fn rs r r ,  va1  t i s t  a rspr ! ) ;

stdlib.h
l n t  a t o i  { c h a r  t s E ! )  ;
lons  aro l  (char  *s r ! )  ,
f l o a r  a t o f  ( c h a r  r s r r ) ,

v o i d  i t o a ( i n t  n ,  c h a r  * s r r ) ;

v o i d  l t o a { l o n q  i n t  n , c h a r  i s t r ) ;

v o i d  f t o a ( f l o a t  n , u n s i q n e d  c h a r  d e c i n a l s , c h a r  a s r r )  ;
v o i d  f t o e ( f 1 o a t  n , u n s i g n e d  c h a r  a l e c i n a l s ,  c h a r  * s t r ) ;

vo id  s rand( in r  seed)  ;
ln t  rand (vo id )  ,
vo id  *na l1oc  (uns is .ea l  in r  s ize)
vo id  *ca ]1oc  (uns isned in r  nun,  uns isnea l  in r  s ize)
vo id  * rea l loc (vo id  rp r r ,  uns iqnea l  in t  s ize)
wo id  f ree  (wo id  *p t r )

string.h

c h a r  * s E r c a t  ( c h a r  * s t r 1 ,  c h a r  * s r r 2  )  ;
c h a r  , s r r c a t f ( c h a !  * s t r l , c h a r  f l a s h  * s r r 2 ) ;
c h a r  r s t l c h r  {  c h a .  * s r r , c h a r  c ) ,
s igned char  s t rcnp (char  rsL i1,  char  *srr2 )  ;
s i g n e d  c h a r  s t r c n p t  ( c h a r  ' s r . 1 , c h a r  f l a s h  r s r r 2 ) ;
char  *st rcpy (char  *a lesr ,char  *src) ;
c h a r  * s t r c p y f ( c h a r  i d e s r , c h a r  f l a s h  r s r c ) ;
unsigned char  s t .cspnichar  *srr ,char  *ser) ;
u n s i g n e d  c h a i  s t r c s p n f ( c h a .  * s r r , c h a r  f l a s h  ' s e r ) ,
unsigned int  s t r len (char  rsr r ) ;

unsigned inr  sr r lent  (char  f lash *sEr) ;
char  *st rncat  (char  *sLr1,  char  *srr2,  unsisned char  n)  ;
c h a r  * s t r n c a E f ( c h a r  r s r r l , c h a r  f l a s h  * s r r 2 , u n s i q n e d  c h a r  a )  ;
s iqned char  scrncnp(char *srr l ,char  rsEr2,unsisned char  n)  ;
s isned char  sErncnpf(char  *srr l ,char  f lash *srr2,unsiqned char  n)  i
char  ls t rncpy(char  rdesr ,char  *sxc,unsiqned char  n) ;
char  *st rncpyf  (char  rdesr ,cha.  f tash rsrc,unsisned char  n) ;
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c n a r ' s L r p b r k ( c h d r ' s L r , c h d ! ' s e t ,  ;
c h a r ' s L r p b r k f l c h " '  s L r , c h d r  l l a s h ' s e t ) :

c h a r  - L l p o s ' c h d r ' s t r , c h a '  c ) :

c n . r  ' s c r r c h ! ( c h a !  ' s L  r ,  c h d  !  c ' ;
_ 4 a r ' s L r ! p b ! k { c h e r ' s L ! , c l d r ' s e t )  ;
c n a r  ' s L r r p b ! k t { c h d '  s t r , c h d r  l l a s l _  s e t ) ;

s i q n e d  c h a !  s L ! r p o s ( c h d r ' s t r , c h d  c ) ;
. h a ! ' s E l s t ! ( c h e r ' s t r l , c h d r ' s L 1 2 l ;

c h a r  * s t l s E r f ( c h a r  ' s t r l , c h a r  f t a s h  * s r r 2 ) ;

- r s  q  e d  _  d t  s r  ' s p r  ( . h d  ' s L t  , . h d r  / s e L ) ;

- r  s  q , e d  c l e r  s l  s p n f ( c h d r  ' s l r , c l - d r  f l ä s h  r s F  )  r

c h a r  ' s t r t o k ( c h a r  ' s t r l , c h a r  f l a s h  * s t r 2 ) ;

, o  d  n e - c c p y ( ! o ' d  ' d c s l  , v o i d  ' s r . , . h d r  c , u l s i g n e d  n ) :

vo id  tnench. (wo id  tbu f ,uns isned char  c ,uns ignea l  n ) ;

s ig raed char  nencnp(vo id  *bu f l , vo id  *bu f2 ,uns igned n)  ;
s iqned cha.  nencnpf  (wo id  *bu f l ,wo id  f lash  *bu f2 ,uns igned n) ;

vo id  *nencpy(vo id  *a les t ,  vo ia l  *s rc ,uns igned n) , .

vo ld  *nencpy f (vo ia l  *des t ,vo la l  f lash  *s rc ,uns iqned n) ;

vo id  *nemove(vo ia l  *des t , ro ld  *s rc ,uns iqned n)  ;
vo id  *nenset {vo ia l  *bu f .uns igned char  c ,uns igned n) ;

a b s

#include <math.h>

unsigned int ab(int x);

unsigned char cab(signed char x);

unsigned long labs(long x);

float fabs(float x);

The atu functioo returns the absolute mlue ofthe integet *.The eabs, labs, aÄfabs trnc
tions return the absolute value of the signed char, long, and float rariable r: as an unsigned
char. unsigaed long. and float value, respectrvely.

Returns: Absolute value of;r sized according to the function called

+ inctude <malh.h>
vo id  na in  (  )

u n s i q F e d  ' n !  i n t l ) o s _ v " l  ;
u  s  i q n e d  l o n q  l o n q _ p o s _ v ä l ;

/ /  seL  abso lu te  va tue  o f  an  in teqer

in t jos  va1 =  abs  ( -19574)  ;
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/ /  qet  absolute vatue of  a lonq
l o n g  p o s  v a 1  =  l a b s { - 1 2 5 0 0 0 ) ;

v h i  r e  (  1 )
I
J

]

Results:
i n l j o s  v a t  =  1 9 5 ? 4

l o n g  p o s  v a 1  =  1 2 5 0 0 0

acos

#include <math.h>

foat acos(float x);

The aras function calculates the arc cosine ofthe floating point number r. The result is in
the rmge of -n/2 to n/2. The variable r must be in the range of-1 to 1.

Returns: acos(x) in the range of 42 to nl2 where x is in the range of-1 to 1
+ inc lude <nath .  h>

n a w  v a l  -  a . o s  ( 0 . 8 ? 5 )  ,

w h i  l e  (  1 )
i
)

Results: new_val = 0.505

f loaL  new va1;

as in
#include <math.h>

float asin(float x);

The arä function calculates the arc sine ofthe foating point number;r. The result is in the
rzrge of -tJ2 to tr/2.The variable x must be in the range of 1to 1.

Returns: asin(x) in the raoge of -tt/2 to n/2 where x is in the range of-1 to 1
+inc lude <nath-h>
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atan
#include <math.h>

float atan(float x);

The araa function calculates the arc tar:gent ofthe floaring point number * The result is rn
the range of -r/2 to ztl2.

Retums: atan(x) in the range of 42 to nl2

+inc lude <nath .h>

f loaE new wa l ;

n e w  v a l  -  d s i n ( 0 . 8 ? 5 ) ;

wh l  te  (  1 )

{
J

]

Results: new_r*l = 1.065

vo id  na in  (  )

{
f loat  new vat , .

n e w  v a l  -  ä r a n (  l . l 4 s ) ;

whi  1e (  1)

]
)

Results: new-r.a1 = 0.852

al,an2

#include <math.h>

float atan2(float y, float x);

The atan2 finctton calc'.lates the arc tangent of the floating point numben l. The result
is in the range of n to n.

Retruns: atan(y/x) in the range of--zr to n
+inc lude <@th-h>

v o i d  n a i n {  )



160

t l o a t  n e w  v a 1 ;

n e w  v a 1  =  a t a n 2 ( 2 . 1 4 ,  5 - 1 2 1  ,

F h i  1 e  (  1 )

{
j

)

Results: new val = 0.428

'  q u " r  t z  ^ ! / s l  ä l  t  c q u P r . Y  '  H z  |  '  /
+ d e f i n e  x r a t  ? 3 7 2 0 0 0 L

/*  Baud rare ' /

# d e f i n e  b a u d  9 6 0 0

atof, atoi, atol
#include <stdlib.h>

float ato(char *str);

int atoi(char *str);

long atol(char *str);

The aro/function converts the ASCII character stdng pointed ro by rft to its floating pornt
equivalent. The aroi and arolfunctions convert the string to an integer or long integer, re
spectively. A11 three functions skip leading white space characters. Numbers may also be
preceded by + and - signs. Valid numeric characters ,re the digits , through 9. The tunction
arorfalso accepts the decimal point as a valid numeric character.

Once a non white space character is encouotercd, the conversion to a numeric equivalent
starts. The conversion stops when the first non numeric character is encountered. If no nu-
meric characters are found, the functions rctum zero. All three funaions return signed valucs.

Returns:

. atol atoi, and atol return zero if no num€ric data is found

r atof - floating point equivalent of the ASCII süing pointed to by stt

. atoi signed integ€r equivälent of the ASCII srring point€d to by srr

. atol - sEned lon8 integer equivälent ofrheASCll string poinr€d to by str
+ inc lude <nega16.h>

+ inc lude <s td io .h> / /  th is  Lo  inc lude pu tchar  and pr in r f t

+  i n c l u d e  < s t d 1 i b . h >
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+define MAX_ENTRY_LENGTS 10

vo id  na in (vo id )

{
char nyslr I MÄX_ETiITRY LEliIGl'g+l],'

/ *  in i t ia l ize the USART's baudt  rate * /

UBRRL=xral  /  16 /baud 1;
/*  in i t ia l ize tshe USART contro l  reqisrer

RX & TX enableal ,  no in terrupts,  I  data b i rs  i /

UCSRA=0x00;
UcsRB=0xD8;
ü c s R C = 0 x 8 5 ;

w h i l e  ( 1 )

putsf ( 'Ente!  a s igned inEeqer nunber fo l lowed by l \n \ r " ) ;
while (c < l{Ax ENTRY LENGT11)
{

nyst l lc++l  = qeEcharo;  / /  qa iL fot  a character
/ /  i t  \a  is  our  te.n inaEinq '  character ,  rhen qui t l

i f  ( n y s t r l c  1 l  = =  !  )
break;

)
m y s t ! t c r  -  \ 0 ;  / /  n u l l  l p m i n ä l F  f h a  s E l i r q

my inE =  a to i (nys t r ) ;  / /  conver l

p r in t f  ( "Your  in teger  va lue  is :  8d \n \ r ' ,ny inL)  ;

Results:

The following is transmitted by the USARL
Enrer  a  s iqned in teser  dunt le r  fo t lowed by  I

Once '!' is received, the string is converted änd the result is transmitted to the USART.

bcd2b in

#include <bcd.h>

unsigned char bcd2bin(unsigned char n);

T\e bul2bin tuncl:on converts a binary coded decimal (bcd) ralue to a binary value. In br
nary coded decimal representation, the upper nibble ofthe wlue represents the 10s digit of
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a decimal 1"1ue. The lower nibble of the value represerts the 1s digit of a decimal value. z
must be a value betlve€n 0d and 99d-

Returns: Bina:y value ofz

+inc lude <bcd-h>

b i n 2 b c d

#include <bcd.h>

unsisned char bin2bcd(rnsisned char n);
'fhe 

bin2bcd tunctjor' anverts a binary value to a binary coded decirnal (bcd) ulue. In bi
nary coded decimal represertation, the upper nibble ofthe value represents the 10s digit of
a decimal value. The lower nibble ofthe value reprcsents the ls digit ofa decimal value. z
must be a l'alue between 0d alld 99d.

Retums: Binary coded decimal value of z

+inc lude <bcd.h>

void nain (  )

unsigned char  t 'cd ra1ue,  b in value;

bcd value = 0x15;  / *  bcal  representat ion of  decimar 15 * /

b in value = bcd2bin( tca l  va lue) ;

{h i  1e {  1)
t
t

)

Results: bin_value = 15(= ü,roF)

vo id  na in (  )

{
. n s i s n p d  . h ä r  b i n  v ä l u p ,  b . d  v a l u e ;

b in_walue  =  0x0Fr  / *  15  dec ina l  a /

bcd_va lue  =  b in2bcd(b in  va lue) ;

w h i l e  ( 1 )

t
I

)

Results: bcd-mlue = &15
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bin2srayc, bin2gray, bln2grayl

#include <gray.h>

unsigned char bin2sayc(unsigned char n);

unsigned int bin2gralunsigned int n);

unsigned long bin2grayl(unsigned long n);
'lhe tin2gra! functions convert tlrc binary lalue z to a Gray-coded value. Gray codes were
developed to prevent noise in systems u.here analog-to-digital conversions were being
performed. Gny codes have the advantage over binary numbers in that only one bit in the
code changes benveen successive numbers. The bin2gray frncions bin2gm1t, bin2gm1,
md bin2grayl arc tailored for unsigned char, unsigned in! and unsigned long variables,
respecnvely.

Table A-1 lists the Gray codes arrd then binary and decirnal equivalents for ralues 0
throush 15.

4 4 4 4 o
G.oy Code Equivolent
4 4 4 8 0

0 0 0 0 0 0 0 0 0
1 0 0 0 1 0 0 0 1
2 0 0 1 0 0 0 1 1
3 0 0 1 1 0 0 1 0

0 1 0 0 0 1 1 0
5 0 1 0 1 0 1 1 1

0 l l 0 0 1 0 1
7 0 l l l 0 1 0 0
8 1 0 0 0 1 1 0 0
9 1 0 0 1 1 1 0 1

10 1 0 1 0 1 1 1 1

1 1 1 0 1 1 1 1 1 0

12 1 1 0 0 1 0 1 0
13 1 1 0 1 1 0 1 1

74 1 1 1 0 1 0 0 1
15 1 1 1 1 1 0 0 0

Table h-l Gtsy Code Equivole,l/F of De.inal ond Ansryuolues
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Returns: Binary r,ralue ofz

+inc lude <gray .  h>

I
unsigned char  qray char ,  b in_char;

b in char  = 0x0?;
erray char  = b in2qray(b in char) ;

w h i l e  (  1 )

l

Results: gray_char = 4

c a l l o c

#include <stdlib.h>

void .caloc(unsigned int num, unsigned int size);

The ra1lac function allocates a mernory block in the ieap for an aray of num elements, each
element having the length ofsizz b1tes. On retum, the function returns a pointer to the start
ofthe rnemory block which is filled with zeros. The atlocated memory block occupies rrc+4
bltes in the heap. This must be taken into account when specif,ing the heap size in the
Projecr lCon figurelC CompilerlCode Generation menu-

Returns: Ifsuccessful in finding contiguous frec memory ofthe appropriare size, retums a
pointer to the mernory block- Ifunsuccesstul, rctums a null pointer

+ i n c L u d e  < n e g a 1 6 . h >

/ *  inc lude the  s tanda.d  input /ou tpur  l ib ra ly  * /

+ i n c l u d e  < s t d i o . h >
'  c l u d -  f h F  v ä  : d b l e  l e n s f h  d f s u - c - .  l  i s r s  m d . r o s

+ i n c l u d e  < s t d L i b . h >

# d e f i n e  x r a l  6 0 0 0 0 0 0 [

+ d e f i n e  b a u d  9 6 0 0

/ /  dec la r inq  a  po in te r ,  bu !  no t  reserv ins  nenory  fo r  rhe  ar ray l
s t ruc t  lwo d  * two d j ;
s t ruc t  two-d  *s ta r t  Lwo_d_p;
in t  nenory_s ize ;
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t

J ;

void main (woid)

I

/ /  USART in i t ia l izat ion
/ /  Comunicat ioo Paramelers:  a Data,  1 Stop,  No Par iLy

/ /  USART Receiver :  on
/ /  USART Transni t ter :  On
/ /  USART Mode:  Asynchronous
/ /  UsaRT Baud .ate:  9600
UCSrÄ=0x00;
UcsRB=0xD8;
UCSRC=0x86;
UBRRH=0x00;
UBRRL=xral /  16lbaud 1;

s h i l e  { 1 )
t

pursf  ( '  \n \ rHow nuch menor l .  shoula l  r  f  i t t?  (EN"ER) \n\ r  "  )  ;
i f  (scanf  (  "  td '  ,  &nenory s ize)  != -1)

i f  ( {nenory_size}s izeof(st ruct  rwo d})  < (_HEAP_SIZE_ -  4))

t
p '  . !  f ( ' \ n \ r T h ä n l s ,  l ' 1 1  t r y l \ n \ ! " ) ;

/ / t.y Lo seL enoügh renory
starE-two-aL) =

ca1loc {nenory s ize,  s izeof  (s t ruct  twö_d) )  ;
lso_dJ = start too dj;
if ( two_au) != NULL)

I
p r i n t f  (  "  \ n \ r h i t i a t  v a l u e s ! \ n \ t " ) ;
f o r  ( i = 0 ;  i < n e n o r y  s i z e ; i + + )
{

pr int f  (  ' *04x g04x\n\ r " ,  rao-d-p > index,
t ro d j  >watue) ;

two d p - inc lex
t ro d j  >value -  i  +  1000;  / /  change the value
two d j++;  / /  nowe the poinLer  forwald l

)
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p r i n t f  ( ' \ n \ r M o d i f i e d  v a l u e s ! \ n \ r ' )  ;
cwo all) = start_Ewo-alj;
/ /  pr ln t  the ner  walues!
for  ( i=0;  i<nenory-s ize;  i++)
I

p r i n L l  ( ' 9 0 4 x  t 0 4 x \ n \ ! " , t k o  d  p - .  . d . r .

two_dL) >value) , .

/ /  nove the pöinter  forwaral l
I

/ /  f ree the cat loc üenory for  next  r imet
f ree(s lar t  two aL))  ;

]

p r i n E f {  " F a i l e d  t o  c a l l o c  c o l l e c r l y . \ n \ r i i ) ;
I

t
p l i n t f ( ' \ n \ r H e a p  s i z e  1 l n i t  i s  g d \ n \ r " ,  H E A p  S r z E  4 ) ;

J

Results: The USARI transmits, xt 9600 baud,
How much nenory  s t lou1d I  f i l t? (ENTER)

Then it waits until a number is entererl followed by a nevline character Once this is re
ceived (5 for crample), it transmits

Thanks,  I '  11 t ry l
In i r ia l  va lues !
0 0 0 0  0 0 0 0
0 0 0 0  0 0 0 0
0 0 0 0  0 0 0 0
0 0 0 0  0 0 0 0
0  0 0 0  0 0 0 0
Modl f ied vatües !
0 0 0 0  0 3 8 8
0 0 0 1  0 3  E 9
0 0 0 2  0 3 E A
0 0 0 3  0 3 E B
0 0 0 4  0 3 E c
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cabs

#include <math.h>

unsigned char cabs(signed char x);

Returns: Absolute value of*

See abs.

. " i t

#include <math.h>

float ceil(float x);

The ceuT function returns the smallest integer ralue that is not less thar the floating point
number x. In other words, the reilfunction rounds r up to the next integer value and returns
that value.

Returns: Smallest integer value that is not less lhan the floating point nunber r

+inc lude <nath .h>

vo id  na in  (  )

t
f loa t  new va t ;

n e s  v d l  -  c e i l  ( 2 , 5 l I ) ,

0 h i 1 e  ( 1 )

t
)

]

Results: new val = 3

cmax
#include <math.h>

signed char cmax(signed char a, signed char b);

Returns: Maximum ralue of a or D

c m t n

#include <math.h>

signed char cmin(signed char a, signed char b);
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Returns: Minimum value ofa or /

See nin.

cos
#indude <math.h>

float cos(float x);

The ras function calculates the msine of the floating point number a The angle x is ex-
pressed in radians.

Returns: cos(x)

* inc lude <naEh.h>

cosh
#indude <rnath.h>

float cosh(float x);

The car,i function calculates the hlperbolic cosine ofthe floating point number * The angle
,. is eYpr€ssed in radians.

Returns: cosh(x)
+idc lu i le  <nath .h>

void nain ( )

t
float new_va1;

n e w - w a l  =  c o s { s - 1 2 1 ) ;

whire (  1)
t
t

]

Results: new val = 0.397

void nain(  )
t

f loat  new val ;

n e w  w a t  =  c o s b ( 5 . 1 2 1 ) ;

w h i l e ( 1 )
{
l

t

Results: new val = 83.754
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cs ign
#indude <math.h>

siped char csign(signed char x);

Renuns: -1, 0, or 1 ifa is negative, zero, or positive, respectivü

See s;Sn.

delay_ms

#include <delayh>

void delay_ms(unsigned int n);

The delal ns furcool' generates a delay of rl millis€conds before retuming. The interrupts
must be turned offärou rd tlrc callto the delal ns function or the delay will be much longer
than intended. The actual delay depends on the dock cry*tal frequenry. Therefore, it is
important to speci! the correct clock frequenry. This can be done either in the Projectl
ConfigurelC Compiler menu or with the statement #def.ne xtal xI. where xL is the clock
frequency in Hertz.

Returns: None

+inc lude <de lay .h>

+ incLude <nega16.h>

+ i n c l u d e  < s t d i o , h >

/ *  qüar tz  c rysEa l  f requency  [Hz ]  t /

# d e f i n e  x r a l  ? 3 7 2 0 0 0 t

/ a  B a u d  r a t e  i /

+def ine  baud 9600

v o l d  n a i n ( v o i d )

{

/ *  in i r ia l ize the UsaRT's baual  laEe r /

UBRRH=0x00;
UBRRL=xra1/16lbaud-1;
/ -  i n i r i - I i 7 e  t h c  U S A R T  c o n t l o l  t e q i s l - '

Rx & ' !x  enableal ,  no in te l luptss,  I  data b i rs  * /
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{
puts f { "How nany  mi t l i secona ls  shou ld  I
i f  ( s c a n f ( " * u \ n ' , & p a u s e  t i n e )  ! =  1 )

t
p r in ! f  (  "Thanks  !  I ' 11  pause fo r  $u

p a u s e  c r n e j ;

/ /  d isab le  in te l lup ts
* a s n ( " c t i ' ) ;

de lay  ns  (pause r ime) ;

// enabLe intserruprs

* a s n (  " s e i ' ) ;

pause? (ENTER)  \n \ r "  )  t

n i l l i s e c o n d s - \ n \ r " ,

Results:

The microprocessor transmits
How nany mi l l i secona ls  shou ld  I  pause? (ENT'ER)

Then it waits untd a number is entered followed by ä newline character. Once this is
received (2000, for example), it transmits

T h a n k s !  I ' 1 1  p a u s e  f o r  2 0 0 0  n i l l i s e c o n d s .

Then after an appropriate pause (2 seconds in our example), the 6rst prompt is again
üansmitted.

det"y 
""

#include <delay.h>

void delay us(unsigned int n);

The tlelay_us fnctton generates a delay of z microseconds before returning. tl must be ä
constant exprcssion. The interupts must be tumed offaround the call to the delal as fmc-
tion or the delay will be much longer than intended. The actual delay depends on the clock
crystal frequency. Therefore, it is important to speci& th€ conect ctock frequency. This can
be done either in the PrcjectlContrgurelC Compiler menu or with the sr^rement #deJ6ne
xtal ttL, wherc xL is the clock ftequency in Hertz-.

Returns: None

+inc lude <detay .h>

+ i n c l u d e  < n e s a 1 6 . h >

+ i n c l u d e  < s t d i o - h >
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/*  qualEz c.ysta l  f requenct  [Hz]  * /

+ d e f i n e  x ! a 1  ? 3 7 2 0 0 0 L
/*  Baud rate * /

+def ine baud 9600

void main (woid)

t
unsiqned int  pause_t ime;

/*  in i t ia t ize the USART's baud rate * /

UBRRH=0x00;
UBRRL=xta l /16lbaual-1 ;
/ '  in i t ia l ize the USART conerol  leqr is ter

RX & TX enabled,  no inrerrupEs,  I  d lata b i rs  * /

UCSRA=0x00;
UCSRB=0xDa;
UCSRC=0x46;

t
putsf ( 'How mny Ebousa4als of  useconds shoula l  I  pause?\r" ) ;
püasf( 'Ente!  a Durt rer  between 1änal  5-  Press ENTER.\n\ I ' ) ;
i f  ( s c a n f  { ' 8 u \ a " .  & p a u s e _ t i n e )  ! =  - 1 )

{
i f  {  (pause_t ine > 0)  && (pause t ine < 6))

t
p r i n E f { ' I ' 1 1  p a u s e  * 1 u 0 0 0  n i c r o s e c o n d s .  \ n \ r  "  ,
pause_t ine) ;

+ a s n ( ' c 1 i ' ) ;

{
c a s e  1 :

detay_us (1000) ;
break,

c a s e  2 .
( Ie lay-Ds (2000) ;
break;

c a s e  3 :
d e l a y  u s ( 3 0 0 0 ) ;
break,.

d e l a y  u s ( 4 0 0 0 ) ;
break;
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d e l a y  u s  ( s 0 0 0 )  ;
b reak ;

de fau lE :

break , .

)

* a s i {  " s e i ' ) ;

p u r s f { ' H u h ? \ n \ r " ) ;

Results:

The microprocessor transmits

Hov nany thousands of useconds should r pause?

Enter  a  nunbe!  be tween 1  ana l  5 ,  p ress  ENTER.

Then it waits until a number is entered followed by a newline character Once this is
received (2, for enample), it transmits

1 '  1 1  p a u s e  2 0 0 0  n i c r o s e c o n d s .

Then after an appropriate pause (2 milliseconds in our exanple), the tust prompt is again
transmitted.

exp

#include <math.h>

float e<p(float x);

The ar2 function calculates the naural (base a), erqonential ofthe rriable Jt.

Returns: I

+inc lude <nath .h>

i
f loar  ner  wa1;

n e w _ v a 1  =  e x p ( s ) ;

{
I
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Results: new-l"I= e5 = 148.413

extended_standby

#include <sleep.h'

void axtended standbl'ftoid);

The exten.led stantlb! firlrction puts the AVR microcontroller irto e{tended standby mode.

This is a sleep mode and similar to t\e potondotaz function.

See pouedownin thtszppendix lor the funcrion rrse

See the Atmel datasheets for the complete description ofthis sleep mode as it aPPlies to n

particular A\rR device. E*ended standby sleep mode is not available on all A\tR devices.

>fab9

#indude <math.h>

float fabs(float x);

Returns: Absolute value ofr

See abs.

f loor
#include <math.h>

float floor(float x);

The/aar function returns integer value ofthe floating point number:r. This is the largest
whole number that is less than or €qual to t

Returns: lnteger portion ofr

+inc lude <nath  -h>

f loa t  new va l ;

n e w  v a l  =  f l o o r ( 2 . 5 3 1 ) ;

v h i l e ( 1 )

t

t
)

Results: new-wl = 2
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f rnax

#include .math.h>

float fmar(float a, float b);

Returns: Maximum ralue ofa or /

fmin

#include <math.h>

float fmin(float a, float b);

Returns: Minimum value ofa or /

f m o d

#include <math.h>

float frnod(float x, float y);

The./zol tunction retums the remainder ofr divided byn This is a modulo function specif
ically designed for float gpe Iariables. The modulo operator (%) is used to perform the
modulo operation on integer wriable gpes.

Retruns: Remainder of;r divided byy

* inc lude <nath-  h>
v o i d  n a i n (  )
I

t toah  rena ins ;

r e n a i n s  =  f n o d  (  2 5 . 6 ,  8 ) ;

v h i  t e  (  1 )

t

t
)

Results: remains = 1.6

tree

#include .stdlib.h>

void free(void -ptr);
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They'aa tunction ftees rnemory allocated in the hezp by nalloc, callot, or real/r' tunctions
and pointed to byy'h After being freed, the memory block is arrailable for new allocation.
Ifp;z is null, then it is ignored.

Returns: None

frexp
#include <math.h>

float frevp(float x, int *expon);

They'af function returns the mantissa of tlle Oo3ting point number r., or 0 if r is 0. The
power of2 exponent ofa is stored at the location poioted toby expon.lfr is 0, the value
stored at r,.Pm is also 0.

In other words, if the followiag call is made,
y  =  f rexp  (x ,  expon) , '

the relationshp between erc?or, x, ̂ nd the rcfurnvaluel can be erpressed as

Returns: Mantissa of;r in the ange 0.5 to 1.0 or 0 if:r is 0

+incLude <meqa15.h>
+inc lude <aath.h>

vo id  maia  (vo id )

I
f l o a t  x ,  z ;

f l o a t  a ,  c ;

f l o a t  d ,  f ;

y ,  =  3 . 1 4 1 5 9  j

a  =  0  . 1 4 1 5 9 ;

d  =  . ? 0 7 0 0 0 ;



376

I
J

Results:

d =

I  . 1 4 1 5 9 0
2
0 . ? 8 5 3 9 8
0  . 1 4 1 5 9 0
- 2

0 . 5 6 6 3 6 0
0 . ? 0 ? 0 0 0
0
0 , 7 0 ? 0 0 0

fsign
#include <math.h>

signed char fsign(float x);

Returns: 1, 0, or 1 if ;ris negatir,€, zero, or posidve, respectivdy

See vS?.

ftoa
#include <stdlib.h>

void ftoa(float n, unsigned char decimats, char *str);

Thelaa function converts the floating point value z to its ASCII character string equi -
Ient. The value is represented with tlre specitred number of decimal places. The string ß
stored at the location specified by *srr Take care to ensure that the memory allocated for rl,.
is large enough to hold the entir€ lulue plus a null-temimting chrracter.

Returns: None

* tnc lude <nesa16.h>

+ i n c t u d e  < s t d i o . h >

+  i n c l u d e  < s t d 1 i b . h >

/ '  quar tz  c rys ta l  f requency  [Hz ]
+ d e f i n e  x r a l  ? 3 7 2 0 0 0 L

/*  Baud .a re  * /

+def ine  baud 9600

/ /  th is  to inc lude putchar  and pr inr f l



w h i l e  ( 1 )

t

J

Results: The USART transmits, at 9600 baud,
- h F  I  o ä  i n g  p o i n E  v d l u e  i s

1 2 4 1 0 . 5 5

ftoe

#include <stdlib.h>

void ftoe(float n, uflsigned char decirnals, char'str);

Thefae function converts the floating point ralue z to its ASCII character string equiva
lent. The valu€ is regesented as a mantissa with the specif,ed number ofdecimal places and
an integ€r power of 10 exponent. The string is stored at the location specified by trl: Take
care to ensure that the memory allocated for rt is large enough to hold the entire rdue plus
a null terminatins character.

Returns: None
+inc lude <nega16.h>

+ inc lude <s td io .h>

+ inc lude <s td1 ib .h>

/ *  quar tz  crysta l  f requency [Hz]
#def ine xra l  7372000L
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/ /  E l r i s  to  inc lude pu tcbar  and pr in t f !

vo id  na in  (wo id)

c h a r  n y s t r [ 1 1 ] ;

/ t  in l t ia l i ze  the  USART'S baud ra te  * /

UBRRH=0x00;

UBRRL=XLa1/16 lb .aud 1 ;

/ '  in i t ia l i . ze  the  USARt  cont ro l  reg is te i

RX & I 'X  enab led ,  no  in te tup ts .  I  daEa b i l s  * /

UCSRÄ=0x00;

UcsRB=0xD8;

UCSRC=0x86;

f t o a  ( 1 2 4 7 0  . 5 4 7 0 3 1 ,  2 , n y s t r )  ;
p u t s f ( ' T h e  f l o a t i n g  p o i n t  v a l u e  i s :  " ) ;
purs (nysrr)  ;
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/ *  Baud ra te  * /

+def ine  baud 9600

vo id  na in  (wo id)

/ *  in i t ia l i ze  the  USART'S taud ra te  ' /

UBRRL=XIä1 /16 /baüd-1  ;
/ *  id i t ia t i ze  che USART conr lo1  reg is te r

RX & TX enab lea l ,  no  in le r ruprs ,  I  da ta  b i rs  * /

f  E o e ( 0 , 0 0 1 2 4 7 , 2 , n y s t r )  ;
p u E s f ( " T h e  f t o a t i n q  p o i n r  w a l u e  i s :  " ) ;
pu ts  (nys t r )  ,

, h i 1 e  { 1 )
{
)

)

Results: The USART transmits, ar 9600 baud,

" - c  f l o d r j n g  p o i . r  v d L u p  j s :

I . 2 5 e  a

getchar

#include <stdio.h>

char getchar(void);

The griclar function is a standard C languäge VO tunction, but it has been adapted to work
on embedded microcontrollers with limited resources. The garrlar fimctioo rcturns a charac-
ter received by the USART This function uses polli ng to gei the ch aracrer from the USART.
As a result, the firnction wais indefinitely for a character to be received before retuming.

Prior to this function being used, the USART must be initialized and the USART receiver
must be enabled.

Ifanother peripheral is to be used for receiving, the gexbar tuncior. czn be modi6ed ac-
cordingly. The source for this firnction is in the srdio.h fle.

Ifyou want to replace the standrrdlibrary gexbarwith your own venion, you must do three
things. First, you must phce the new gethar fitnction in rhe .r 6le before including the
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standard library. Second, you must follow the new geftlrar Ä]J'clion v'itll n defnition state-
ment telling the compilet to ignorc ^r'y othet getetal frmctions that it 6nds. Finally, include
the standud library Put togethet the code might appear as

char  se tcbar  (vo id )

I
/ /  you. getchar rout ine statenentss here

]

+dEfiNE ALTERNATE GETCHAR

+ i n c l u d e  < s t d i o . h >

/ /  the  res t  o f  Lhe source  f i le !

The standatd gexbar| rcturns: char received by the USART

+include <nesa16.h>
+ ! n c l u d e  < s t d i o . h >

'  q u d ' .  z  c J l s r a l  f r a q u e n . y  t H z l  ' /

+ d e f i n e  a t a l  ? 3 ? 2 0 0 0 L

/*  Baud ra te  * /

#def ine  baud 9600

vo id  na in (vo id )

{

, / *  in i t ia l i ze  the  USART's  baud ra te  * /

UBRRE=0x00;

/ *  in i r ia l i ze  the  USART cont ro l  reg is te r

Rx & Tx  enab led ,  no  in te r rup ts ,  a  da ta  b i ts  * /

UCSRA=0x00;

UCSRB=0xD8;

UCSRC=0x8 6 ;

w h i l e  ( 1 )

t
/ *  .ece ive  the  charäc ter  * /

k = q e E c h a r O ;

/ *  and echo i t  back  t /

pu tchar  (k )  ;

]

Results: Characters received by the USART are echoed back out ofthe USART until power
is removed from the processor.
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*gets

#include .stdio.h>

char *gets(char *str, unsigned int len);

The .gerr function reads characters ftom the USART usingthe getcharfaac:jon until a new
line chancter is encountered and places them in the string pointed to by Jlx The newl.ine
character is replaced by \0'and a pointer to srr is retumed. If&z characters are read before
the newline character is read, then the fnction terminates the string strwith '\0' and retums.

Prior to this fünction being used, the USART must be initialized and the USART receiver
must be enabled.

Returns: Pointer to the string rrr

# inc lude <neqa16.h>

+ inc tude <s td io .h>

/ *  quar tz  c .ys ta l  f requency  tHz l  ' /

+ d e f i n e  x r a l  ? 3 ? 2 0 0 0 L

/*  Baud ra te  * /

+def ine  baud 9600

vo id  na in  (vo id )

1
c h a !  y o u !  n ä m e t l l l ,  / /  t o o n  l o r  l 0 . h -  s  p l u s  t e . a i n " ( i o r

/ *  in i t ia t i ze  the  usaRT's  baud ra te  r /

UBRRH=0x00;

UBRRL=xra t /16 /baud-1  ;
/ *  in i t ia t i ze  the  USART cont ro l  res is tser

Rx & Tx  enab led ,  no  in te r rup ts ,  8  da la  b iEs  r /

U C S R A = 0 x 0 0 ;

üCSRB=0xD8;

UCSRC=0x86;

p u L s I ( " P ] e a s e  a n r e r  y o u r  n e e  d n d  p  e s s
p u r s f  ( . ( o n t y  1 0  c h a r a c t e r s  a r e  a l l o w e d ) \ r , , ) ;
g e E s ( y o u r  n a n e , 1 0 ) ;  / /  u p  t o  1 0  c h a r s !
p ! i n E  f  { "  H i  g s  !  \ n  \  r ' ,  y o u  r _ n d e  }  .

{
)
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Results: The USART transmits the prompt for a name:

Please enler your nane anal press return-
(OnLy 10  charac ters  a re  a l rowed-  )

Then the microprocessor raaits for either a newline chäracter or 10 chamct€rs to be received

by the USARL Assume the sting lane Doe" is received followed by the newline charac-

tcr The following is transmitted:

Hi  Jane  Doe  !

381

gr^y2binc, gr^Y2bin' SraY2binl
#include <gray.h>

unsigned char gray2binc(unsigned ch,r n);

unsigned int gray2bin(unsigned int n);

unsigned long gray2binl(unsigned long n);

The gray2bin functions convert the Gny-coded decimal value z to a binary coded mlue'

Gray coäes were developed to prevent noise in slstems where analogto-digital-conversions

*"re being p.tformed. Gray codes have the advantage over binary numbers in that only one

bit in the iode changes between successive numbers The gmy2bin functrons gral2bne'

gray2bin, and, gral2bint are tailored for unsigned char, unsigned int, and unsigned long var

ables, respectively.

Table A-7 ir,the bin2gray function description lists the Gray codes and their binary equiv-

alents for values 0 through 15.

Returns: Binary r"alue of z

+ iEclude <erray. h>

i
uns lgned char  q lay-cha! ,  b in -cha! ;

g lay-cha!  =  OxO4,  / r  s ray  representa t ion  o f  dec ina l  7  * /

o i  _ . h ä r  -  o r d y 2 b i n ( o t d y  . h d ! )  i

I

]
)

Results: bin char =

id te

#include <sleep.h>

void idle(void);
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The //e function puts the AVR mrcrocontroller into idle mode. The 6mcnor. nee?_enabk
must be cälled prior to this function being used.In idle mode, the CPU is stopped, but the
timervcounters, watchdog timer, and t]rc interrupt s'stem continue to run. As such, the
microcontroller can wake up ftom either idtemal or er.temal interupts. Upon raking up
from an interrupt, the MCU executes the intemrpt and then continues executing at the
instruction following the sleep command (called by the idlz lhnction).

Returns: None

See slee, erurble fot a code example.

isalnum

#include <cqpe.h>

unsigned char isälnum(char c);

The ialnum funcircntests r to see if it is an alphanumeric character.

Returns: 1 ifr is alphanumeric

+ i n c l u d e  < c ! t p e - h >

{
- , s ' o  c d  . h - .  . _ d l n u m _ . _ a q ,  d . d l r u n  I ] d q r

c_a1nun_f laq  =  isa lnu(  1  ) ;  / /  les l  rhe  ASCI I  va lue  o f  1  (0x31)

d_a lnun_f laq  =  isa lnun(1) ;  / /  les r  rhe  va lue  1

{
)

J

Results:

c  a lnun f lag  =  1

d-alnun-flas = 0

isalpha

#include <cgpe.h>

unsigned char isalpha(char c);
'fhe isalpha fuiclton tests r to see if it is an alphabetic character.

Returns: 1 ifc is alphabetic
+include <ctype.h>
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v o i d  n a i n  ( )

I
.  , i q  p d . h d  . _ d l p \ d _ r l d q ,  d _ a l p h a _ r _ d s :

c _ a 1 p h a _ f L a s  =  i s a l p h a ( ' a ' ) ;  / /  E e s t  t h e  a S C I I  c h a r a c t e r  ' a

d _ a l p h a _ f l a s  =  i s a l p h a ( ' 1 ' ) ;  / /  r e s t  t h e  a s c r r  c h a r a c t e r  1

w h i  1 e  ( 1  )

{
)

)

Results:

c  a tpha f lag  =  1

d  a tpha f laq  =  0

rsascrl

#include <cqpe.h>

unsigned char isascii(char c);

The e,a,rii tunction tests r to see if it is an ASCII character. ASCII characters range fiom
0d to 127d.

Returns: 1 ifc is ASCII
+ i n c l u d e  < c t y p e . h >

vo id  main  (  )

{
u n s r q n - o  c h q !  c  d s c i  i  l l d q ,  d  d s . i i  L l c s ;

c  a s c i i  f l a q  =  i s a s c i i (  a  ) ;  / /  t e s t  t h e  A S C I I  c h a r a c t s e r  a

d _ a s c i i , f L a q  =  i s a s c i i ( 1 5 1 ) ;  / /  t e s E  E h e  w a l u e  1 5 3

w h i L e ( 1 )

Results:

c  a s c i i  f l a g  =  1

d  a s c i i  f l a q  =  0

tsc'ntrt
#include <cqpe.h>

unsigned char iscntrl (char c);

The is,zal function tests r to se€ if it is a contol character. Contml characters range fiom
0d to 31d and 127d.
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Returns: 1 if r is a control character
+inc lude <c type.h>

{
unsigned char c- iscnrr l  f las, d_iscnrr l  f lag;
c  i s c n t r l _ f l a s  =  i s c D L r l ( ' \ t ' ) ;  / /  r e s r  r h e  c o n t r o l

/ /  cbaracLet ,  hor izonlaL tab
d  i s c n t . t _ f l a s  =  i s c n t r l ( ' a ' ) ;  / /  t e s t  t h e  A s c I I  c h a l a c r e r  a
w h i  1 e  (  1 )
{
j

Results:
c_iscntr l_ f lag = 1
d_iscnt !1- f1aq = 0

i sd lg l t

#indude <cqpe.h>

unsigned char isdigidchar c);

The isligr'r function tests r to see if it is an ASCII representation ofa decimal digit.

Retums: 1 if r is a decimal digit
#inc lude <clype.h>

t
unsisned char  c  isd ig i t_ f laq,  d isd ig i t_ f las;
c _ i s d i s i E _ f 1 a g  =  i s d i s i t ( ' 1  ) ;  / /  t e s t  t h e  A S C I r  c h a r a c r e r  1
d  i s d i s i t - f 1 a g  =  i s d i S i t ( ' a ' ) ;  / /  t e s t  t h e  A S C r r  c h a x a c L e r  a

t
)

Results:

c  d ig i t  f las = 1
d d ig i t  f tas = 0

islower

#include <cqpe.h>

unsigned char islower(char c);

The ü/oaer function tests , to see ifit is a lowercase alphabetic chrracter
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Returns: 1 if r is a lowercase alphabetic character
+inc lude <c type.b>

{
unsiqned char  c  is tower f lag,  d_is lower f lag;
c- is lower_f laq = is tower(  A ' ) ;  / /  Eesr  rhe ASCrr  characler  r .
d  i s l o w e r _ f l a q  =  i s l o w e ! (  a ' ) r  / /  E e s r  r h e  A S C r r  c h a r a c t e r .
w h l 1 e  ( 1 )

I
)

J

Results:
c  is loFer  f laq  =  0
d  isLower  fLag =  1

i sp r in t

#include <cgpe.h>

unsiped char isprint(char c);

The lrynzr function tests , to see if it is a pintable character- Printable chuacters are be
tween 32d and 127d.

Returns: 1 if r is a printable character
+inc lude <c lype.h>

uns iqaed char  c_ isp l in r_ f taq ,  d  i spr inE f lag ;
c _ i s p r i n t  f l a s  =  i s p l i n t ( ' a  ) ;  / /  t e s E  r h e  a s c r l  c h a r a c r e r  a
d _ i s p r i n t  f l a s  =  i s p r i n t { 0 x 0 3 ) ;  / /  t e s E  r h e  c o n t r o l

/ /  charac le r ,  backspace

{
]

l

Results:
c  ispr in t_ f laq  =  1
d  ispr ln !_ f laq  =  0

ispqnct

#include <cgpe.h'

unsigned char ispunct(char c);
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The ispunx nc6on tests r to see if it is a punctuation character- All chrracters that aie
not control characters and not alphanumeric characters are considered to be punctuation

Returns: 1 if r is a punctuation character

+include <ct} .pe.h>

I
unsigned char  c  ispunct  f lag,  aI  ispunct_f1as;
c ispuncr  f laq = ispüct  (  , ' ) ;  / /  test  the ascrr  character ,  coma
d ispuncr  f lag = ispunct(  \c  ) , .  / /  test  rhe hor izonta l  tab

/ /  chataeter
w h i  r e  (  1 )
I

)

Results:

c  ispunct  f lag = 1
d ispunct  f lag = 0

isqrt

#include <math.h'

unsigned char isqrt(ünsigned int x);

Returns: The square root ofthe unsigned integer variable *

See r4.

rsspace
#include <ctype.h>

unsigned char isspace(char c);

The irTace function tests rto see if it is a white space chancter. Characters such as space,
line feed, and horizontal tab are considered white space chascters.

Returns: 1 if r is a white space character
+ inc lude <crype.h>

uns isned char  c_ isspace_f las ,  d l_ isspace_f1as ;

c  i s s p a c e  E l a g  =  i s s p a c e ( ' Ä ' )  j  / /  L e s L  r h e  a s c r r  c h a r a c t e r  A
' ' " " ' ) ;  / t  r c s l  L h a  l - o -  / o l L a  o o

/  |  a l i ä t  ä r t  ä '
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{
)

)

Results:

c isspace f fas = 0
d isspace_f1as = 1

rsupper
#include <cgpe.h>

unsiged char isupper(char c);
'fhe isupper function tests r to s€e ifit is an uppercase alphabetic character.

Returns: 1 if r is ar uppercase alphabetic character
+inc lude <c type.h>

t
u _ s  g n - d  . h -  c _  s u p p e !  t l a g ,  d  i s u p p e . _ '  

_ d q i

'  ' . . o o e ' _ f l " q  -  i s u p p p ! {  A ' l '  / /  l e s .  r h e  A S C L r  ( h d ! d ^ r p !  A

d  - . o o - ' _ - l - o  -  ' s u p p e ! {  d  l ;  / /  l c s l  t h a  A S C , r  c h q ! a ^ c e r  a

{
)

J

Results:

c- isupper f lag = 1
d_isupper f tag = 0

i sxd lg l t

#include <cq.pe.h>

unsigned char is{digit(char c);

The i*/ig:r tunction tests r to see if it is ar ASCII representation of a ha'radecimal digit.

Returns: 1 ifr is a hexadecimal digit
+ i n c l u d e  < c l y p e . h >

uns igned char  c_ isxd iq i t  f taq .  d  i sxd is i t_ f1as ;
c  i s x d i g i t  f t a q  =  i s x d i q i r (  a  ) .  / /  t e s t  t h e  a s c l l  c h a r a c r e r  a
d  isxd ig i t_ f laq  =  isxd is i r {  z  ) ;  / /  tes t  the  asc l l  charac tser  z
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{

)

Results:

c  i s x d i q i E  f l a q  =  1
d isxdiq ic  f lagr  = 0

i toa

#include <stdlib.h>

void itoa(int n, char *str);

The r'raa function converts the signed integer value z to its ASCII character string equiva-
lent. The string is stored at the location specified by *rt Take care to ensure tlat tle mem-
ory allocated for rlr is large enough to hold the entirc ralue plus a termination character.

Retuns: None

+include <neqra16.h>
+lnc1ude <s td io .h> / /  Eh is  to  inc lude pu tchar  and pr in t f !

+ inc lude <sEd l ib .h>

/ *  quar tz  c lys ta1  f reqoency  lEz l  ' /

+ d e f i n e  x E a l  7 3 7 2 0 0 0 L

/*  Baud ra te  + /

+def ine  baud 9600

woid  na in {vo id )

t
cbar  nys t .  [10 ]  ,

/ "  id i t ia l i ze  the  UsART's  baud ra te  * /

üBRRE=0x00;

üBRRL=xta l /16 lbaüa l -1  ;
/ *  in i t la l i ze  the  usÄRT cont ro l  reg is te r

Rx & Tx  edab lea l ,  no  ln teüupts ,  a  da ta  b i ts  * /

UCSRB=0xD8,

UCSRC=0x86,

i t o a ( - 1 2 3 1 , n y s t r ) ;
p u t s f  ( ' T b e  v a t u e  i s :  \ r "  )  ;
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0 h i 1 e  ( 1 )

I
]

)

Results: The USART trarsmits, at 9600 baud,
The wa lue  is :
-123L

l abs

#include <math.h>

unsigned long labs(1ong x);

Returns: Absolut€ value of*

See abs.

ldexp

#iadude <math.h>

float lderp(float x, int expon);

The /1ex2 functior calculates the value of* multiplied by the result of2 raised to the power

RetuJns: ,' * 2*P'"
+inctude <narh.h>

t

new va1 = la lexp (5,3)  ;

whi  1e (  1)
{
I

)

Results: aew-val = 5 *23 = 40

lmax

#include <math.h>

long lrnax(long a long b);
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Returns: Maximum value ofa or ,

#indude <math.h>

long lmin(long a, long b);

Returns: Minimum value ofa or ä

See min.

t"s
#indude <math.h>

float log(float x);

The /ag tunction calculates the base a or nanral logarithm of the Ooating point value r. ;r
must be a positive, nonzerc value.

Returns: log(x)

+inctude <maEh.h>

t

new_va l  =  1oer15)  ;

wh i  le  (  1 )

{
)

J

Results: new val = 1.609

l og lO

#include <math.h>

float log10(floatx);

The /ag70 function calculates the base 10 logarithm ofthe foating point value r. r'r must be
a positive, nonzero value.

Returns: loglO(x)

+incLude < f tach .  h>
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f loa t  nev  va1;

n e w  v a 1  =  1 0 9 1 0  ( 5 )  ;

w h i  1 e  (  1 )

I
)

)

Results: new val = 0.699

lsign
#include <math.h>

signed char lsign(1ong x);

Returns: -1, 0, or 1 if .r is negatirc, zero, or positive, respectively

See s/3a.

lsqrt
#include <math.h>

unsigned int lsqrt(unsigned long x);

Returns: The square root ofthe unsigned long variable *

See sgrt.

I toa

#include .stdlib.h'

void ltoa(long n, char *str);

The äaa function converts the long signed integer value z to its ASCII character string
equivalent. The string is stored at the location specified by ta Take care to ensure that the
memory allocated for srr is large enough to hold the entire value plus a null-terminating
character.

Returns: None

+incLude <nega16.h>

+ incLude <s td io .h> / /  Eh is  to  inc lude pu tchar  and pr in t f l

+ i n c l u d e  < s t d l i b - h >

/ *  quar rz  c rys ta l  f requency  [Hz ]  * /

+ d e f i n e  x E a L  7 3 ? 2 o o o l -
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/ *  Baud rare * /

+def ine baud 9500

void main {void)
I

c h a r  m y s E r t l l l ;

/ *  in i t ia l ize Ehe USART's baudl  rate * /

UBRRH=0x00;
UBRRL=xta l /16lbaud-1 ;
/ '  in i t ia l ize the gsART cont .o l  regis ter

Rx & Tx enableal ,  no in tedupts,  I  dara b i ts  * /

UCSRÄ=0x00;
UCSRB=0xD8;
UCSRc=0x86;

l t o a ( 1 2 0 0 3 1 , n y s t r ) ;
p u L s l  { " r h e  l o n q  s i g n e d  i n r e g e !  v a l u e  i s :  _  )  i
Puts (nystr )  ;

w h i l e  ( 1 )

t
J

)

Results: The USART transmits, at 9600 baud,
T h e  _ o - 9  

s i s n e d  i n l e s e t  v d l u e r s :

t 2 a a 1 1

malloc

#indude <stdlib.h>

void *malloc(unsigned int size);

The nallor fu;;,cnor' dlocates a memory block in th€ heap with the length oflize bytes. On
retufn, the fünction retums a pointer to the start of the memory bloclq which is filled with
zercs. The allocated mernory block occupies rizr+4 bytes in the heap. This must be taken
into account when specifying the heap size in the ProjectlConf,grrelC Compiler Code
Generation menu.

Returns: If successfirl in finding contiguous free memory with sr'ze b1tes, returns a pointer
to the memory block. Ifunsuccesstu! returns a null pointer.

+include <nega16.  h>
/*  inc lude the standard input /ourput  l ibrary * /

# inc lude <std io.h>
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/ *  inc lude rhe  var iab le  1ens tsh  argunent  l i s ts  nacros  * /

+ i n c l u d e  < s t d 1 i b . h >

+ d e f i n e  x r a l  6 0 0 0 0 0 0 L

+def ine  baud 9600

/ /  dec la r ing  a  po in te r ,  bu t  noE reserw iag  memory  fo r  ihe  ar ray l

chax  *s ta r t  cp t r ;

ln r  nemory  s  1ze ;

wo id  na in  (vo id )

t

/ /  Comunica t ion  Parmete .s :  8  Data ,  1  S top ,  No Par i ty

/ /  USART Recetve . :  On

/ /  USART T lansn iE ter :  On

/ /  USART tqode:  Asynchronous

/ /  usaRT Baud raEe:  9600

UCSRA=0x00;

UCSRB=0xD8;

UCSRC=0x86;

UBRRH=0x00;

t
p u t s f ( i \ n \ r H o w  n u c h  n e m o r y  s h o u t d  I  f i l l ? ( E N T E R ) \ n \ r ' ) ;
i J  ( s . - n r  ( " $ d ' , ! m e - o ! y  s i z e )  l -  - I )

t
i f  (nenory_s ize  <  (  HEAP SIZE -  4 ) )

{
p r i n t f  ( ' \ n \ r T h a n k s ,  I '  t t  t l y ! \ n \ r " ) ;

/ / Lry Eo .teE enough menoly

s ta r !_cp ts r  =  mat loc  (neno.y  s ize) ;
. p l  r  -  s t d r t  c p l  ! ;
i f  (cp t r  !=  NITLL)

{
p r i n t f  {  "  \ n \ r l n i t i a l  V a l u e s !  \ n \ ! "  ) ;
fo r  (  i=0 ,  i<nenory_s ize ;  i++  )

t
/ /ptinL the initial value

P r i n t f  ( ' 9 0 2 x  " ,  * c p r r )  ;
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' c p l  r  -  ( . h a r l  i  !  l ;  / /  . h a n g e  t h e  J - l u e

. p L r + + ;  / /  n o v e  t h e  p o  a . e  r o  4 ä - d l

i f  (  (  { i + 1 ) 8 1 0 )  = =  0 )
p r i n t f  (  ' \ n \ r ' )  ;

]
pr in t f  {  ' \n \ r l {odi f lea l  va lues !  \n \ r "  )  ;
cpt .  = s tar f  cptr ;
// print Llle neo valuesl
for  { i=0;  i<nenory s ize;  i++)
t

n n . r  i  r i c . r  v  , t  u e !
p r i n r f (  " 9 0 2 x  ' ,  * c p r r + + )  ;
i f  (  (  ( i + 1 ) * 1 0 )  = -  0 )

p r i n t f ( " \ D \ r " ) ;

J
/ /  f lee the nal loc 'd nenory for  next  t ine!
f ree(srar t_cpEr) ;

J

p r i n E f  ( ' F a i t e d  t o  n a l l o c  c o . r e c t t y . \ n \ r " ) ;

J

I
pr inEf1 \n\ r l teap s ize l in i t  is  gal \n\ r ' ,  I {EAP_srzE_-4) '

t

Results: The USART transmits, at 9600 baud,
How nuch nenory should I  f i l l?{ENTER)

Then it waits until a number is entered followed by a newline character. Once this is re-
ceived (15 for example), it transmits

e h a n k s ,  I ' 1 1  t r y !
In i t ia l  Va lues  I

0 0  0 0  0 0  0 0  0 0  0 0  0 0  0 0  0 0  0 0
0 0  0 0  0 0  0 0  0 0
Modif ied values !
0 1  0 2  0 3  0 4  0 5  0 6  0 7  0 8  0 9  0 a
O B  O C  O D  O E  O F

tnax

#include <math.h>

int max(int a, int b);
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signed char cma-r(signed char a, signed char b);

long lma;r(long a, long b);

The zar tunction returns the maximum ofthe two integer values a arrd / as an integer. The
tnatt, lnax, ndfnax trnctions return the maximum ofthe two signed char, long, and float
values as a sigaed char, long, and float value, respectively

Returns: Ma-rimum r-alue ofa and / sized according to the funaion called

+ i n c l u d e  < n a t h . h >

vo id  main  (  )

t
int  big inL,.
s igned char  a  char ,  t '  char ,  b ig  char , .

biq in t  = max(1200,  3210), .  / /ger  the naximM of  the values
a  c h a r  =  2 3 ;
b char  = 0x7A;
b i q  c h a r  =  c m a x ( a  c h a r , b  c h a r l ;

v h i L e  ( 1 )

t

1

Results:
b i g  i n r  =  3  2 1 0
big cha!  = 0x7A

*mernccPy

#include <string.h>

For the TINY menory rnodel

vo id  *nenccpy(wo ia l  +des t ,  wo id  *s rc ,  char  c ,  uns isned char  n )  ;

For the SMALL memory model:
vo id  *nenccpy ivo id  *des t ,  wo id  *s rc ,  char  c ,  uns iqned in t  n )  ;

The fnuton nenccpl copies at most z bytes ftom the memory location pointed to by rr to
the memory location lr until the character r is copied- The Är and sn memory blocks must
not werlap. memcEy retrns a null pointer ifthe last character copied was e If r is not copied
within the z bytes, then a pointer to the next location in l* (which is calculate d as dst + n + 1)
is retumed.
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Returns: Null pointer if r is copied to /s4 otherwise rctums l'l+z+1

+include <str ing-h>

c h a !  i n p u t s t r  [  ]  = ' S 1 1 . 2 + " ;

char  ouEputst r l  [6 ]  ;
char  ouEputst r2 [6]  , '

vo id nain (void)

I
a  =  n e n c c p y ( o u l p u t s t r 1 , i n p u t s t r ,  . , 3 )  ;
b  = nenccpy (  outputst r2 ,  inputst r ,  .  ,4) ;

w h i l e  ( 1 )

{
)

)

Results:

o u t p u E s t r l  =  ' S  1 1 '
a  =  o u t p u t s t r l  +  3  +  1  =  & ( o u t p u t s t r l l 4 ] )
o u ! p u ! 6 t r 2  =  " S 1 1 . '

c h a r  l n p u L s t r [  ]  =  " $ 1 1 . 2 # ' ;

vo id  na in {vo id )

t

*memchr

#include <string.h>

For the TINY memory model:

woid  *nenchr (wo id  *bu f ,  uns ie 'ned char  c ,  uns iqned char  n ) ;

For the SMALL memory model
vo id  *nench! (vo ia l  t t ' u f ,  uns igned char  c ,  uns igned in l  n ) ;

Tl,e foactior' nemcltr searches memory starting at the location Pointed to by dfor the first
occunence ofthe character r or until z bytes har.e been searched.Ifr is fouÄ Ä buf with\n

z bytes, a pointer to r is returned. Ifr is not found, a null pointer is retr-rned.

Returns: Pointer to the chancter cÄ tuf tf tis fotnd; otherwise NULL is rcturned

+ i n c t u d e  < s L r i n q . h >
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Results:

a  =  n e n c h r  { l n p u l s t r ,  ' . ' , 3 ) ;

b  =  n e n c h r { i n p u E s E ! ,  . , 5 ) , .

v h i l e  ( 1 )

I
]

)

a = NuI,L

b  =  & ( i n p u r s t r [ 3 ] )  =  " . 2 + '

char  inpu ls t r1 [  ]
c h a !  i n p u t s E r 2 t l  =  " n a n e  b ' ;

vo id  na in  (wo id)

t
s isned char  a ;
s igned char  b ;

s igned char  c ,

memcmP, memcmPl
#include <string.h>

For theTINY memory model:

s isned char  nencmp{vo id  * tu f1 ,  wo id  *bu f2 ,  uns isned char  n ) ;
s isned char  nencnpf (vo id  *bu f1 ,  wo ia l  f tash  *bu f2 ,  uns lgned char  n )  t

For the SMALL memory model:

s isned char  mencnp(vo id  *b ,u f1 ,  wo id  *bu f2 ,  uns isned in t  n ) ;
s isned char  nencmpf  (wo id  *bu f l ,  wo id  f tash  *bu f2 ,  uns lsned in t  n ) ;

The functions nenmp ^nd nerrlcn?fcompare the contents of the memory pointed to by
ba|l to the memory polnted to by b P orcbyte at a time. The functions return aftff com-
paring two unequal bltes or after z bltes are compared, whichever comes 6rst.

Returns:

. siSned char < 0 if +buF, < *brrf2

. signed char = 0 if *buf, = *buf2

. siSned char > 0 if *bufl > *buf2

+ i n c l u d e  < E t r i n q . h >
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a = mencmp (  inputsLr l ,  inputsr !2,5 )  ;
b  = nencnp (  inpulst r1,  inputsEr2,6 )  ;
c  e m c m p a  l  i r p u L  s t  '  l  ,  a a m e  I  " ,  6 )  :

w h i l e  ( 1 )

)

Results:

c  =  0 x 3 0

*memcpy, *memcpyf

#include <string.h>

For the TINY memory nodel

. o  d  , m - m c p y ( v o i d  , d e s . ,  v o i d  r s r . i  u n s  q a c d  t r ä .  - ) ,

For the SMALL memory modd:

. o ' d  , m - m . p y { v o i d  ' d p s L ,  v o i d . s r . ,  u n s i g n e o  i - r  n , j

For either model when src is in FLASH:

v o i d  ' m e m . p y r r v o i d  * d e s L ,  v o i d  ' s . . ,  u n s i q n e d  i n -  n r  j
'fhe fwctions nenEl and nenqyfcopy n bytes ftom the memory location pointed to by
,/. to th€ memory location point€d to by Äi For the funaion nenE , the .lst znd sn
memory blocks must not overlap- This is not a concen \nrn\ nenE : because the sz. in
flzerncfufmustbelocated in FI-ASH. Ifthe memory blocks do overlap, use rz enmare irctezd
of nemefu.

Returns: Pointer to larr

c h a r  o u t p u t s t r [ 6 ] ;

c h a r  o u t p u t s t r f [ 6 ] ;

vo id  na in  (wo id)

{
a = nencpy (oucpursLr,  inpuLsLr+l,4 )  , .
ourputsL![4]  = \0 ;  / /  nu11 Lerninate our new st l ins
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Results:

*memmove

#include <stringh>

For the TINY memory model:

v o ' o  ' D - m o v F ( v o i c l  ' o e s L ,  v o i d  s r c ,  u n s i q n e d  . l - d  ) :

For the SMALL memory rnodel
vo id  hemowe(vo ia l  +des t ,  wo id  *s rc ,  uns igned in t  n ) ;

The nenmose ttnctior copies z bltes from the memory pointed to by srr to the memory
pointed to by /eri Unlike nenry t}:'e 're a d da$ nay overlap when callt'].g memmove.

Returns: /rst
+incLude <str inq-h>

b  =  n e n c p y f  ( o u t p u t s t r f , ' H e 1 1 o  w o r l a l ! ' , 5 )  ;
o u t p u t s t r f [ 5 ]  =  ' \ o ' r  / /  n ü 1 1  t e r n i D a r e  o u r  n e w  s t s r i n s l

)
]

o u t p u t s l r  =  1 1 . 2  "

o u t p u l s t . f  =  " H e 1 1 0 '

c h a r  i n p u t s t r l  [  ]  =  " a b c 1 ' ;

vo id  na in  (wo id)

/ /  nove the  s t r inq  one p lace  to  the  r igh t

a  =  nemowe {& ( inputs t r l  [1 ]  )  ,  inpu ts t r l ,3  ) , .

w h i r e  ( 1 )
{

)

Results:
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*memset

#include <string.h>

For the TINY memory model

void *nenser(voia l  *buf ,  unsiqned char  c ,  unsigned char  n)  ;

For the SMALL rnemory modd:

woid  *nenseE{vo id  *bu f ,  uns iqned char  c ,  uns iqned inE n)  ;

The nenset tutcnon Hls z bltes ofthe memory pointed to by r?rfwith the character c

Returns: ,{,f
+include <scr ing-h>

c h a r  i n p u t s c r l  [  ]  = ' a b c 1 " ;

void nain{voiaI )
{

, /  s L d r L i n q  d f t e ' d ,  l i l l  i n  v i - h  s o  e  2 ' s
a  =  n e n s e E ( & ( i D p u r s E r l t l l ) ,  2 , 1 )  ;
w h i l e  { 1 )
t
]

J

Results:

a  =  "  2 2 2 "
i n p ü t s t . 1  =  ' a 2 2 2 '

m t n

#include <math.h'

int min(int a, intb);

signed char cmin(sisned char a, signed char b);

long lmin(long a, long b);

float fmin(float a, float b);

The miz function returns the minimum ofthe two integer ralues a and / as an integer The
enin, lnin, adfnin fitnctions retorn the minimum ofthe two signed char, long, and float
values as a signed char,long, and float lalue, respectively.
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Returns: Minimum value ofa and / sized according to the function called

+inc lude <nath .h>

w o i d  n a i n { )

{
i n t  l i t t t e  i n t ;
sisned char  a char ,  b char ,  l i t t te_chart

l i r t te  lnr  = n in(1200,  3210);  / /c 'e t  the n in i f tun of  the values
a  c h a r  =  2 3 ;
b char  = 0x7a;

i c c l e  h - r  c -  a ( - - c ' d r . b . h ä r ) ;

w h i l e ( 1 )
{

]

Results:

L i r r l e  i n L  =  1 2 0 0
l i t r L e  c h a r  =  2 3

modt
#indude <math.h>

float modf(float x, foat \art);

The zr4tunction splits the foating point numberu into its integer and fractional compo
nents. The fiactional part of r is returned as a signed floating point number. The integer
part is storcd as a floating point number at {azf Notice that the xddtess of the varinble to
hold the integer portioo, not the variable itselq is passed to zouf Both the integer and the
floating point results har"e the sane sign as r

Returns:

. Fractional portion of the ffoadng point number x as a siSned floating point number

. Sets the välue at the address pointed to by *,psra to tie integer part of x

# inc lude <naLh,h>

t
! - o q t  ' r ! e q e  j o r .  i o n ,  l r ä . 1  p o r f i o n j

- ' - c ' - p o J l i o n  
m o c l r {  4 5 , 7 ,  ! i r t F o c , - p o ' r t o  ) r
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Results:

peekb, peekw

#include <mem.h>

unsigned char pee!,b(unsigned int addr);

unsigned int peekw(unsigned int addr);

The peekn nctlon reads the value ofSRÄM at the addtess adnr'lhe peeAu tunction reads
an unsigned integer value from the SRAM at the addre:s addrThe peeAu tunction reads the
LSB 6rst fiom address adlr arrd then reads the MSB of data kom addr+ 1. Values can be
direcdy written to the SRAM by using the 7otuD rnd pokezo f]ur'ctßI's.

Returns: None

See pakeb, paAea for t\e code example.

pokeb, pokew

#include <mem.h>

void pokeb(unsigned int addr, unsigned char data);

void pokew(unsigned int addr, unsigned int data);

The 2o,{e/ tunction writes the value of &rtl to the SRAM at the address addr. ̂ llrLe poke"n
tunction writes the integer ralue oflrra to the SRAM ^tthe ^ddrcss addr.^ttß poAeu tunc-
tion writes the LSB of data frrst, to zd&ess addr and then writes the MSB of /ara to
a1lr+7. Values can be read from the SRAM by uingrJrc peeAb and peeAu ftnctionl

Returns: None

+inc lude <nesa16.h>

+ inc lude <nen-  h>

{
J

'

i n teger_por ts ion  =  45

/ *  the st rucEure a l fa '  is  s tored in  sRAr i l  a t  aalakess 260h * /

unsiqned char  b;
unsigned int  w,

]  a l f a  G 0 x 2 6 0 ;
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vo id  na in  (wo id)

{

unsiqneal int read_w2;

McUcR = 0xc0; // enable external SRÄM with l wai! state

at fa.b = 0x11;  / /  in i .L ia l ize the value at  0x260
a l f a . w  =  0 x 2 2 3 3 ;  / /  i n i t i a t i z e  t h e  v a l u e  a t  0 x 2 6 1

read b = (unsiqneal  in t )  peekl ' {0x260);
r e a d  w  =  p e e k w ( 0 x 2 6 1 ) ;

pokeb(0x260.0xa4);  / /  p lace oxÄa at  address 0x260
pokew(0x261,0xBBcc) ;  / /  p lace oxcc ar  addtess 0x261 and

/ /  oxBB aL address 0x2662

read_b2 =  {uns iqned iD t )  a1 fa .b ;
read_w2 =  a l fa .w;

w h i l e  ( 1 )

{
1

J

Results: reaar_b = oxoo11

read_w = 0x2233
.ead-b2 = 0x00AA
!ead_w2 = oxBBcc

Pow
#include <math.h>

float pow(float x, foat y);

TheTaa function calculates x raised to the power ofy.

Returns: a./

* inc lude <nath .h>

{
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f loat  new wa1;

n e w  v a t  =  p o r ( 2 , 5 ) ;

w h i  1 e  (  1 )
{
)

)

Results: new_val = 31.9

POwerdown
#include <sleep.h>

void powerdown(voiQ;

The 2ouerdown fonc:tron puts the AVR microcontroller into power-down mode. The func-
nor., nee?-enable, must be called prior to this function being used. In power-down mode,
the e*ernal oscillator is stopped, while the ercternal intemrpts and the watchdog (ifenablea)
continue operating. Only an external re.set, a rratchdog reset (ifenabled), or an external level
interrupt can wake up the MCU. Upon waking up from a;r intemrpt, the MCU executes
the internrpt and then continues executing at the instruction folloraing the sleep command
Qanedby pozoerdown).

Returns: None
+ inc tude <meqra16.h>

+ inc lude <sEd io .h>

+ inc lude <s1eep-h>

+ inc lude <de lay-h>

/ r  quar tsz crysta l  f requency [Hz]  * /

+ d e f i n e  x t a l  6 0 0 0 0 0 0 L

/ r  Baud ra te  t /

+def ine  baud 9600

in te r rup l  IEXT_INT1]  wo id  in t l_ is r  (vo id )

p u t s f  (  "  I  v a s  i n E e r r u p t e d ! \ r " ) ;

vo id  na in  (vo id )

t
P O R | D  -  o x F F j  / /  l u r n  o n  i n f e r n a l  p u l -  u p  o n  p .  )

DDRD = 0x00;  / /  make rNTl  {PoRTD p ln  3 )  an  inpuE
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/ /  Loü 1eve1 in le r rup ts  on  INT1

/ /  tu f ,n  on  rNT l  iD ter rup ts

c I c R  |  = 0 x 8 0  '

MCUCR=0x00;

MCUCSR=0x00;

GIFR=0x80;

/ *  in i t ia l i ze  the  I rSAR' I ' s  baud ra te  * /

UBRRH=0x00;

/ *  in i r ia l i ze  the  USART cont ro l  req isLer

RX & TX enab led ,  no  in te r .up ts ,  I  dara  b i ts  * /

U C S R C = 0 x 8 6 ;

+ a s n (  ' s e i " ) ;  /  /  e ^ a b l e  i n t e r r u p r s

sleep_enable( ); // enabte us !o qro tso sleep when {e are readv!

v h i r e  ( 1 )

pu ts f  (  "cood N iqh t  !  \ r "  )  ;
p u t s f ( ' I  a n  q o i n q  c o  s t e e p  u n l i l  y o u  b u s  n e l \ r " ) ;

d e l a y  n s ( 1 0 0 ) ;  / /  v a i !  f o r  s t r i n s  t o  b e  t r a n s m i l E e d !
poweidowno;  / /  enEer  powerdom unt i l  INT1 wakes  us  up

j

Results:

The microprccessor transmits

Rese!  Occuded

Good N igh t  !

I  an  go ing  to  s leep un t i l  you  bus  me!

Theo it enters powerdown sleep mode and w-akes up only wher an INT1 interrupt occurs
by PORTD pin 3 being held 1ow or an extemal reset occüs. Upon waldng up, it continues
executing at the instruction fotlowing the powerdown. Upon waking up, it will transmit the
following continuously while PORTD pin 3 is low:

r  was in terrupted!

The microprocessor continues to run the wh.ile loop until power is removed.

POWerSave
#include .sleep.h>
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r.oid powersave(-oid);

The paarr.raza function puts the A\.R m;crocontrollcr into porversar.e mode. This is a sleep
mode and very slm;lar to the pauenlau fonctron.

Se. pa*dat t t t\is apuendlr for rhe fur, rion us..

See thc Atmcl datashccts for the complete description ofthis sleep mode rs it rpplies to a
particular AVR device. Pol.ersave sleep mode is not available on all AVR devices.

Prf i tttf

#include <stdio.h>

void print(char flash *fmtstr 
l, arg1, arg2,...l);

Thepriailtunction transmits formatted text according to the lormat spe citiets in the Jntstr
string. Thc transmittal is pcrlormed using the pzrr,4ar funcrion. The sta ,ald, putrhar lunc
tjon delaults to transmitting using thc USART. Horvever, it is possible to use an alternate

?ut.har lnnction to red;rect thc data,. Scc ?utüar for details.

The nnplementation of2r;lls a reduced version ofthe standard C tunction.This las nec-
essarydue to the specilic needs ofan embedded system andbecause the full implementation
rvould require r läJge amount ofmemorl space. In ordcr to rcduce codc size, the user can
specif,v what options the Iri,rtis requircd to support lor their spccific application. Thcsc
options can be acccsscd undcr thc ProjectlConfigurelC CompilerlCode Generatior
(s)prindFeatures option.

The format speci6er stringrr.,rrsrr is a constant and must be located in FLASH nemory and
has the lollowing formrt:

l  t f l a q s l  t r i d t h l  t . p r e c i s i o : l  l 1 l  L y p e  c h a .

The optionalr4ags charrcters are:
- Left justifies the result,padd'ng on the right with spaces.lfthis flag is

not present,the result is right-iustified, padded on the lefr with zeroes
or sPaces.

+ Forces a plus or minüs siSn to preceded the numerical value.

(space character) A space character forces a space to precede a positive number lf the
välue to be printed is negative, a minus sign precedes the value.

The optional z,rZ,4 specifier sets the minimal uidth of an output value. If the result of the
conversion is wider than the 6eld lvidth, the freld is erpanded to accommodate the result.
Thc lollowing tr.dr.l specifiers are supported:

n Forces at least n charact€rs to be outPut.Itthe result has less than
n charäcters,then its teld is padded with spaces.lfth€ flag is used,
the resultfleld is padded on the right,otherwise it is padded on
the left.
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0n Forces at least n characters to be outDuc lf the result has fewer than fl
chaiäcters. it is Dadded on tne bft witj' zeroes.

The opircnal2recisian specifier sets the maximal number ofcharacters or minimal number
of integer digits that may be ouputted. 'f\e pmision spedÄet always begins with a '.' in
order to separate it fiom the oi4r9 specifer- The followingprecision speafiers are supported:

.0 Sets the precision to I for üe 'i ,'d ,'u','x . and 'X' 
rype chäracters.

.n Forces n (haracters or n decimal plac€s to be outFr. Specifically for
the'i','d','u',Y, and X conversion type characters, if the value has
fewer than n diSits, tien it is padded on the leit with zeros. lf th€ value
has more tnan n digits, then it will not be truncat€d. For th€ 's' and 'p

conversion typ€ chamcters, no more than r charäcters from the string
are out?ut The'e','E, and f' conversion type charäcters are output with
n diSiB to the riglt oftne decimal poinrThe precision specifier has no
efrect on tie'C conversion type character.

1l no preÄ;an specrfiet is entered, the precision is set to 1 for the 'i', 'd', 'u, x', ard X' con-
version qpe characters. For the t' and 'p' converstior type chrracteß, the char string is
output up to the f,rst null chamcter-

The optional'1' (lower case'I-) input siz,e modifer specifi€r thnt the tunction argument
must be trexted as a long integer for the'i', d, u, x', and )C conversion gpe characters.

The following conversion type chatacters, t5pe cba,t are supported:

c Outputs fie next argumem as an ASCII charac€r

d Outputs the next argument as a decimal integer

i Outputs the next argument as a decimal integer

u Outputs the next argumem as an ünsigned d€cimal integer

x Outputs the next argument as an unsigned ho<adecimal int€ger using
low€rca$ lefters

X Out?uts the next argument as an unsigned hexadecimal integer using
uDDercäse Etters

e Outputs tie next argument as a float formatt€d in scientific notatior -
[-]d.ddddd e[-]dd

Outputs the nqt argument as a float formatted in s€ientific notation,
[-]d.ddddd E[-]dd

Outputs the next arSument as a float formatt€d as l-]ddd.ddddd
OutpuB the next argument as a null t€r"minated character strin8
located in SRAM

Outputs th€ next argument as ä null terminated charäcter string,
locat€d in FTASH

Outputstte%character
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Returns: None
+include <meqa16.h>
+  i n c l u d e  < s E d i o . h >

' |  q u d ! L z  c r y s L a t  t l e q u e n c y  I H z l  r /

+ d e f i n e  x ! a 1  ? 3 ? 2 o o o L

/ i  B a u d  r a t e  * /

*de f ine  baud 9500

vo id  na in  (wo id)

{
uns isned in t  j ;

cha .  c ;

/ *  in i t ia l i ze  tshe  USART's  baud ra re  * /

UBRRH=0x00;

UBRRL=xra l /16 lbaud-1  ;
. r  i n i L i a i  z e  r l - e  u s a R T  c o r r r o l  e q i s ! e r

P x  &  T ' X  a n ä l r l F d ,  n o  i n L e r r u p r  s ,  I  d - r -  b  t s
UCSRÄ=0:00,

UCSRB=0xD8,

UCSRC=0x86,

f o r  (  j  = 0 ;  j  < = s 0 0 ;  j  + = 2 5 0  )

/ /  p l inc  Lhe cu f ten t  wa lue  o f  j

p r i n t f  (  D e c i o d l  :  g u \ L H c x ä d e .  i m d l  :  g \ \  n \ ' ' ,  j .  j  )  :
p r i n t t ( " z F r o  P a d d e d  D F c  i m d  |  :  g o u \ n \ r  ' ,  j ,  '

p l in l f  (  "Four  D ig i t  Lower  case Eexadec ina l :  *04x \ r \n \n"  ,  j  I  ;

]

w h i l e  ( 1 )

{
/ '  L e c e i v e  E h e  c h a l d e t e r  l /

c=qeEchar  O ;
/ *  and echo i t  back  * /

p r in t f  { "The lece iwed charac ter  was  $c \n \ r " ,c )  ;

I
)

Results:

The following is ouput by the microprocessor to the USART at startup.
Dec ina l :  0  Hex ia lec ina l :  0
zero  Padded Dec ina l :  00000
Four  D iq i t  Lowe.  Case Hexadec ina t :  0000
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D e c i m a l :  2 5 0  H e x i d e . : m " l :  F A

zero  Padded Dec ina l :  00250

Fou!  D is i t  tower  Case Hexaa lec ina l :  00 fa

Dec ina l :  500 sex idec inä t :  1F4

zero  Padded Dec ina l :  00500

Four  D iq i t  Loser  Case Hexaa lec iG l :  01 f4

Then any character received by the USART is rransmitted back preceded by the specified
süing. For exanple, if the character t is received, this terct is sent to the transmitter.

The rece ived charac ter  vas  z .

putchaf

#include <stdio.h>

void putchar(char);

The ?axtar Ä\ncrior' ß a standard C language VO firnction, but it has been adapted to work
on embedded microcontrollen with limited resources. The Tutchar fr,rlcttoa t^nsmits ^
character using the USARI This function uses polling to tmnsmit the character using the
USART. As a result, the function waits indefnitely for a character to be transmitted before
renrlnmg.

Prior to this function being used, the USART must be initializcd, and the USART trans-
mitter must be enabled.

If another peripheral is to be used for transmitting, t\e puxbar firnctron cm be modified ac-
cordingl)r The soürce for tiis function is in the stdio.h 6le-

Ifyou want to replace the st lÄardlÄrlry ?uxharwith your own version, you must do three
things. Fifst, you must place t\e new ?ut Iff fnrction in the .r file before including the stan-
dard 1ibrary. Second, you must folow the newprralar function with a definition statement
telling the compiler to ignore zlry oü,er patrtar fincrtons that it 6nds. Finally, include the
standard library. Put together, the code might appear as

vo id  pu tchar  (vo id )

\ o u r  p u t c r d r  r o u L i n e  s l ä l e - e ^ L s  h e . -

]

,  dE f iNE  A - IERNATE PJTCHAR-

+ i n c l u d e  < s t d i o . h >

/ /  E h e  r e s t  o f  t h e  s o u r c e  f i l e !

The st^ndaÄ ?ut.har) rcturns: None
+ inc lude <nega16.h>

+ i n c l u d e  < s r d i o . h >
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/ t  quar tsz crystsal  f requency lHzl  * /

+ d e f i n e  x l a l  7 l ? 2 0 0 0 L

/*  Baud rate * /

+def ine baud 9600

v o i d  n a i n ( v o i d )

{

/ *  in i t ia l i ze  the  UsART's  baud ra te  * /

UBRRH=0x00;

UBRRL=xra l /16 lbaud-1  ;
/ *  in i t ia l i ze  the  USART conts ro l  res is tser

R X  &  T x  e a d b l ^ d ,  r o  i n l - '  r u p t s ,  I  d d . "  b i  s
UCSRA=0x00;

UCSRB=0xD8;

U C S R C = 0 x 8 6 ;

0 h i 1 e  ( 1 )

I
/ *  rece iwe the  charac ter  * /

k=qerchar  o  ;
/ *  and echo i t  back  * /

pu tchar  (k )  ;

t

Results: Characters receir.ed by the USART are echoed back ftom the USART until power
is removed from the processor-

Puts
#include <stdio.h>

void puts(char \tr);

The 2zr function transmits the string srr using the stndaÄ puxhar function, or an alter
nate ?utchar tur'cnon tf one has been defned. The string must be nul1-terminated. A new-
line character is appended to the end ofthe string when it is trnsmitted. Finally, the string
must be located in SRAM. (See pz4ffor strings 1ocäted in FI-ASH.) The ?utehar ncnon
defaults to transmiaing characten using the USART.

Returns: None

+inc lude <neqa16.  h>

+ i n c l u d e  < 6 E d i o . h >
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/ *  quar lz  c rys la1  f requeocy  [Hz ]  * /

+ d e f i n e  a t a l  ? 3 ? 2 0 0 0 L

/*  Baud ra te  * /

#def ine  baud 9600

c h a r  h e l t o _ s t r [ ]  =  " H e 1 1 0  W o r l d ' ;

vö id  na in  (vo ia t )

t
/ *  in i t ia l i ze  the  UsART's  baud ra te  * /

UBRRH=0x00;

UBRRL=ata1 /16 lbaud-1 ,

"  i n :  i ä l i z e  L h e  U S A P T  c o n L r o l  r e q i s t e '

P X  &  T x  p n a b l e d ,  n o  i n l e r r u p . s ,  8  d d ! "  b i r s '
UCSRA=0x00;

UcsRB=0xD8;

U C S R C = 0 x 8 6 ;

puts ihet to s t r )  , .
v h i l e  ( 1 )

I
J

Results: "Helo World", with line feed but not cafüage retrrrn, is transmitted using the
USART.

putsf
#include <stdio.h>

void puts(char flash ttr);

The 2zrsrffunction transmits the contant stdng rf/ using the standardT*riar function, or an
aTternate putchar frncaon if one has been defrred. The string must be null-terminated. A
newline character is appended to the end ofthe stinA when it is transmitted. Finally, the
string must be located in FLASH. (See7* for strings located in RAM.) 'lhe paxltar flnc-
tion defaults to transmitting characters using the USART.

Returns: None

+inc lude <neqa l6 ,h>

+ i n c l u d e  < s l d i o . h >

' q - -  r z . r y s r d l  I r e q u e n c y  l H z l  ,

+ d e f i n e  x t a l  7 3 7 2 0 0 0 L
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/ ' B a u d  r a c e  * /

#def ine  baud 9600

c h a r  f l a s h  h e l 1 o  s t r [ ]  =  ' E e l l o  w o ! 1 d " ;

vo id  main  (vo id )

/ *  ln i t ia t i ze  the  USART's  baud ra te  * /

UBRRH=0x00;
r_ tBRRL=xra1/16 lL 'aud-1 ;

/ *  in i t ia l i ze  the  USART conr ro l  leq is re i
RX & TX enab led ,  no  in tser rup ls ,  a  daLa b i ts  * /

UCSRA=0x00;

UCSRB=0xDa;

UCSRC=0x86;

p u r s f  ( h e 1 1 o  s L . )  ;
w h i l e  ( 1 )

{
]

J

Results: "Hello World', with line feed but not carriag€ rctum, is transmitted using the
USARII.

rand

#include <stdlib.h>

int rand(void);

The razl function retuns a pseudo-random numb€r between 0 and 32767.

Returns: None
+inc lude <neqa16.h>

+ inc lude <s td io .h> / /  th is  to  inc lude puEchar  and pr in t f l

+ inc lude <s td l ib .  h>

' o r e r i z  c l y s E a 1  f l e q u F n . y  I P z ]  ' /

# d e f i n e  x ! a 1  7 3 ? 2 0 0 0 L

/*  Baud ra te  * /

+def ine  baud 9600

vo id  main  (vo id )
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/ *  in i t ia t i ze  the  USART's  I raud ra te  * /

UBRRH=OXO O;
UBRRL=xra1/  16 /baud 1 ;

/ *  in i t ia l i ze  the  USART cont ro l  res is re r
Rx & Tx  enab led ,  no  in le fuupts ,  a  dara  b i ts  ' /

pu ts f ( "EnLer  a  seed va lue  fo l lowed by  ENTER.  " ) ;
s c a n f ( " 8 d \ n ' . & s e e d ) ;

s rand(seed) ;  / /  seed the  seneraror

pu ts f ( " \n \ rsedd any th i4s  to  ge t  a  pseua lo- rddon Nrnbe! ! \n \ r ' ) ,

w h i l e  ( 1 )

{
qetcharO; / /  th is  wi l l  re turn when SOMETHING is  received
rand nun = rand o ;
P r  . r (  t d \ '  \ t  , r ä n d  " - m ) ,

)

Results: The USART aansmits, at 9600 baud,
Enter  a  seed va lue  fo l lovea l  by  ENTER.

Once a value is entered, the followiag is printed:
Send any th inq  to  qeb a  pseudo randon nunber !

Upon the receipt of any character by the USAR], the next random number is transmitted.
Notice that ifyou start with the same seed, you get the same number sequence cach time.

reatloc

#indude <stdlib.h>

void *realloc(void .ptr, unsigned int size);
'fhe 

reallac tunctiol changes the size ofa memory bto& previously allocated in the heap by
nalloc or olloc The size argument specfies the new size ofthe memory block. On succe"",
the function retuns a pointer to the start ofthe newly allocated memory b1ock, the contents
of which are a copy of the previously allocated block of memory. If the newly atlocated
memory block is larger in size than the old one, the size difference is not fllled with zeros.
The allocated memory block occupies size+4 bytes h the heap. This must be taken into
äccount when specifying the heap size in the Project I Conf,gure lC Compilerl Code Gener-



Retums: If successfirl in finding contiguous &ee memory with rize blres, returns a pointer
to the memory block- Ifrnsuccessfrrl retur-ns a null pointer.

v o i d  m a i n ( v o l d )

{

cpt .  :  NULL;  / /  in i t la ) , i ze  the  po in rers  Eo nu t l !
s ta rE cp t r  =  NULL;

/ /  USART in i t ia t i za t ion

/ /  cormun ica t ion  parmerers :  8  Datä ,  1  s rop ,  No par i ry

/ /  USAR' I  Rece iver :  On
/ /  USART Transn i t te r :  oD
// USART Moale: Asynch.onous

/ /  USART Baud ra te :  9600

UBRRL=xta l  /16 l t 'aud-1  ;

w h i r e  ( 1 )

{
putsf  ( '  \n\r l row nuct l  nenory st toutal  r  f  i l l  ? (Er,rTER) \n\r  "  )  ;
i f  ( s c a n f ( " s d . , & n e n o r y  s i z e )  ! =  - 1 )

{
i f  (nenory  s ize  <  (  F tEAp_StzE -  4 ) )
t

p r i n t f  (  "  \ n \ r l , h a n k s ,  t , 1 1  t r y ! \ n \ r , , ) ;

// t.y Eo geL enough nenory
i f  (sEart  cptr  == NULL)

6ta! t  cptr  = mal toc(nenory s ize) ;

s lar l  cpt r  = real loc (sEarr  cprr ,nenory s ize)  ;
cptr  = s ta. t_cptr ;
i f  (cp l r  != NUIL)
{

p r i n E f  ( . \ n \ r r 4 i r i a 1  v a l u e s :  \ n \ . ,  )  ;
f o r  ( i = 0 ,  i < n e n o r y  s i z e ; i + + )
{

p r i n t f  ( " S 0 2 x  " , i c p a r ) ; / / p r i n r  t h e  i n i r i a l  v a t u e
*cp t r  =  (char ) i  +  1 t  / /  chanse the  vaLue
cpt r++;  / /  nove Ehe po in te !  fo rward l
i f  (  {  { i + 1 )  s 1 0  )  = =  o )
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p l i o c f ( ' \ o \ r ' ) ;

J
p r i n r f  ( ' \ n \ r M o d i f i e a l  v a l u e s ! \ n \ r " )  ;
cpt r  = s tar i  cpt r ;
/ /  pr in t  the new values!
f o r  ( i = 0 ;  i < m e n o r y  s i z e ;  i + + )
{

/ /  pr in t  rhe nodi f iea l  va lue!
p r i n E f  (  "  * 0 2 x  " .  * c p E ! + + ) ;

i f  (  (  ( i + 1 ) 8 1 0 )  - =  0 )
p r i n t f ( ' \ n \ r ' ) ;

)
)

)

t
p r i n t f ( ' \ n \ r H e a p  s i z e  1 i ( i t  i s  g d \ n \ r " ,  H E A P  s r z E  - 4 ) ;

)

l
/ /  i f  ve were going on to a lo other  th ings we woü1d ' f ree '  the
/ /  nenory here!
f r e e { s t a r t  c p t r ) ;

)

Results: The USART transmits, at 9600 baud,

Then it waits until a number is entered follow€d by a newline character Once this is re-
ceir,ed (15, for example), it transmits

T h a n k s ,  I ' 1 1  t r y l

In i t ia l  va lues  I

Mod i f ied  va tues  !

0 1  0 2  0 3  0 4  0 5  0 6  0 ?  0 8  0 9  0 a

OB OC OD OE OF

Note that the :r/s above represent the fact that these values are dependent upon what was
preuously in the memory locations allocated usirg rcal/ae

scanf

#include <stdio.h>

signed char scan(char flash 'fmtstr);
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The srazlfunction inputs r,alues from a text string according to the format speciiers in the
,4zrvr string and places the values in memory locations also specified by,4zfr: The fomat
ting section ofther8rtrt string is enclosed in quotes and uses format specifers, listed below,
to tell rcd?twhat kinds ofvalues are to be read. Th e secoid p:ut of fmß/r Lsts the addresscs
ofwhere the read values are to be stored.

ATTENTION! It is imporrant to always speci8/ a I'o;nter .o thevarj^bte to receive the value
in the futstr of the s nf tunction, zarthc variable itself. Failing to pass pointers to the rca4f
function causes erratic results, because values are beine stored in the mimorv locations ,c
lated to the r,alue of the variable passed instead of bein! stored at the addrc* äftbe var;aore.

The receiving of characten is performed using th e gexhar tuncioa.-lhe g,:tbal tunction de-
fanlts to receiving using the USART Arr alternate sexbarfancion czibe deEned to receive
rh< dara fron an alrernare "ource. See grrr,6ar for ditaiJ".

The format specifier stringirzßrl is a constant and must be located in FLASH memorl

The implementation ofsra4fis a reduced venion ofthe standard C thnction. This wäs nec-
essary due to the specifc needs ofan embedded system and because the firll implementation
would require a large amount of memory

The fo lowing formar specifers are avaiiable:

%c

%d

%i

%u

"/"x

Inputs the next argument as anASCll character

Inputs the nexr argument as a decimalinteger

Inpüts the nexr argument a5 a d€cimal integer

hputr the noc argument as an unsigned decimal integer

lnputs the next arSum€nt as än unsigned h€xädecimal integ€r

Inputs the next argumenr as a nullterminared character sring

Returns: Number of succcssirl entries or a -1 if an error occured
+ i n c l u d e  < n e q a 1 6 , h >

+ i n c  t u d e  < s t d i o . h >

/1  qua! tz  c rys iaL  f .equency  IHz ]  r /

# d e f i n e  x r a L  7 3 7 2 0 0 0 L

/ r  B a u d  r a r e  a /

# d e f i n e  b a u d  9 6 0 0

v o i d  m a i n  ( v o i d )

{
char  your  in i  t ia l ;
in t  you !  nunber ;
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..

/ *  in l t ia l ize the UsaRT's baud rate * /

UBRRH=0x00;
üBRRL=xta1/16lbauaI-1;
/*  in i t ia l ize the USART controt  regis ter

Rx & Tx enableal ,  no in tef fupts,  I  dara b i ts  r /

üCSRA=0x00;
U C S R B = 0 x D 8 ;
ü C S R C = 0 x 8 6 ;

{
P u t s f ( ' \ n \ t ' ) ;
p u t s f ( ' P t e a s e  e n L e .  y o u r  f i r s E  i D i t i a l  f ö 1 1 o s e d  b y  \ r " ) ;
putsf ( 'a  coma then your  fawor i te  nunber. \ r " ) ;
p r t s f  ( . P f e s s  E n t e .  t o  f i n i s h ,  \ r ' )  ;
/ /  te1 l  scanf  what  to look for
/ /  NoTIcE the ADDRESSES of  the war iables are senr  ro scanf !
i f  ( s c a n f (  C c , 3 d \ n ' , & y o u r _ i n i t i ä 1 , & y o ü r  n u n b e r )  = =  2 )

t
p l i n t f ( " 9 c ,  c o . q r d l s !  w o u  9 o l  ä  g d g g  o n  y o u !  e x a r  _ \ " .

your-initia1, Your-nuniber ) ;
J

p u c s f ( ' I  d i d n ' L  u n d e r s l d n d .  P l e ä s e  t r y  a q a i n . \ n  r  r :

]

Results: The USART transmits thc prompt for an initial and a number

please enter  your  f i rs t  in i t ia t  fo l lowed by
a coma then your faro.ite nunber.
Press Enter  to f in ish-

The $azlfunction waits for the initial" comma, number, änd newline character befor€ con-

tinuing. Ifthe user enters

the following is printed:

\ n  v o u r  e x d !

If the user enters something Jike

s ,  ac

Then an enor occurs and this is printed:

I  d idn ' t  unde.s tand-  P lease t ry  agra in .
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srgn
#include <math.h'

signed char sign(int x);

signed char aign(signed char x);

signed char lsign (longx);

signed char fsign (floatx);

The r,g, function returns the sign ofrhe integer r. It retums -1 if the sign ofr is negative,
0 ifr is zero, or 1 if* is a positive value- The crzgz, /:ign, ar'dfsign fnlrctlons retuJn the sjgn
of the signed char, long, and float variable r, respectir,.ebr

Returns:

. -l ifx is a negative value

' 0 ifx is zero

. I if x is a positive valu€

+inc lude <nath-  h>

woid  na in  (  )

t

Results:

n e q  s i q n  -  s i q n {  1 9 5 / 4 1 ;  t  /  s q r  L h -  s  q  o .  
" r  

i n E e g e !
p o s  s i g n  l s i q r { 1 2 5 0 0 0 1 ;  / l  g e t  t \ -  s i g n  o _  a  

_ o n s

z e r o  s i g n  -  c s i q n { 0 , j  / /  s p r  - h c  s i q  o r  a  c  a L

w h i l e  ( 1 )

t
J

)

---
s t n

finclude <math.h>

float sin(float x);
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The ru z function calculates the sine ofthe floating point number *. The angle rd is e{pressed
in radians.

Returns: sin(x)
* inc lude <nath  -h>

woid naino
t

f t o a t . e s  w a l ,

n e w  v a l  =  s i n { s - 1 2 1 ) ;

shl le  {  1)
{
J

I

R€sults: new \d = {.918

s in  h

#indude <math.h>

float sinh(float x);

The siz,l Ärnction calculates the h)?erbolic sine ofthe foating point number *. The angle ;r
is expressed in radians.

Returns: sinh(x)
+inc tude <nath-h>

vo id  main(  )

t
f loat  new wal ,

whi  1e (  1)
t
I

]

Results: new-val = 83.748

sleep_di$able

#include <deep.h>

void sle€p disable(void);
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The slee?-dbable fnrlction clears the SE bit in the MCUCR register. This prevents th€
microcontroller fiom accidentally entering sleep mode.

Returns: None
+incLude <neqa16.h>
+ioc lude <6td io-h>
+inc lude <61eep.h>
+anclude <de1ay.h>

/ *  quar tz  c rys ta t  f .equency  IHz l  * /

+ d e f i n e  x r a l  6 0 0 0 0 0 0 L

/*  Baud .a te  * /

+def ine  baud 9600

in te r .up t  IExT INT1]  vo id  in t l  i s r (wo id)

t
p u t s f  (  "  I  { a s  i n E e r r u p E e d ! \ r ' ) ;

t

vo id  na in  (vo id )

PORTD = oxFF;  / /  EDrn  o i  in te rna l  pu11-up on  p in3

DDRD -  0x00;  / /  nake IN1 '1  (PORTD p in  3 )  an  input

MCUCR = 0x00;  / /  1ow leve t  in te fup t  on  INT1

GIMSK = 0x80;  / /  tDra  ön  IL IT1  in teüupts

/ t  in i t ia t i ze  the  USART'S baud ra te  * /

UBRRI I=0x00;

UBRRL=xtä1 /16 lbaud-1 ,

/ t  in l t ia t i ze  the  USÄRT cont ro t  .eq is te r

Rx & Tx  enab lea l ,  no  ln te f tup ts ,  a  da la  b i ts  * /

UCSRB=0xD8;

UCSRc=0x86;

+ a s n { " s e i " ) ,  / /  e n a b l e  i n t e . r u p t s

sleep_enäb1e0; // enable us to go to sleep when we are readyl

pu ts f  (  "Reser  occur red \ r '  )  ;
v h i l e  ( 1 )

t
pursf  {  "Good NiqhE !  \ r '  )  ;
p u E s f ( ' I  a n  q o i n q  t o  s l e e p  u n t i l  y o u  b u s  n e ! \ r " ) ;
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d e l a y  n s ( 1 0 0 ) ;  / /  s a i - L  f o r  s t r i n s  t o  b e  t r a n s n i t t e d !
i d l e ( ) ;  / /  e n t e .  i d l e  u n t i l  I N T 1  w a k e s  u s  u p

s r e e p  d i s a b t e O ;  / /  s t o p  f u t u r e  s l e e p s

)

Results:

The microprocessor transmits

Reset  Occur red

cood N igh t  I

I  you  ouq na l

Then it enters idle sleep mode and wakes up only when an tNTl interupt occurs by
PORTD pin 3 being held low or an external reset occurs. Upon waling up, it continues ex-
ecuting at the instmction following the ir'la function. It transmits the following continu
ously while PORTD pin 3 is held low:

r  qas  in te l lup ted !

The next line disables entering sleep mode- So, although the microprocessor tries to call i//,
to go to sleep, it does not. The microprocessor continuously prints the above lines without
a pause until power is removed.

sleep_enable
#include <sleep.h>

void sleep-enable(void);
'lhe neep_enabh tuncnon sets the SE bit in the MCUCR register. This bit must be set to
allow the microcontr-oller to enter sleep mode when the SLEEP instruction is executed.
When in sleep mode, some features ofthe microcontroller are stopped, allowing it to con-
sume less power Depending on the t1pe ofsleep, the nicrocontroller can be awakened by
internal or external interupts. The particular deep nodes available depend upon the
microcontroller being used. Refer to Aünel AVIR datasheets for the q.pes of sleep modes
and their availabiliqr

Returns: None

* i n c l u d e  < n e q a 1 6 . h >

+ i n c l u d e  < s t d i o .  h >

+ i n c l u d e  < s l e e p - h >

+ i n c l u d e  < d e l a y . h >

+ d e f i n e  x r a l  7 3 ? 2 0  0 0 L

/ *  B a u d  r a t e ' /

+ d e f i n e  b a u d  9 6 0 0
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vo id  na in  (vo id )

{
P o P T D  -  0 x 0 4 j  / /  t u r n  o n  i n L e r n d l  p u l l  u o  o -  p  1 2

DDRD = oxFB, .  / /  nake rNTo (PORTD p in  2 )  an  inpu l

McucR =  0x00, .  / /  1os  1ewe1 inEe l rup !  on  IN l 'o

GIFR =  0x40, .  / /  tu rn  on  INTo inEer rup ts

/ *  in i l ia l l ze  Ehe USART'S baud ra te  * /

U B R R H = 0 x 0 0 ;

/ *  io i l ia l i ze  the  USART cont ro l  res is te r

R*  &  Tx  enab led ,  no  in te r rup ts ,  a  da ta  b i ts  * /

UCSRA=0x00;

UCSRB=0xD8;

UCSRC=0x86;

+ a s n ( " s e i " ) ;  / /  e i a b l e  i n t e r r u p r s

s leep_enab le( ) ;  / /  enab le  us  to  qo  to  s leep when we are  ready l

v h i l e  ( 1 )

t
p u r s f ( . G o o d  N i g h E  !  "  ) ;
p u t s f ( ' I  a n  g o i n g  l o  s l e e p  u o t i l  y o u  b u g r  n e ! " ) t

id leo ,  / /  enEer  id le  unEi l  rNTo wakes  us  up
p u c s t ( ' I  w a s  i n L e r r u o t e d l  " )  :

s - a a p  o i s a b l e ( ) ;  / /  s L o o  t u t u r e  s l e e o s

)

Results: The microprocessor transmits

Rese i  Occur red

Good N ish t  !

I  an  so ins  to  s teep un t l1  you bug ne !

Then it enters idle sleep mode and wakes up only when arr 1NT0 interupt occurs by
PORTD pin 2 being held low or an external reset occun. Upon waking up, it continu€s
enecuting at the instructron following the ile function. Upon waking up, it will transmir

r  was inEerrupted!

The microprocessor continues to run the while loop until pover is removed.
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#include <spi.h'

unsigned char spi(unsisned char data);

Serial Peripheral Intcrface (SPI) allows high speed synchronous data transfer between de
vices. Many ofthe Atmel A\.R dwices har.e hardware SPI ports. SPI ports allow data to be
simultaneously transmitted and received orrr three connections: clock, master in slnve out
(MISO), and master out slave in (MOSI). The master genentes the clock sipal and
places data on the MOSI pin synchronized to the dock signal. The slave places data on the
MISO Jjne, also slnchronized with the doclc In this way, data is transmitted and receil.ed
bv both the master and the slave at the same time.

Once the SPI port is initialized, data transfer begins by placing data on the SPI data regi'-
ter ifthe microcontroller is the master Otherwise, thc microcontroller must wait for the
clock from the master to transfer the data. A-lier the data transfer is complete, the SPI data
register contains the value read f;om the other device. See the Atmel AVR datasheets for
the requirements for initializing the SPI pon-

The SPI tunctions are intended for easy interfacing between C programs and rarious pe
ripherals using the SPI bus. The tunction gi loads the SPI data register with thet'yte data,
and then waits for the hardware to complete docking the data out and reading the data from
the peripheral device. Once the transfer is complete, the gi firnction retums the data from
the SPI data register Polling is used by gi to determine when the trarsfer is complete, so
the SPI interrupts do not need to be enabled before this tunction is called.

Returns: Character read from the SPI data register after the completion ofthe transfer

+inc lude <nega l6 .  h>

+ i n c l u d e  < d e 1 a y . h >

+ i n c l u d e  < s p i . h >

+ i n c l u d e  < s t d l o . h >
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/ /  This  example reads the shatus f roh an Arnel  4T45D081 Ftash

+ d e f i n e  x r a l  ? 3  7 2 0 0 0 L

v o t d  m a i n  ( v o i d )

{

PORTA = oxFF;
PORTB = 0100;

P 0 R T C  =  0 x 0 0 ;
PORTD = 0x10;
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DDRA = 0x03;  / /  a l l  inpu ts ,  except  the  l igh ts l

DDRB = oxBF;  / /  a l l  ou tpu ts ,  except  MrSO p in l

DDRC = 0x03;  / /  a l l  inpu ts  except  fo r  b i t  0  and 1

DDRD = oxFF;  / /  a l l  ou tpu ts

' '  S e  i d _  P e  i p h c t d l  i r l e r f ä . F  s e r u p  { /

SPCR = 0x5E;

SREG = 0x00;  / /D isa t ' te  in te l lupEs

c l l ' 4 s x  -  0 x 0 0 ;  / / n o  e x t e r n " l  i n l e r r u p  s

/ *  USART * /

/ *  in i t ia l i ze  the  USART'S baua l  ra te  * /

UBRRH=0x00;

/ *  in iE ia l i ze  Ehe USART cont ro l  reg is te r

RX & TX enab led ,  no  in te tüp ts .  a  dara  b iEs  r /

UCSR-4=0x00;

UCSRB=0xDa;

UCSRC=0x86,
d - l ä ! _ F s { 2 0 0 0 1 ;  / /  w a i r  t o !  E h i n g s  t o  o e .  s r d b  a

PoRTD.4  =  0 ;  / /  pü l l  the  ch lp  se fec i  l ine  low

de lay-ns  (s )  ;
'  r o  s e L  s l ä r  . s  s e n d  . o m a n c l  0 x 5 7  0 x 0 0

// status is returneat rhite rhe second byte of the comand is

/ /  be ing  senc

sp i  (0x57)  ,  /  /byLe r

s ta ls  =  ( in t )  sp i  (0x00)  ;  /  /by t -e  2

P o P  D . 4  -  1 ;  / /  l e l e a s e  t h e  c h i p  s e r P c .  r  i n '

p r i n t f  ( ' s c a t u s :  s x \ n \ r ' , s E a E s )  ;

w h i  l e  (  1 )

I

]
]

Results: The microprocessor transmits at 57600 baud on power-up

S t a t u s :  A 0

sprintf

#include <stdio-h>

void sprintf(char *str, char flash .fmtstr [ , arg1, arg2, . . -]);

The gn zffunction copies the formatted text according to the format specifreß 1n thefmßtr
string to the string rti A null termination is appended to the end of rrr after the formafted
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texl is copied to it. The memory for rrr should be larg€ €nough to accommodate the copied
tex1 and the null termination.

The format specifier string/r?trt is a constänt and must be located in FLASH memory.
sP;n{ intetprets fntstr in the er<act same manner ^s ?intfinterprcts fnßtr See printffor
more information on format specif,en.

sqrt
#include <math.h>

float sqrt(float x);

unsigned char isqrt(unsigned int x);

unsigned int lsqrt (unsigned long x);

The rqrr function returns, as a floating point variable, the square root ofthe positive floating
point variable *. The isgrr and /.rgru functions retum the square root ofunsigned integer and
unsigned long vaiables a respectively Notice the reduction in size from unsigned integer to
unsigned char and from unsigned long to unsign€d integer in the irqrt and Ägd functions.

Returns:

r?/ - the square root ofthe positive floating point variable r

,rg,'r - the square root ofthe unsigned integer väriable :r as an unsigned char

Ä4l- the square root of the unsigned long variable * as ar unsigaed integer

+ i n c t u d e  < m a t h - h >

f t o a t  n y  f  s q r t ;

-  _ - _ s o  t  s q ! t l b . 4 ) j  / t  s e t  t \ p  s q u ä  e  ' o o !  o t  d  f - o a c
my_l_sqr t  = 1sq! t (250000), .  / /  set  the square roor  of  a lonq vatue
ny_i_sqr !  = isqrr {41) ;  / /  get  L} le  square roor  of  an inr  vatue

I
l

)

Results:

m y _ f _ s q r !  -  2 . 5 3 0
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srand

#include <stdlib.h>

void srand(int seed);

Thc srazl fun ction sets the seed r.alue used by the pseudo random number generator razl

Returns: None

Scc mzlfor a code example.

sscant
#indude <stdio.h>

signed char sscanf(cha; *str, char flash .fmtstr);

The srary'function inputs r.alues from the text string rrr located in SRA,\4, according to the
format specifers in the1fizrsir string and placcs the values into memory locrtions also sp€c
i6ed b,v.,r,zrs* The lormatting scction ofthej6,6t string is enclosed in quotes and uses for-
mat speci6ers, listed belorv, to tell srazlwhat kinds ofvalues are to be read. The second part
oflinrsa lists the addresses ofrvhere the read values are to be stored.

ATTENTION! It js important to als,ays spea$ a, pointer to the \ariablc to receive rhe
value in they4zirlr ofthc rsca4ffunction, and zrtthe v3riable itseli Failing to pass pointers
to the $rdTy'function causes crratic rcsults, because values are being stored in the mcmorv
locrtions related to the raluc ofthe variabie passed instead ofbeing stored rt the addrcss of
the vadable.

The format specifier string./zzrsr is a constant and must be locatcd in FLASH memory

The implementation of sraz/is a reduced vcrsion ofthe standard C function. This was nec
essarydue to the specifrc needs ofan embcddcd s)'stern and because the lhll implementation
rvould require a large amount of memory spacc.

The lolJo"ing lo,mat rpe. '5e- '  are araiJablr

%. Inputs the nextärgumentas anASCll character

%d Inputs the next argument as a decimal integer

%i Inputs the next argument as a decimäl integer

%u Inputs the next argument as an unsigned decimal inteSer

7.x Inpurs the next aEument as an unsigned hexadecimal integer

%s Inputs the nexr argumenr as a null-terminat€d character string

Returns:Number ofsuccesstul entries or a l ifan error occurrcd

+rnc  lude <neqa l6  -  h>

+  i n c l u d e  < s t d i o .  h >
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/ *  quar tz  c rys ta l  f .equency  [Hz ]  * /

+ d e f i n e  x r a l  7 3 ? 2 o o o L

/*  Baud f ,a te  * /

+ d e f i n e  b a u d  9 6 0 0

cha!  SOFTWARE vERsIo l . I [ ]  =  '3 -5b ' .

vo id  ma in  (vo id )

{

in t  na jo r_vers ion ;

in !  n inor  vers ion ;
char  resu l t6 ;

/ *  in i t ia l i ze  tshe  USART's  baüd ra te  * /

UBRRH=0x00;

UBRRL=xra l /16 lbaud 1 ;

/ *  in i t ia l l ze  the  USART co . l ro t  req is te r
Rx & Tx  enab led ,  no  in tser rup ts .  a  da ta  b i ts  * /

UCSRA=0x00,

UCSRB=0xD8,

UCSRC=0x86,

/ /  !eL1 sscanf  what  to  look  to r

/ /  NOTICE Che ADDRESSES o f  Ehe var iab les  are  senL to  sscanf t

lesu lLs  =  sscanf  (  SoFTWARE_VERSIOi i ,  "$d .Adgc ' ,&na jor  vers io r ,
&n inor  ve .s ion ,  &wers ion_ leEEer )  ;

! f  (  r e s u t r s  ! =  - 1 )

pr i4 l f ( "Ma jor  vers ion :  ga l ,  M inor  Vers ioa  Sd,  Learer  *c . \n \ r  ,
na jo !  vers ion ,  n lnor_vers ion ,  vers ion  le r re r )  ;

)

p u L s f ( " A n  e f t o r  o c c u r r e d .  s o n e E h i n g  i s  n o r  r i q h r ! \ r ' ) ,

w h i l e  { 1 )
{

J

Results: The USART transmits the following:
Majo !  ve ls ion :  3 ,  M inor  Vers ion  5 ,  Le tEe!  b .
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standby

#include <sleep.h>

void standby(void);

The standb! fr\ncnon p'uts the A\fR microcontroller into standby mode. This is a sleep mode
ar.d simllar to the pouerdaoz function.

See potuerdounin rhis appendix for the tuncrion use.

See the Atmel datasheets for the complete description ofthis sleep mode as it applies to a
particülar A\.R device. Standby sleep mode is not available on all AVR devices.

*strcat, :lstrcatf

#include <string.h>

char *strcat(char *str1, char "str2);

chnr *strcat(char *str1, char fash *str2);

The strmt and strea{ fur.ctions concatenate string srr2 onto the end of suing srr7. The
memory allocated for rt must be long enough to accommodate the new,longer string plus
the nul-terminating character or else unexpected results occur. For the funcißn strcaf sft2
must point to a string located in FLASH. A pointer to srrT is retumed.

Returns: *rt7 (a pointer to the null-terminated concatenation ofstrings rtrl and. str2)

+include <meqa15 -h>
+ i n c l u d e  < s E d i o . h >
+inctude <sE! inq-h>

/ *  qua!Ez  c ry6 ta l  f requency  IHz ]  , /

+def ine  x ra l  73  72  0  oo l

/ *  B a u d  r a t e  t /

+ d e f i n e  b a u d  9 6 0 0

vo id  main  (wo id)

t
c h a r  s E r a  t  I  =  ' a b c " ;

c h a r  s E r b t l o l ;

/ *  in i t ia l ize the üSART's baud rate t /

UBRRr=xta1l16 /baud 1;
l  r "  i a l i z e  r h e  U S A R T  c o n r  t o l  t - s i s l ' r

D /  &  T X  e n d b l e d ,  n o  i n t e r r - p , s ,  I  d a - .  b i f s '
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UCSRB=0xD8;
UCSRC=0x86;

s t r c p y f ( s t r b ,  n x y z ' ) ;  / /  i n i t i a l i z e  s c r b t

s t r . ä L ( s L r b , s r  r d ) ;  / /  ä d d  s L r d  r o  s L r b
s r r c a r f ( s r r b , ' 1 2 3 "  ) ;  /  /  a d d  a  f l a s h  s E r i n g  r o o t

puts(st rb) ,  / /  püt  i t  out  to  tsbe USART' I
v h i l e  ( 1 )

{

]

Results: The USART transmits, at 9600 baud,
/ ,yzabc723

rtstrch r

#include .string.h>

char *strchr(char .str, char c);

The rrzr,är function locates the first occurence ofthe character r in the string rr Ifthe char
acter r is not found within the string, then a null pointer is returned.

Returns: A pointer to the f,Jst occurrence character . in string 14 if, is not found in srr a
null pointer is returned

+incLude <nesa16.  h>

+ l n c L u d e  < s t d i o . h >

* lnc1ude <s t r inq-h>

/ *  quarbz crysta l  f lequency IHzl  t /

+ d e f i n e  x r a l  ? 3 ? 2 0 0 0 L

/ ;  Baud rate * /

*def ine baud 9600

void nain (void)

c h a !  s t . a  I  I  =  " a 2 a . 4 5 " i
char  *st rb;  / /  no need ro a11ocatse space,  poinLing

/ /  inro srra -  a l ready a l tocated!

/*  in i l ia l ize the üsART,s baud rare * /

UBRRH=0x00;
UBRRL=xEa1 /16/baud-1 ;
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/ t  in i t ia l i ze  Ehe USART cont ro l  reg is le r

Rx & Tx  enab led ,  no  in tedup is ,  I  da ta  b i ts  * /

UCSRA=0x00, '

UCSRB=0xD8, '

U C S R c = 0 x 8 6 ;

s t r b  =  s t r c h r ( s E r a , '  - ' )  ;
p r i n t f  (  " F u 1 t  s E r i n s :  g s \ n \ r N e o  s r r i n g ' :  t s \ n \ r "  ,  s r l a ,  s l r b )  ;
' s  , b  -  ?  ;  / /  t e p l ä . e  t h e  d e c i r d l  p o i n l  w i - h  c  ?

i n ^ .  g s \ n \ ,  " , s i  r o ) ;

w h i l e  ( 1 )

t

)

Results: The USART transmits, ät 9600 bau4

F u l 1  s t r i n q :  1 2 3 . 4 5
N e w  s t i i n g :  . 4 5
M o d i f i e d  s t r i n q :  1 2 3 ? 4 5

strcmp, strcmpt
#include <string.h>

signed chal strcmp(char .str1, char *str2);

signed char strcmpf(char *str1, char flash *str2);

The nrcn? md strcn?f imctions compare süing strl w:nh sting str2. For the tunctron

stcn?f üe str2 müst point to a string located in FIÄSH- The fuoctions start comParing

with the 6rst character in each string. When the character in rtl fails to match the charac-

ter in rrrZ the difference in the character values is used to determine the return value ofthe

function. The retum value ofthe fuaction is the result ofthe subtraction ofthe ASCII code

of th€ character from rt2 from tie ASCII code ofthe character from $r-t

Retums:

. negative value if str, < 5tt2

. zero if strl = str2

. positive välue ifstr, > sar2

+inctude <st. ing.h>

c h a r  s t i a t I  =  " s e o . s e  ;
char  s t rb I  I  = "seors ie" ;
s isned char  resulE;
s isned char  resulEf ;
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woid  na in  (vo id )

t

iesul t  = s t rcnp (st ra,  s t rb) ;
resul t f  = sElcnpf(st ra,  rsreorqe )

{
J

Results:
resul t  = oxFC (  e '  -  ' i '  <  0 )

*strcpy, *strcpyf

#include <string.h>

char *strcpy(char *dest, char *src);

char *strcplf(char *dest, char 0ash .src);

'lhe 
strcP! ̂ nd strc?fffunctions copy öe suing pointed to by vr to the location pointed to

by lasL The null-terminating character ofthe r/r string is the 1ast character copied to the A$
string. The memory allocat€d for the /srt string must be large enough to hold the entire srr
string plus the null-terminating character

Returns: Pointer to lasr

# inc lude <nega16.h>

+ inc lude <sEd io .h>

# inc lude <sEr ing .h>

/ *  quar rz  c rys ta l  f requency  [Hz ]  * /

# d e f i n e  x r a l  7 3 ? 2 0 0 0 L

/ i  Baud ra te  * /

+ d e f i n e  b a u d  9 6 0 0

void nain (void)

c h a r  s t r a I I  =  ' H e 1 1 o  ;
c h a !  s t r b [ 6 ] ;
c h a r  s t r c  I 6 l  ;
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/*  in i t ia t ize the USART's baDal  rate * /

UBRRH=0i00;
UBRRL=xra1/  16lbaud 1;
/*  in i t ia l ize Ehe USARI '  contro l  reqlsrer

Rx & Tx enabled,  no in terrupts,  I  data b i is  * /

UCSRÄ-0x00;
ucsRB=0xD8;
UCSRC=0x86;

s t r c p y l s L r b , s l , ä l ;  / /  c o p v  s L r -  r o  s  - b

s  L  !  c p y  I  I  s  L  r  .  ,  ' L r o  I  l d ' ) ;  / /  c o p v  " b , o  l d "  L o  s f ! c

puts  (s t rb )  ;  / /  t ransn i t  s t r l '

pu ts  (s t rc )  ;  / /  E lansn i t  s t rc

w h i l e  ( 1 )

t
J

)
Results: The USART transmits, at 9600 baud,

wortd

The line feed between the lines is from calling the Puß fnr,cion. ?aß ̂ ppends a line feed at
the end ofthe string as it sends it to the USART.

strcspn, strcspnt
#include <string.h>

unsigned char strcspn(char *str, char *set);

unsigned char strcspnf(char *str, char fash *set);

'lhe strcs?n and st es?nfÄtnctions retum the index ofthe fust character in the string rl/ th,r
matches a character in the string ser- Ifnone ofthe characters ir the string $ris in the string
rrt, the length of rt is reniJned.lf the first character in the string srr is in the stting tet, zerc
is retumed. For the function fit?nf Äe stl:nrg set must be located in FLASH.

Returns: lndex ofthe first character 
_rn 

ral rhat is in ff/

+ i n c l u d e  < 6 ! r i n s . h >

vo id  na in  (wo id)

{
c h a !  s e r t l  =  " 1 2 3 4 5 6 7 4 9 0 - ( ) " ;
c h a r  s t r a t l  = ' 1 . 8 0 0 . 5 5 5 , 1 2 1 2 ' ;

char  index-1;
char  index-2;
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n d F r  I  s r  ' . s p n l s L t q , s e f ) i

i n d e x  2  =  s t r c s p n f ( s r r a , . .  O " ) ;

w h i r e  ( 1 )

J

Results:

index 1 = 0

strlen, strlenf
#include <string.h>

For the TINY memory model
uns igned char  s t r ten(char  tsEr l ;

For the SMALL mernory model:
.  s i q r e d  ' a L  s L r I e n ( c h d r  / s L r ) ;

For either memory modd:
unsigned lnt  s t r lenf  (cbar  f lash *st r ) , .

TEe urlen and st enfÄtnctions return th€ length ofthe string rt; rot counting the null ter-
minator. For the ralez function with the TINY memory model in use, the length can be
lrom 0 to 255.Ifthe SMALL memory model is in use and srrlan is called, the length can be
from 0 to 65,535. The function srzlerfreturns the length of a string located in FLASH. Tnrs
length can be from 0 to 65,535 regardless ofthe memory model in use.

Returns: Length ofthe string sa
+inc lude <s t r inq .h>

vo id  na in  (vo id )

t
c h a r  s t r a  I  I  =  " a 2 a 4 5 6 7 A 9 O . ;
uns iqned char  len1, .

uns isned inE 1en2;

1 e n 1  =  s t r l e n { s l r a ) ;

1en2 =  s t r fen f  {  'abcde fqh i j  k lnnopqrs tuwxyz , '  )  ;

w h i t e  ( 1 )

J
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Results:
Ien l  = 10

Ien2 = 26

*strncat, *strncatt

#indude <string.h>

char *strncat(char *s41, char .str2, unsigned char n);

clar +strocat(char *st1, char flash "str2, unsigned char n);

T\e xrnnt atÄ *meaffunctrons concatenate a maximum of z characters from string rt2
onto the end ofstring rtl. The memory allocated for srr1 must be long enough to accom-
modate the new,longer süing plus the null-teminating character or else uner+ected tesults
occur. For the function rtn ca6 !tr2 ro\tst poi'Jr b ^ string located in flash. A pointer to rlrT
is returned.

Returns: *r1,.7 (a pointer to the null terminated concatenation ofstrings rt7 ,rld rlr2)

+include <neqa16 -h>
+include <stdio-h>
+include <str ine'-h>

/ *  quar tz  c rys ta l  f requency  [Hz ]  t /

+ d e f i l e  x t a t  7 3 ? 2 o o o L

/a  Baud rare * /

+def ine baud 9600

woid maln (woid)

t
c h a !  s t r a  I  I  =  " a b c ' ;
c h a !  s t r b l s l ;

/ *  in i r ia t ize the UsaR'r 's  t 'aud rare i /

UBRRH=0x00;
UBRRL=xral /15lbaud-1;
/*  in i t ia l ize Ehe USART contro l  reqtster

P x  &  T x  e n a b l e d ,  n o  ' 1 L e r . u p r s ,  I  d . t d  b :  . s  '

UcsRB=0xD8;
U C S R C = 0 x 8 6 ;

s t l c p y f  ( s t r b , ' x y z "  )  ;  / /  i n i E i a l i z e  s t r b !

s r r n c a t ( s t r b , s t r a , 2 ) ;  / /  a d d  s r r a  l o  s r l b
s E r n c d l  { s l  b , ' 1 2 3 ' , I ) ;  / /  d d d  d  I  l a s n  s c r i  o  o o l
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/ /  pur  i t  out  to  tshe usARTlputs (strb) ;
w h l 1 e  { 1 )
{
]

Results: The USART transmits, at 9600 baud,

strncmp, strncmpl
#indude <stringh>

signed char strncmp(char *str1, char *str2, unsigned char n);

signed chr strcnmp(char *str1, char flash 'str2, unsigned cha.r n);
'fhe 

strnenp ard strncnpf functions compare at most z characters from string rr7 to string
rf2. For the tunction rrn .m6 stt2 mldisr pdl]lr @ a string located in FLASH. The tunctions
start comparing with the 6rst character in each string. When the character in rr7 fails to
match the character in rtz the difference in the character values is used to determine the
return value ofthe inction. The retum value ofthe function is the result ofrh€ subtractiotr
of the ASCII code of the character from rr2 from the ASCll code of the character ftom
.rir7. Any differences between the strings beyond the z', character are ignored.

Returns:

. n€8ativ€ value 'fstr, < st 2

. zero ifstrl = str2

. positive value ifsr.l > str2

+include <srr idg.h>

vo id  na in  (vo id )

{
cha!  s t ra [ ]  -  i seorse  ;
cha !  s l rb l I  =  ' seorq ie  ;
s isned char  iesu l ! ;

r e s u l l f  =  s t r n c n p f  ( s t . a ,  ' q e o r g e , , 6 ) ;

t h i l e  ( 1 )

t
J
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Results:

i e s u l t  =  0

:!strncpy, *strncpyt

#include <string.h>

char *strncpy(char *dest, char *src, unsigned char n);

char \trncpy(char *dest, char flash '$c, unsigned char n);

The $rnc?f ^nd strnEyftnnctions copy up to z characters fiom the sfting pointed to by r,,.
to the location pointed to by dest. Athere alie fewet thar z characters in the r/. st(ing, then
the r,., süing is copied to lerr and null terminating characters are appended until the total
number of characters copled to dzrtis n.II $r sting is longer than or equal in length to z,
then no terminating character is copied or appended. to d4st.

Retuns: Pointer to dart

# inc lude <nega16.  h>

# inc lude <s td io .h>

# inc lude <sLr ing .h>

/ t  qua l tz  c rys ta l  f requeDcy IHz ]  * /

* d e t i n e  x r a l  7 3 ? 2 o o o L

/*  Baud ra re  * /

+def ine  baud 9600

c h a r  s t r a  t  I  =  " H e t 1 o i i ,
char  s t rb  t  i  =  "HELLo ' .

vo id  na in  (wo id)

1

/ *  in i t ia l i ze  the  UsART,s  baud ra re  * /

UBRRL=X!a1 /16 /baud-1  ;
/ *  in i t ia l i ze  the  USART conElo l  reg is te r

Rx & Tx  enab led ,  no  in rer lupLs ,  I  dara  b i rs  r /

s t r n c p y ( s t r b ,  s E r a ,  3 )  ; / /  copy st ra to s t rb
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s t r n c p y f  ( s E r c ,  ' i r o r t a l ' , 1 0  )  ;  / /  c o p y ' i r o r l d ' r o  s r r c
p r l n t f (  " $ s  C s \ n \ r . ,  s t r b ,  s t r c  )  ;

w h i l e  ( 1 )

t
J

Results: Since':" is less than the total length of"stra", the 6lst tÄree letters are copied
o!'er "strb", but no terminating null is copied- As a result, the originat ntrll termination is
used to teminate "strb"- So, the USART tränsmits, at 9600 baud,
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*strpbrk, *strpbrkl

#include <string.h>

char \trpbrk(char *str, char *set);

char 'strpbrkf(char *str char flash *set);

'fhe nrybrL and, strybrkfßtnctions search the string rrlfor the first occurence ofa character
from the string rrt Ifthere is a match, the function returns a pointer to the character in the
sojng J/x If therc is not a match, a null pointer is retumed. For the fun ci.on str?br4f, the
string rcl must be located in FIÄSH.

Returns: Point€r to the first chamcter in rrr that mrtches a character in rrl
+include <heqal6 -  h>
+ i n c L u d e  < s t d i o . h >
#inc lude <str ing-h>

/"  quar lz  crystat  f requency [Ez]  * /

# d e f i n e  x r a l  ? 3 ? 2 0 0 0 L

/ *  B a u d  r a E e  * /

#def ine  baud 9600

vo id  na in  (vo id )

I
c h a r  s r r a  t  I  -  " 1 1 / 2 5 / O 0 " ;
c h a r  s e t [ ]  =  " / . , \ ' i
c h a r  s r ! b [ ]  =  . N o v e n b e !  2 5 ,  2 O 0 A " t
cnar  -pos ;

char  t fpos ;



438

/ *  in i t ia t lze lhe usaRT's baud rate * /

UBRRE=0x00, '
UBRRL=xta l /16/baud-1,
/*  in i t ia l ize the USART conErot  regisrer

Rx & Tx enabled,  no inEerrupts.  8 data b i ts  r /

UCSRÄ=0x00, '
UCSRB=0xD8;
UCSRC=0x86;

pos = s l rpbrk{st ra,  seE) ;  / /  f ind f i rs t
/ /  occul lence of  soneth ing l

f p o s  =  s E l p b r k f  ( s t r b , " ,  - - ' )  t
p r i n t f  (  "  f o i r i a l  D a l e :  3 s \ n \ r " s r r a ) ;
p r i n t f  ( " s l r i n g r  f o l l o w i 4 q  n a t c h :  8 s \ n \ r " , p o s )  ;
p r i n t f  ( " l t u s t  t h e  y e a ! :  * s \ n \ r ' , f p o s + 1 ) ;
w h i l e  ( 1 )

{
I

Results: The USART transmits, at 9600 baud,
r n i ! i a l  D a t e :  1 t l 2 5 l 0 0
str ing fo l lowing maEch:  /25l00
Just  the year :  2000

strPos
#include <süing.h>

char stpos(char *str, char c);

The srrpos function locates the frst occurrence ofthe character rin the string rrr The index

ofthe frrst occurrence ofr is retumed. Ifthe chancter r is not found within the strin& then
-1 is returned.

Returns: Index of the flrst occurrence character . in string rtt if r is not found in srr -l is

+ine lude <nee 'a16.h>

+ inc lude <s td io .  h>

+ lncLude <s t r ing .h>

/ *  quar tz  c rysra l  f requeocy  IHz l  * /

+ d e f i n e  x t a l  7 3 ? 2 0 0 0 L

/*  Baud ia te  r /

+def ine  I raud 9600
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void nain (woid)

c h a r  s t r a  t  i  =  " I 7 / 2 5 / 2 0 0 0 " ;
char nonth_day,.
char dayl'ear;

/ i  in i t ia l ize tshe UsART,s baud rare * /

UBRRH=0x00;
UBRRI=xra1/  16 /baud 1;
/ r  in i t ia l ize the IJSART contro l  regisrer

RX & TX enabled,  no in terruptss,  I  dara b i ts  * /
UCSRA=0x00;
UCSRB-0xD8;
U c S R C - 0 x 8 6 ;

nonth-day = st rpos(st ra,  / ' ) ;  / /  f ind f i rs t  s lash characrer
day year  = srr rpos(st ra,  /  ) ;  / /  f j ,ad las.L s lash characEer

p r i n E f  (  , s L a r t i n s  S t r i n q :  g s \ n \ r " , s L r a ) ;

/ /  replace stash characrer  s i rh dashes
stra lnonlh dayl  = '  .

sr ra Iday-year ]  = ' -  , ,

p l i n t f  (  " M o d i f i e d  s t r i n s :  S s \ n \ r r , s r r a ) ;

w h i l e  ( 1 )

{
]

)

Results: The USART trr.nsmits, xt 9600 baud,
S r a r t i n g  S t r i a q :  ! 1  / 2 5 / 2 O O O
M o d i f i e d  s t r i 4 g :  1 1 - 2 5 - 2 0 0 0

*strrchr

#include <string.h>

char .stnchr(char *str, char c);

The yr7.r,, function locat€s the last occurrence of the character r in the string slx If the
character . is not found within the string, then a mrll pointer is returned.

Returns: Pointer to the 1äst occurence ofchäracter c in stdng rr4 ifr is not found in rrl; a
. , ,11  -^ i . r " '  i .  . - - , - - ,

+ i n c l u d e  < n e s a 1 6 . h >

+ i n c l u d e  < s t d i o . h >

+ incLude <s t r inq .h>



440

/*  quar tz  crysta l  f lequency I I iz ]  t /

+ d e f i n e  x t a l  7 3 7 2 o o o L

/ *  B a u d  r a r e  * /

* d e f i n e  b a u d  9 6 0 0

void nain (void)

c h a r  s t r a t I  =  " 4 2 3 - 4 5  1 4 9 " i

char  *st !b;  / /  no need to a l tocate space,  poancrnq

/ /  inro st ra -  a l teai ly  a l locatedl

/ '  in i t ia l ize the USART's baud rate * /

UBRRE=0x00;
TJBRRL=xra1/16lbaud 1;
/*  in i t ia l ize the USART contro l  regis ter

Rx & Tx enabled.  no in ierrupts,  I  data b i ts  * /

UCSRA=0x00;
UCSRB=0xDa,
UcsRC=0x8 6;

s t r b  =  s t r r c h r ( s E r a ,  ' .  ) ;
p r i n L f  ( " F u 1 1  s t r i n l r :  g s \ n \ r N e v  s t r i n g :  g s \ n \ ! , s t r a , s t r b ) ,

' s t r b  =  ' 6 ' ;  / /  r e p l a c e  r h e  d e c i n a l  p o i n t  w l r h  a

p r i n t f  (  " ü o a l i f i e d  s t r i n q :  A s \ n \ r ' ,  s t r a )  ;

s h i l e  ( 1 )

t
]

)

Results: The USART transmits, at 9600 baud,

F u l t  s t r l n g :  ! 2 1 . 4 5 . ' , l 4 9
N e w  S t r i n g :  . 7 8 9
r{odi f  ied st r inq:  123.  456149

*strrpbrk' :tstrrpbrkf

#include <sting.h>

char *strpbrk(char \tr, char tet);

char \trpbrkf(char .str, char flash.set);
^fhe 

sttrpbrA and *npbrkf tunctions search the string r// for the last occurrence of I

charactei from the string ret Ifthere is a match, the function returns a pointer to the char-

acter in the string rti If there is not a match, a null pointer is returned. For the function

strrPbrAl the süing set rrtust be located irl FLASH.
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Returns: Pointer to the last character in sl/ thät matches a character in sar
+inc lude <neqa16.h>

+ inc tude <s td io .h>

* inc lude <sr r inq ,h>

'  q ! ä . L z  c r y s l ä l  f r e q u - n . y  l H z l  . /

+def ine  x ra l  ?372000L

/ *  B a u d  l a t e  * /

+def ine  baud 9600

vo id  na in  (wo id)

I
c h a r  s t r a l l  =  7 1 / 2 5 / o 0 "  t
c h a r  s e t t l  = . / . , 1 - " i

char  s t rb l l  =  "Novenber  25 ,  2OOO";
char  :pos ;

char  * fpos ;

/ i  in i r ia l i ze  the  USART,S baud ra re  r /

UBRRH=0x00;

UBRRL=xra t  /16 lbaud 1 ;

/ *  in i l ia l i ze  the  USART cont ro l  reg is te r
R x  &  r x  F n ä b l c d ,  r o  i n L F r r u p r s ,  I  d d r d  b i . -  .

UCSRA=0x00;

UCSRB=0xD8;
UCSRC=0x46;

p o s  s L r r p b . l ( s E r o , s e l J ;  / /  a i n d  l c s t

/ /  occur rence o f  soneth in -  r

f p o s  s L r  r p b '  r t  ( s r t b , ' , . - @ g ' ) ;
p r i n t f  (  " Y e a r  i n  ! ! / 2 5 / O 0 :  g s \ n \ . ' , p o s ) ;

p r i n r  I I ' s L r ' 1 q  t o r - o w i n g  t u L . h :  t s \ n \ !  , r p o s r :

a h i l e  ( 1 )

I
)

]

Results: The USAI{T transmits, at 9600 baud,
' I e a r  i n  l l  / 2 5 / O O  |  / 0 0
s t r ins  fo l los inq  match :  ,  2000

strrPos

#indude <string.h>

chu strrpos(char *str, char c);
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The rlnprr function locates the last occurence ofthe character c in the string szr The index
of the last occurrence of c is returned. If the character r is not found within the string, then
-1 is returned.

Retuns: Index ofthe last occurrence ofcharacter r in string rrr; ifris not found in $a -1 rs
retün€d

+include <nesa16.h>
+ i n c l u d e  < 6 t d i o . h >

+rnc lude <s t r ins .h>

/ i  quar tz  c .ys ta l  f requency  IHz l  i /

+ d e f i n e  x t a l  7 3 ? 2 0 0 0 L

/*  Baud ra te  * /

+ d e f i n e  b a u d  9 6 0 0

v o i d  n a i n ( v o i d )

{
c h a {  s r r a  t  I  = ' L a / 2 5 / 2 o o a " t
cha! monEh-day;

cha!  day  year ;

/ *  in i l ia l i ze  tshe  USART'S baud ra te  * /

UBRRH=0x00;

/ '  i l iE ia l i ze  the  USART cont ro l  reg iscer

RX & TX enab led ,  do  in te fup ts ,  8  da ta  b iEs  r /

UCSRC=0x86;

- o r t h _ d d y  -  s l  p o s ( s l  . ä , ' /  l ;  / /  f i n d  f i , s !  s l o s r  - h o r ä ' r  6 '

d d y _ l , . d r  s  r  r p o s ( s r  r ä , ' /  l  i  / /  t i n d  l ä s

p r i n t f  (  " s t a . t i n q  s t r i n q :  g s \ n \ r " , s l r a ) ;

/ /  rep lace  s lash  charac te .  { i th  dashes

s t r a  f n o n t h _ d a y ]  = ' - ' ,

s t r a  l d a y - y e a r ]  = ' - ' ;

p r i n t f  ( ' M o d i f i e d  s c r i n q :  $ s \ n \ r " ,  s t r a ) ;

w h i l e  ( 1 )

)
)
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Results: The USART transmits, at 9600 baud,

M Ö d i f i e d  S r r i n g :  1 7 - 2 5 - 2 O O O

strspn, strspnl
#include <s$ing.h>

unsigned char strspn(char .str, char *s€t);

unsigaed char strspnf(char *str, char flash .set);

The sts?n ^nd, sts?nffiinctions retum the index ofthe fust character in the string rr that
does not match a character in the string sa Ifall characters in the string vrare in the string
rer, the length ofrrr is retumed.Ifno charäcters io the string rrr are in the sting rcl, zero ß
returned. For the functiorr stß?nf tIrc srring tet müst be located in FI-ASH.

Rerurn<: Index ofthe first charrcrer in rt rhar is not inrd

woid main {void)
t

c h a t  s e t l l  =  " 1 2 3 4 5 6 ? a 9 0 - O ' ;
c h a r  s t r a I I  =  ' 1 . 8 0 0 . 5 5 5 , 1 2 1 2 " ,

char  index 1;
char  index 2;

w h i l e  ( 1 )
{
)

l

Results:

i n i l e x  1 =  1

s t . s p n f  ( s t r a ,  " , 1 2 3 4 5 6 ? 8 9 0 -  O  "  )  ;

*strstrr: lstrstrf

#include <string.h>

char *strstr(char *strl, char *str2);

char *strstr(char +str1, char flash .str2);

The strstr ̂ nd strstrffsnctions search string rtl for the 6rst occurrence
is found within trJ, then a pointer to the first cbrrr cller of st/2 ln rtrl

of s:.Jirlg $r2. Il str2
is returned. If rt2 is
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not found in rt7, then a null is retufned. For the function frtl the stdng $,.2 must be 10-
cated in FLASH.

Returns: Pointer to tlre irst ch^r^cter of str2'tn $r1 or ^11 if str2 is not rn strl

+include <neqa16.h>
+include <stal io.h>
+include <str inqr.h>

/ i  quar tz  c rys ta f  f requency  [Hz ]  * /

* d e i i n e  x t a t  ? l ? 2 0 0 0 L

/ t  Baud ra te  * /

+def ine  baud 9600

vo id  na in (wo id)

{
cha!  sc ra l l  =  "Red GreeD B lue i ;

cha !  sErb  t  I  =  "Green" ;

cha!  ip r r ;

cha !  ip t l f ,

/ *  in i t ia l ize tshe UsaRT's baud rate * /

UBRRH=0x00;
UBRRL=xra1/  16 /baud 1;
/*  i ,n iEia l ize the USART contro l  reqis ler

P x  3  o x  c n d b l e d ,  n o  i n l e r r u p r s ,  I  d a l a  b - . s

/ /  q r d b  d  p o i l l a r  l o  a h e r e  c r e e n  i s

/ /  srab a pointer  to  whele the f i lsE B is

p r i n t f  ( ' s t a r t i n g  s t r i n g :  g s \ n \ r ' ,  s l r a )  ;
p r i n t f  ( ' s e a r c h  s t r i n g :  g s \ n \ r ' ,  s l r b ) ;
p r i n t f  (  " R e s u l t s  s t r i n g  1 :  B s \ n \ r " , p t r ) ;
p r i n t f  (  " R e s u l t s  s t . i n g  2 :  B s \ n \ r " , p t l f ) ;

s h l 1 e  ( 1 )

t
)
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Resrnrs: T\e USART Lranqmirs. ar 9600 baud,
9 L a ! - t n q  s L '  n s :  R e d  G r e a n  a l u p
Sea lch  sLr ing :  Green
Resut ts  s t r ing  1 :  c reen B lue
R e s u l t s  s L r i n g  2 :  B l u e

*strtok

#include <string.h>

char *strtok(char *strl, char flash *str2);

The function sfia,{ scans string rtJ for the f,rst token not contained in the string d/2
located in FI-ASH. The function expects rrrT to consist ofa sequence of tert tokens, sepa-
rated by one or more chaJacteß from the string rrl2 (token s€parators). This function may
be called repetitively to p?rse throqh a süing (f7) and retrieve tokens that are separated
by knol{,n cha-racters Gr2).

The 6rst call to *rol with a non-null pointer for rrl returns a pointer to th€ 6rst character
ofthe 6rst token in srz7. The function searches for the end ofthe token and places a null
termination character at the fust token separator (charaaer from srr2) following the token.
Subsequent calls to r/rlri with a null passed for dr7 return the ner.t token from yr7 rn
sequence until no more tokens exist in srr7. When no more tokens ar€ fouod, a null rs

Note that rtrrA modifies rtl by placing the nufl-termination characters after each token.
To preserve rlr7, make a copy ofit before calling rrrraÄ

Returns: Pointer to the next token in.rrrT or null if no more tokens exist in rtt
+ inc lüde <nesa16.h>
+  i n c l u d e  < s t d i o . h >
+inc lude <str inq.h>

/*  quar tz  crystat  f requency IHz]  * /

+ d e f i n e  x r a l  7 3 ? 2 0 0 0 L

/ *  B a u d  r a r e  * /

+def ine baud 9600

c h a !  n y r e x r  I  I  =  " 1 8 8 8 ) 7 1 1 - 2 2 2 2 " t
c h a !  f l a s h  s e p a r a t o r s l l  =  ' O  - ' ;

v o i d  n a i n { v o i d )
{

c b a r  a r e a  c o d e l 4 l ;
char  *p!ef ix ;

char  *post f ix ;

cha!  backup copy[14] ;
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/ *  in i t ia t i ze  the  USART's  baud la te  * /

üBRRH=0x00;

UBRRL=xra1/  16  / t  aud 1 , .

/ *  in i t ia t i ze  the  USART conr ro l  req is te r

R X  &  T X  F n d b r a d ,  n o  i n r e l l u p L s ,  8  d d t d  b  s  '

UCSRÄ=0x00, .

UCSRB=oxD8, .

UCSRC=0x86;

/ /  w e  w c n t  L o  k e e p  t h e  o  i g i n d l  d  o u r d  o o l

s t !cpy  (backup,copy ,ny tex t )  ;

/ /  q rab  a  po inEer  to  the  area  code

s L ! c p y ( d r  e d _ c o d P , s .  r  I  o t  ( - y L c x r ,  s - p a r a l  o t s )  )  i

/ /  q tab  a  po in te r  to  the  pre f ix

p ' e f  i x  -  s , , l o l ( 0 ,  s e p ä r ä l o r s ) i

/ /  s rab  a  po in te r  to  the  posr f i x

.  e p a r a r o r s r ;

p r i n l  ( " s l d r l  i n 9  s l r i n g :  e s \ n \ r " , b d c k u p  c o o y r :
p ,  i n l r r ' a  P d  c o d F :  g s \ n \ r " d r e d  . o d e ) :

p r i n t f  ( ' P r e f i x :  S s \ n \ r " , p r e f i x )  ;
p - i n l  !  ( ' P o s f t i x :  g s \ n \ ! ' , p o s r  I i x ) ;

ü h i 1 e  ( 1 )

t
I

)

Results: The USART transmits, at 9600 baud,

star i ingr str ins: laaa)771-2222
Area Code:  884

P r e f i x : 7 7 7

P o s L f i x . 2 2 2 2

tan

#include <math.h>

float tan(float x);

The raa function calcul, ates the tangent ofthe floating point number x. The angle r is ar-
pressed in radrans.

Returns: tan(x)
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+inctude <mth-h>

void main (  )
i

float new_wal;

n e w  w a l  =  t a n { 5 - 1 2 1 ) ;

whi  1e (  1)

)

Re$Its: ne1v_val = -2.309

tanh
#include <math.h>

float tanh(float x);

The /rn,, irnction calculates the hyperbolic tangent of the floating point number rc The
angle * is expressed in radiam.

Reorns: tanh(x)
+ioc1üde <nath-  h>

vo id  main(  )

I
f toa t  new_wal ,

n e w  v ä l  -  L ä n h { 5 . l 2 l ) ,

wh i le  (  1 )

t

]
I

Results: new_vd = 0.999

toascli

#include <cqpe.h>

unsigned char toascü(char c);

The laarai firnction converts character r to a 7-bit ASCII format This is performed by the
following defnition:

* d e f i n e  t o a s c i i { c )  ( c )  &  0 x ? f
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Returns: the ASCII value of r (values between 0 and 127)

# inc lude <c type-h>

vo id  na in (  )

{
char  asc i i  va tue , .

asc l l  va lue  =  toasc i i  (0x81)  ;
w h i l e  ( 1 )

{
J

Results: ascii vrlue = (X31 ='1'

toint
#include <ct?e.h>

unsigned char toint(char c);

The lrizt function interprets the ASCII character r as a he"xadecimal digit and returns an
unsigned char from 0 to 15- Ifthe character is not a valid haudecimal digit, the tunction
returns 0.

Returns: Unsigned character ftom 0 to 15 representing ASCII character c

+ include <cEype- h>
vo id  na in  (  )

hex_walue  =  to in t ( 'a '  )  ;
w h i l e  { 1 )

{

)

Results: hex ralue = Orta

tolower

#include <cgpe.h>

char tolower(char c);

The a/atr.'er function converts the ASCII character d fiom an uppercase character to a low-
ercase chamcter. If r is a lowercase character, r is returned unchanged.

Returns: ASCII character r as a lowercase cirracrcr

+ inc lude <cEype.h>

vo id  na i !  (  )
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char tower_case_c;

l o w e r  c a s e _ c  =  t o l o w e r ( ' U ' ) ;
v h i l e ( 1 )

t
)

]

Results: lower-case c ='u'

toupper
#indude <cq?e.h>

char toupper(char c);
'lhe to ??er fnfictroo converts the ASCII character r from a lowercase chasct€r to an ün-
percase character If r is an uppercase chafacter, c is retumed unchanged.

Returns: ASCII character r as an uppercase characte.r
* inc lude <c t ! .pe .h>

vo id  na in  (  )

t

upper_case_c = loupper {  ,u , )  ;
w h i l e ( 1 )
{
)

J

Results: uoper case c ='IJ

vPtftntf

#include <stdio.h>

void r,prind(char flash .fmtstr, va_list argptr);

The e?rinffanc1jo'J ls identical to the function prhtf excnpr ew argjitr is a pointer to a
va{iable{ength list ofarguments-This pointer is ofthe type a lit The 1)a_/tu q1e ts de
fined in the header 6le stdarg.h.

Retums: None
+inc lude <nega16.  h>

/ *  incLude the  s tanda.d  input /ou tpu t  t ib .a ry  ' /

+ i n c l u d e  < s t d i o . h >

/ *  inc tude che var iab te  lens th  a lsumeDL l i s ts  nacros  * /

# inc lude <s tda la r .h>

+ d e f i n e  x t a l  6 0 0 0 0 0 0 t

+ d e f i n e  b a u d  9 6 0 0
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/* creaEe cuslon print rourine wiEh a wariable lensth argüent list */
' o  d  c u s ! o m l ) r  i n L ( . h d r  f l d s l _  ' . p _ f n L s L r ,  i n l  d d L d _ l a n ,  . . . 1

/ ' t o t d l  o r  L h e  i n l e s e r  d r g u m e . L s  r

va-1is! cp-arsptr; /* pointer to ä wariabte lensth aroüent list */

to la l  =  0 ;  / t  c lear  the  ta l ty  * /

l \ e  v ä , i d b l .  l e n g l  h  d r s u m e n l  l i s L  p o : n  a .  -

p r in t f  ( , ' s ta r t  o f  cus ton  r . fessage\n \ r r ) ;

/ *  use  @i in t f  to  p r in t  ou t  the  va lues  passed ro  our  func t ion  * /

wpr in t f  (cp_ fn ts t . ,  cp  a rgp t r ) ;

/ *  now use the  va  arq  nac io  to  reLurn  the  wa lues  as  inEeqers  r /

f o !  {  i = 0 ;  i < d a c a  t e n ; i + + )

!o ta l  +=  va  arg(cp  a lqp t r ,  in r )  ;

/ *  p l in t  rhe  cus ton  in fo rna t ion  about  the  dara  senr !  i /

p r i n t f  ( ' d a t a  l e n :  s d \ n \ r ' , d a t a  1 e n ) ;
p r i n t f  ( .  r o t a 1  v a l u e :  B a l \ n \ r " , t o r a t ) ;
p r i n t f  ( ' E n d  o f  C u s c o n  M e s s a q e \ n \ ! " ) ;

/ *  c leanup by  ca1 l i .q  E t le  va  end nacro  tso  tsern ina te

va  end(cp ,arqpE! ) ;

v o i d  n a i o ( v o i d )

/ /  Comunica t ion  Paraneters :  I  Data ,  1  s top ,  No Par i ty

/ /  USART Rece iwer :  On

/ /  USART Transn i t ie r :  On

/ /  usaRT Baud ra rer  9600

UCSRB=0xD8;

UBRRH:0x00, '

UBRRL=xra1/16 /baud-1  ;

c u s r o n j r i n r ( " l 4 e s s a g e  d a r a :  s d  g a l  g d  g d  g d  s d \ n \ r " , 6 , 1 , 2 , 3 , 7 , 9 , 8 ) ;
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l

Results: The USART transmits, at 9600 baud,

M e s s a g e d a t a : 1 2 3 7 9 A

D a t a  1 e n :  6

t o t a t  v a l u e :  3 0
End o f  Cus ton  l tessage

YsPrintf

#include <stdio.h>

void vsprintf(char .str, char flash *fmtstr, va-list argptr);

The vsprintf flJJJcoon performs almost exacdy ^s ltp;n{ peÄor'r,]'s, exc.pt th^t u?inf
copies the formatted text according to the format spect6eß n thefntstr string to rhe strnrg
rtz instead ofto the USART- A null termination is appended to the end ofrrr after the for-
matted tert is copied to it. The memory for rrr should be large enough to accommodate rhe
copied tet and the nul1 termination.

See pinffor more inlormation on format specifi ers ar.d uprin{for a cnde exanple.



Getting Started with
CodeVisionAVR
and the STK500

FEATURES
. Inställin8 and conf8uring CodevisionAvR to workwith theAtmel STK500

starter kit and AVR Studio debugger:

. Creating a new projed using the CodewizardAvRAutomatic Program
Genemtor

. Editing and compilingthe C code

. Loading rhe executable code into tie target microcontroller on the STK500
starter kiL

INTRODUCTION

The purpose of this document is to guide the user tluough the preparatron of an
crample C program using the CodeVisionÄVR C compiler The example, which is
the subject ofthis application note, is a simple program for the Atmel 4T9058515
microcontroller on the STK500 starter kit.

PREPARATION

Install the CodeVisionAVR C Compiler by executing the file setup.exe.

It is assumed that the program was installed in the default directory: C:\cvart.

Install the Atmel AVR Studio debuger by execlting the 6le setup.exe.

It is assumed that AVR Studio was instäled in the default directory: C:\Program
Files\AtmeNAVR Sirdio.

The demonstration program to be dercloped in the nert few pages requircs an Atmel
4T9058515 microcontroller and the STK500 starter kit.

Set up the starter kit according to the instructions in the STK500 User Guide.

(Retnhted ca"rtet af Ptut Haidu nd HP I"faT..n s.R.L.) 453
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Make sure the power is o{f and insert the AT90S8515 chip into the appropriate socket
marked SCKT3000D3.

Set the XIAL1 jumper. Also set the OSCSEL jumper between pins 7 and2.

Connect one 10 pin ribbon cable between the PORTB and LEDS headers.

This will allow displaying the state of 4I90S8515's PORTB outputs.

Connect one 6 pin ribbon cable between the ISP6PIN and SPROG3 headers.

This will allow CodeVisionAVR to automatically program the AVR chip after a successful
compilation.

In order to use this feature, one supplementary setting must be done:

Open the CodeVisionAVR IDE and select the Settings lProgrammer menu option.

The following dialog window will open:

Make sure to select the Atmel STK500 AVR Chip ProgrammerType and the corespond-
ing Communication Port, which is used with the STK500 starter kit.

Then press the STK5OO.EXE Directory button in order to speci$r the location of the
stk5O0.exe command line utility supplied with AVR Studio.

(Reprinted tourtesy af Pavel Haiduc and HP lxfoTech S,R.L.)
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The following dialog window will open:

Select the C:\Program Files\Atmel\AVR Studio\STK5O0 directory and press the OK

button.

Then press the OKbutton once again in order to save the Ptogrammer Settings'

In order to be able to invoke the AVR Studio debugger/simulator from within the code-

VisionA\rR IDE, one final setting must be done'

Select the Settings lDebugger menu option. The following dialog window will open:

Enter C:\Pro$am Files\Atmel\AvR Studio\AvrStudio.exe and press the OK button'

ACD SyBtBm$
Adobe
Adobe Type Manaqef
Alloy
Applet Button Factory
Almel

(Re?rinted courtes! ofPaoel Haiduc axd HP lnfoTbcb S.R.L.)
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CREATING A NEW PROIECT
In order to create a new project, select the File lNew menu option or press the lfifl toolbar
button.

The following window will be displayed:

Select Project and press OK

Then the following window will be displayed

Press Yes to use the CodeWizardA\rR Automatic Prosram Generator.

(Rz?inted coartes! of Pooel llaidac and HP InfoTbclt S.R.L-)
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USING THE CODEWIZARDAVR AUTOMATIC PROGRAM
GENERATOR

The CodeWizardAVR simplifies the task of writing start-up code for different AVR
microcontrollers.

The above window opens and, for this example project, we shall select the 419058515
microcontroller and set the clock rate to 3.68 MHz since that is the clock on the STK500
starter kit.

(Re1rinted courasy of Pavel Haiduc and HP InfoTech S.R.L.)
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CONFIGURING THE INPUT'OUTPUT PORTS

Select the Ports tab to determine how the I/O ports are to be initialized for the target system.

The default setting is to have the ports for all the target systems to be inputs (Data Direc-
tion bits to be all I's) in their Tü-state mode.

For this exercise, we want to set Port B (by selecting the Port B tab) to be all outputs and we
do this by setting all the Data Direction bits to O (by clicking on them). We also set the
Ouqrut Values to be all 1t since this coresponds to the LED's on the STK500 being off

CONFIGURING T IMER I

For this project, we want to configure Timer 1 to generate overfow interrupts.

(Reprinxd courtery afPavel Haiduc and HP InfoTbch S.R.L.)
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We select the Timers tab and then select the Timer 1 tab resultinE in the window shol,qn
below.

Set the options as shown in the above window We have selected a clockrute of 3.594 kJfz
(the system clock of 3.68 MHz divided by 1024).

The timer is set to operate in the default "Output Compare" mode and to generate inter-
rupts on overfow.

To obtain the fiequency of LED movement of 2 per second we need to reinitialize the
Timer 1 value to Ox10000-(3594l2)=OxF8FB on every overfow.

(Reprinted nartety ofPavel Haiduc and HP InfoTbcb S.R.L.)
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coMPLETTNG THE PROIECT

By selecting the FilelGenerate, Save and Exit menu option the Code Wizard will generate
a skeleton C program with, in this case, the Port B and Timer 1 overflow interrupt set up
correctly.

The following dialog window will appear:

By pressing the El button, a new directory C:\cvaw\led wi11be created.

It will hold all the files of our sample project.

Then we must specify the File name ofthe C source file: led.c and press the Save button.

A new dialog window will open:

(Reprinnd courtesy af Paoel Haiduc and HP InfoTbch S.R.L.)
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Here, we must speci$/ the File name led.prj as the project name
folder: C:\cvarr'\led.

Finally, we will be prompted to save the CodeWizard project file:

and put it in the same

We must speci$. the File name as: led.cwp and press the Save button.

Saving all the CodeWizardAVR peripheral configuration in the led.cwp project file will
allow us to reuse some ofour initialization code in future projects.

The led.c source file is now automatically opened and available. One can then start editing
the code produced by the CodeWizardAVR. The source listing is given on Appendix A of
this application note.

In this example, only the interrupt handler code needs to be amended to manage the LED
orsPray.

The small bit ofcode which was added is shown highlighted; the remainder was supplied by
the CodeWizardAVR.

v lEwtNG oR MODtFytNG THE PROIECT CONFtcURATtON
At any time, a project configuration may be changed using the ProjectlConfigure menu
option or by pressing the ffi toolbar button.

(Refrinted nurtesy of Paul Haiduc and HP Infinth S.R.L.)
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The following dialog window v/ill open:

To add or remove 61es from the project, select the Files tab and use the Add or Remove
buttons.

To change the target microcontroller, the clock rate, or the various compiler options select
the C Compiler tab.

The following window opens and the configuration may be altered:

(Re?linted coürtes! afPaoel Haiduc and HP InfoTecb S.R.L.)
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We may also select \irhether we wish to automatically program the target microprocessor
after the Make or not.

This is chosen by selecting the A.fter Make tab, which gives us the next window.

For the purposes ofthis example, the Program the Chip option must be checked.

This will enable automatic programming of the AVR chip after the Make is complete.

M A K T N G  T H E  P R O I E C T

The Project pull-down menu gives the Make option. Click on it or on the lP brrtton ort
the toolbar.

After a successfirl compile and assembly, the Information window will be displayed as
shown below.

(Rzprixted courtesy ofPavel Haiduc and HP InfoTuh S.R.L.)
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Chip:4T90SS515
model:Srnal l
lor Size
chnrlo int No

isunsigned.Yes
#define:Yes

€gis€r allocadon: On
Use AVR Studio Terminel UO: No

'1 8 8 line(s) co mpiled
Erorg
u,ffnings

6izEr B byb(6)

51ACK ere8: bUnrO Uin

Stack size:,|20 hde(6)

Globolvaiebles s zer0 byte(s)

Stacke€a:Eohlo 25Fh
StdckBize:384 bde(s)

This window shows how the RAM memory was used by the compiler.

(Rc?rinted courtes! tPaoel Haiduc and HP InfoTbch S.R.L.)
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If the Assembler tab is clicked, the Assembler window shows the size of the assembled
code, as shown below

Selecting the Programmer tab displays the value ofthe Chip Programming Counter.

This counter can be initialized by pressing the Set Counter button.

(Refrinted courtesy af Pavel Haiduc aad HP InfoTeth S.R.L.)



lf the X4ake proccss was successtul, then power up the STK500 st tcr kit and press the
Program buttun to sLr.r tl-e automatic cJrip programming.

Alter the progranming process is complete, thc codc will start to execute in the rarget mi
crocontroller on the STK500 starter kit.

S H O R T  R E F E R E N C E

Preparations:

l. Inställthe CodevisionAvR C €ompiler

2. lnställ theAtmelAVR Studio debugSer

3. lnstall the Atmel STK500 starter kit

4. Confgure th€ STK500 progrämmer suppon 'n the CodevisionAvR IDE by selecting:
Settinge>Prog.ammer->

AVR Chip Prog.ämmerType STK500->

Specify STK500.E,(E Directory: C:\Prognm Files\Atmel\AVR Studio\STK500->

Communication Pon

5. Conngure theAVR Studio suppon in the CodevisionAvR IDE by selecring:

Seftings->Debugger->

Enter: ClProgram Fjles\Atmel\AvR Südio

Gcftiflg Stä.rted:

| . Creäte a new proiect by selecting:

File->New->Select Project

2. Sp€ciry that the CodewizardAvR will be used for producing the C source and proiect
fil€s: Use the Codewizard?->Yes

3. In the CodewiuardAvR window speciry the chip type and clock frequency:

Chip->Chip:4T90S85 | 5->Clock 3.86MHz

4. ConflSure the l/O pons:Pons->Port B->Data Direction: all Outputs->O utputvalue.
ä l l  I s

5. ConfigureTimer liTimers->Timer l->Clock Value: 3.594kHz-> Interrupt on:Timer I
Overflow->Val: 0xF8FB

6. G enerate the C source, C pro,e€t, and CodewizardAvR project flles by selecting:

FilelGenerate, Save and Exit->

Create new directoryi C:\cvayr\l€d->

Säve: led.c->Save: led.prj->Säve: led.cwp

7. Edit the C source code

(Refl;ite,t t.nrks).tPad Haiduc aad HP InfaT.rh S.R.L.)
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L View or modit the Proiect configuntion q/ selecting Proiect->Confr8ure->

After Mäke->Program the ChiP

9. Compile the program by selecting

10. Automaticälly proSram tneAT90S85l5 chiP on the STK500 staner kit:

Apply power->lnformation->Progräm-

THE SOURCE CODE

This p iogran was Ploduced L 'Y Lhe

coder ' i lzardAvR v1-  0 .  1 .  8c stanalard

Autönat ic  ! rosran Generator
O  C o p y i i e r h E  1 9 9 8 - 2 0 0 1
ö - l . t  n d . L d u - ,  P  I n . o 6 c . h  s . R . L

h t t p :  /  /  i n f o t e c h .  i ! .  r o

e-na i l :  hp in foLech@xnet .  ro ,  hp in fo  cechena i l  .  ro

ch ip  rype :  4T90S8515

c L o c k  f r e q u e n c y  :  3 . 6 8 0 0 0 0  u H z

Meno ly  node l  :  Sna11

In le rna l  SRAM s ize  :  512

Externa l  SRAM s ize  :  0

Data  Stack  s ize  :  124

+  i n c l u d e  < 9  0 s 8 5 1 5 .  h >

// the r.ED 0 oD PoRTB wtIl be oü

unslgDeal char leal 5tatu6=o*FEt

/ /  T imer  l  over f low in te l rup t  serv ice  rour ine

in !e r rup t  lT1141-ovF l  vo ia l  t iner l  ov f - i s r (vo id )

I
D -  n ; t i " _  2 .  r i m e  ' s  |  ! d l u e

TCNTlH=OxF8;

TCNTlL=OxFB;

/ /  P lace  your  code here

(RePiatNd Mts' d Paut Haidx. a"d HP hIaTb.n S.R:L)
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/ / rcw. tl!6 r.ED

1ed_a la tua< <-1 i

if (16t1 statqs==oaFF) ledl_3tatüa.0xFE,

// tun oD tlle lED

PORTB!loal atatust

)

woid nain(woid)
t
/ /  hpur /ouiput  Por ts  in i t ia l iza l ron

DDRB=0xFF,

DDRC=0x00;

DDRD=0x00;

/ /  T inei /CounEer 0 in i t ia l izat ion
/ /  c lock source:  Sy6ten Clock
/ /  Clock value:  f iner  0 Stoppeal
/ /  Mode:  Output  Conpa.e
/ /  oco outpur :  Disconnecte i l
TccR0=0x00;
TCNT0=0x00;

/ /  T iner /Counter  1 in i t ia l izat ion
/ , /  Clock soulce:  Systen Clock
/ /  c l o c k  w a l u e :  3 . 5 9 4  k E z

/ /  Mode:  Outpul  Conpare
/ /  oc lA oulpuE:  Discon-
/ /  oClB oulput :  Discon.
/ /  Noise CaDceler :  o f f
// rnpul capture on Falling Edge

(Brpi'ad .otrt6t of Ptut ru;dü df,d HP hfoTdt S.R.L)



4f?e,di' B-Geltina Sto,t.d tuitb Coder.k;o',4r.R 'nd rhe STK50O 469

TCCRlB=0x05;

TCNTlH=0xF8;

TCNTlL=0xFB;

ocRlAH=0x00;

ocRlAL=0x00;

ocRlBH=0x00;

o c R l B L = 0 x 0 0 ;

/ /  Ex terna l  In te r rup t  (s )  in i t ia l i zaEron

/ /  I N T O :  o f f

/ /  I N T 1 :  O f f
CIMSK=0x0 0 ;

M C U C R = 0 x 0 0 ;

/ /  T i n e r ( s ) / c o u n t e r ( s )  h t e r r u p t { s )  i a i t i a l i z a t i o n
TIMSK=0x80,

/ /  Anatog  conpa.a tor  i4 iE ia l i za t ion

/ /  Anatog  conpara tor :  o f f

/ /  Ana log  Conpara tor  Inpu!  Captüre  by  T ine ! /CounLer  1 :  Of f

/ /  G lobat  enat '1e  in te r .up ts

// tbe lest is ato!€ b!' |Ilttlil overfloe int€ralrrE

)

ß4nnd @t , of P4wt Haidü and HP l"faTe.n s.F L)



Programming the AVR
Microcontrollers

The purpose of this appendix is to introduce thc rarious programming methods
available and to provide enough information to troubleshoot programming prob
lems. The information given is not intended to bc suflicient to ernble the rexder to
create a programming device; see the microcontroller specification if you wish to
cfeate your own Programmer

,AlI microcontrollers (and microcomputers of all tvpes) rcquire that all or part of the
operating program be resident in the computer when it starts up. trlticrocontrollcrs
and computers cannot do'hothing" (i-e., they must be er<ecuting code at all timcs
when they are mnning). If they are in a "do-nothingz loop, they may be accomplish
ing nothing, but they are still executing the code that makes up the idle loop.

This means that the operating codc must be permanently storcd in a non-volatile
scction ofmemory In the case ofthe Atmel A\tR microcontrollers, this memory is
conposed of flash nemory. And, assuming that you are not using an in-circuit
emulator or a simulator the code must be programmed into the flash memory in
order for the code to be run.

Atmel provides on board programrning via the SPI port arrd via a parallel program
ming scheme. The SPI nethod is actually used almost exclusively to program the de-
vices. The program bltes are applied to the SPI port in a specific sequence and are
subsequendy stored into the flash memory This code is thcn cxecuted the next time
dre microcontroller is reset. Thc huge advantage to SPI programming is that it a1-
most always can be done in circuit the devices do not nced to be removed fiom their
application and programmed in a special prograrnming device. This allows for easy
lield uDsrades in the cornmercial world.

471
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SPI PORT PROGRA]' IMING

As an example, consider the method of programming an 419058535, which is as follows:

l. Aft€r the micro€ontroller is power€d up and running,hold RESET and SCLK low for
at least 20 ms.

2. Send r}.e Pngonning Enoble command word into the microcontroller via the SPI
poft. During the transmission of the 3d byte,0x53 should be echoed back to the Pro-
gramming device. Finish the command by sending a dummy4- blte

3. Transmit the write P.ograr, /t4ernory command contäinint the address of the byte to be
written and the byte its€lf (see Figure C.l below).

4. Use the Read Program l4emory command to poll the byte just senr Read back the
byt€ until the byte is corect (0xff will b€ sent back untilthe byte is programmed into
the flash memorY).

5. Repeat steps 3 and 4 until the entire program code is loaded into the flash m€mory

6. S€t RESET high to resume normal operätion and to execute th€ code now loaded into
the microcontroller

Nate: AI af the ?,agram,'ing annand bytes reqane üe transnision af4 brtes ta the m1ffoe1n-
troler teing ?rogranne.l Alfaar nust aluars be transmittedfor synchranization ?aryosd eten
thaugh lone nar be dunry bttes.

Other operations may be executed on an -A19058535 in a manner similar to the above by
the selection ofthe appropriate command word from Figure C.1.

The actual SPI programming commands vary somewhat among the various Atmel AVR
microcontrollers. Check the specification for your particular device for details.

COHMERCIAL PROGRAMMERS

There are a number of commercial programmen available to allow progamming the fl:sh

code memory of the microcontrollers. Some, such as TheCableAVR made by Progressive
Resources, LLC, use serial or USB communication to the PC. These gpically use an Intel
HEX file as their source for the code. These units have soohisticated PC softlvare to con-
trol the programming process and include features such aJautomatic erase/program/vcrifr
sequencing. They also have additional electronics to convett the serial inJörmation into
SPl-compatible conmunication.

A number olother devices also use PC software to program the microcontrollers, but they do
so via the PC parallel port. These mosdy manipulate the bits ofthe parallel port to simulate
the action of the SPI bus in communicating with the microcontrollers. Devices made by
Kanda Sptems (STK 200+/300), Vogel Electronik (VTEK-ISP), and the programmer built
into the Atmel STK500 development board are ofthis gpe. These latter programmers are
also supported direcdy by CodeVisionAVR so that thc microcontrollers may be Programme.i
from within the CAVR IDE. These devices gpically are somewhat slower and less sophisti-
cated in their approach and flexibility than the serial device described above.
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Byte I B,fte 2 Byte 3 Byte 1

1010110001010011

Nlode01010011

Chip Erase
Send 10101100

EEPROI,l

Mcmory High Byte

Scnd 00101000 Rmd High Brte from

Rd.

00100000 Read Low Brte fron
Plogiam Menory word

Menory-High Blte

SenJ 01001000 Writc High Bltc to
Progrm Memory lvord

Nlenorr-LN Bfe

Send 01000000

Rcad EEPRONI
10100000 Read EEPROT\I

Nlemory Blte at
Rd.

Write EEPROM
11000000 Write EEPRONI

Memory Blte at
Rd.

Notesr 1. a = address bit
b = data bit
x = don't cre bit

2. There are also comnaods to poll and rrite the lock bits. See pan specification for
detalls.

3. 'Chip Erase" requires a RESET and new "Progranming Enable" after the erase is
succesArl.

Fisure C-f 419058535 SPI Ptogrcmmine Connond wotds



BOOT LOADER PROGRAMMING

Some of the Atmel devices, such as the AIMega16, also allow for selfprogramming via a

baot loada progrzn.-lhese devices are capable of writing data to the flash code mcmory
under the control ofan on board program called a baol loader.

The boot loader program must be lrdtten and stored in the bootloader section offläsh code
memory This scction of menory is protected from orenvriting by setting the xpProPriate
lockbits.

The advantage to a boot loadcr program is that it can be tailored to the applicntion; i.e , if
you want to be able to upd:tc the llash code memory from the serial port, then rhe boot
loadcr can be rvritten to accept datx serialy (formatted in some standard form such rs an
Intel HEX formatted 6le, for instancc) and the data placed into flash memory

To use a boot loadet theloader program nust be programmed into the upper section offlash
memory, called the /aol loader:exion. Contolbits are thcn set so that a RESET causes the
boot lldder ro stutrwatching the chosen input device (i.e., the serial port). A certain string of
characters, followed by the program code, kels the boot loader to start re-programming the
flash section ofthe dcr.ice. Receipt ofthe rvrong string ofcharacters or the passagc ofa set
amount of time without recelpt of the conhol string rvill cause the boot loader to transfer
control to the beginning offlash code memory to execute the stored Program-

The ad\antage to a boot loader program is that it allorvs field reprogramming lrom almost
any device wanted by tailoring the input device to suit the needs. For instance, some devices
use the serial port and may be entnely reprogrammed by a PDA such as r Palm Pilot.



Install ing and Using
TheCableAVR

SYSTEM OVERVIEW

ThcCableAVR is a tool designcd to serialh progrxrn thc Atmel ln-Svstem Pro
grammable microcontrollers. It consists of a Windorvs@ applicntion and a spccixl
downloading cable. Bv ut;lizing the specialized hardrvare in the downloading cablc,
the PC application a1lows the user to read, program, and rerifi manr.ofthc Atmel
microprocessors that arc in svstem prograrnmablc. lipres D-1 .rnd D 2 shol,
ThecableA\'R hardware and the user lntcrface sofnvare respectir.c\r

t t : : l : l r : :

Figurc D-l TheCableAVR Hodwte

475



476

file l8n.lection levice lelp

Conrlel}tionslatus:Connectsd Pori:f,'M]

Chips P,ogramfiedl

t - l
Hetsd i Ltäst I

Prooräm I etank checr I

u"g I !r;r ,

Figure D-2 TheCobleAVR Softwore

SOFTWARE SYSTEM REQUIREMENTS

The minimum l.rardware and softrvare requiremcnts to enslrre that the programmcr PC
aoolication oDcrates correctlv are as follorvs:

. 100% IBM compatible 386DX or higher processor (minimum of 486 recommended)

. Windows 95@ or higher

. lYinimum 4MB RAM

. I ' l inimum IMB free hard disl< space

. Spare PC serial port

Oevice TyFe lÄTmEgal:E :l ryqqlry: I
Specielüptions I

5eclitli

P Fgm Fr..rse and SecL.rtily Bits

|7 f,heck 5ilnalwe
l-- Elenk rlheck
i7 Psm C0DE {FL.ASHI
T Ve l! CBDE lFL.AsHl

I  Hqm UAIA LtLl -FiUtolJ

f- Pre+erve DATA IEEPBFMI
l'- lerify 0AT,q EEPF0MI

l lEr := ] l  None : l

BDll Lond 5ecodl,'

FLÄSH SIZF: ]3l:l]Z
TEPF0M SIZE: ,lü98

FLA$H CSLIM: 0irlE09
E€fRüM [5Uf'{: l{tFFF

Er€3e

Prrgföm

)ji

Ve [,

D"r

Fl"!h lProgrEmlArea

üz
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GETTING STARTED

SOFTWARE INSTALLATION

| . Place th€ diskefte labeled "lnstallation Diskette I of 2" in Roppy drive (A: \ BJ

2. Select Run from the Windows Start menu.

3. Click Browse.

4. Navigate to the floppy drive (A / BJ änd click Open.

5. Click OK on the Run dialog box.

6. An introductory scr€en appears.

7. Follow the on-s€reen prompt! to complete installation of the software.

On completion, the installation program installs the "TheCableAVR" icon within a new
program group called "TheCable."

To launch the softwarc, double-dick on the TheCableAtrR icon.

HARDWARE INSTALLATION
- PlugThecableAvR programmer into a serial pon on the PC.
- Connect the IDC plug to the l0-pin tDC connector on th€ target board.
- Apply power to the targ€t board. CrheCableAVR draws power from the targ€r board.)
- S€lect Connection from üe Fil€ Dull-down menu inThecableAvR software.In the

pop-up windowsel€ct the appropriate COM pon. Click OK to save the COt4 pofi
selection and close the window.

To check the connection between the PC and the programming cable, open up the Con-
nection pop-up window and dick Checlc If everything is connected corecdy, a messagc
pops up, "TheCableA\.R programming cable is corectly conrected."

Ifcommunication enors are encountered, make sure the target board is powered on (the
powcr LED on the programmer should be 1it). A1so, ensue that no other software or hard
waft is conflicting with or using the selected COM port

SOFTWARE OVERV!EW
TheCableA\rR software al1ows the user to select the g?e ofprocessor to be programmed,
the afeas(s) ofthe processor to program, and the security level to program. The software also
allows the user to open and edit hex or binary liles for the flash andlor data area of the
processor to be programmed.

TheCableAVR software can also be called from the command line. This allows other aooli
cation. to open 3nd run TheCableAVR direcdy.
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M A I N  S C R E E N

TheCableAVR software main screen can be divided into six sections: pull down menus'
Device Parameters frame, Flash (prognm) Area frame, EEPROM Area ftame, Statistics
frame, and control buttons group. Figure D 2 shows the main screen ofTheCableAVR

PULL.DO\^/N MENUS

There are four main putl-down menus available: File, Connection, Device, and Help

File Menu:

. Open Proiect Pmmpts the user to select a previously saved pro,€ct to open and load.

. Save Project-Prompts üe user to sel€ct ä proi€ct filename to save the current settings
under for fü$ire reference-

. Load Butrers-lt a file is sel€ct€d for the Flash and/or EEPROM buffers. load the file
into the buffer.

. Export Proiect for Palm Pilot-op€ns a window for downloading the project to
TheCableAVR Companion software running on a Palm Pilot or similar device.

. Exit-Clos€s the aDDlication.

Connection Menu:

. Select Port-opens th€ Connections pop-up window to allow the üs€r to select a
COM port.

. Check Connection-AttempB to communicate with TheCableAVR hardwa.e. lf
communications are establ'shed, the messäF "Th€CableAVR proSramming cabl€ is
correctly connected." appears to tie user

. Disconnect-Disconnec from the COM port Upon the nextcommand which
requires commünication with the hardwäre,the connedion is re-established.

Device Menu:

. Read-Read the selected ar€as (flash and/or EEPROM) into the appropriat€ buffer and
update the check sum field for all read bufiers. Update the buffer filename to
Flash Buff or EEPRoM_Bufi to indicat€ that the contents of the buffer are from the
pro€essor and not a loäd€d file.

. Protnfti Program the processor according the options selected.

. Verit-Read and veriry d'e processor for the ar€as selected (flash and/or EEPROIY). lf
discreDancies ar€ detected. the user is informed that differences exist and those differ-
ences are listed.

. Erase Perform a Chip Erare operätion on th€ proc€ssor:
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. Blank Check-Read the flash and EEPROM areas of the chip. lf all memory locations
contain oxFE then inform the user that the chip is blank. lf not, inform the user that
the chiD is not blank.

. Reset-Perform a Reset operation on the processor.

. Read Security-Read the current security level ofthe processor and display the level
to the user.

. Write Security-Write the selected security level to the processor.

Help Menu:

. AboutTheCableAVR-Display software version and company information.

. Get CableVersion-lnterrogate TheCableAVR programming cable hardware for the
version number and display the number to the user. lt may be necessary to call this
twice to get the version number. Occasionally, the communications are out of
sequence and the version reads as 0.0,

DEVICE PARAMETERS

The Device Parameters section allows the user to select the g?e ofprocessor to perform op-
erations on and which areas of the processor to include. The user can also select how the
processor is handled during those operations, including whether or not to check the signa-
ture bltes and whether or not to blank check the processor during a program operation.
There are seven fie1ds (Device T1.pe, Securiry Check Signature, Blank Check, Pgm CODE,
Pgm DATA, and Preserye DATA) and two command buttons (Auto Detect and Special
Options) in the Device Parameters section.

Figure D-3 Devi.re Porometers Fields
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DEVICE TYPE

Use this drop-down list to select the rype of target processor. Selecting a processor auto-
matically clears the flash and EEPROM buffers and reset the Statistics frelds. Ifthere are
Special Options ar.ailable for the processor, this command button is enabled. The Auto De-
tect command button automatically selects the processor gpe for the user if the prccessor is

AUTO DETECT

The Auto Detect command bunon automatically selects tle processor gpe. When the
Auto Detect comnand button is dicked, TheCableAVR reads the processort signature
b1.tes and determines tlre type ofprocessor. The appropriatc Device T1?e list item is then
selected and the Statistia felds are updated accordingly

Nate: If tlte qrarcssor is read protuted ßeearity fue b;a enabhd), tbm inulid signature S,tes
aft retumed and tbe tye afPro.essor ca not be detonined. Iftti l)a??ens, a nessage is returned,
'De&e is LacLed. Unatle to determine ry?e of tuone," and tbe Deoie T!?efield ;s not thanged.

SECURITY

The Security drop-down list allows the user to select fiom thrce levels of securiry These
correspond to the lock bits on the processon-

. Level I No lock bits progmmmed;the device can be read and written to.

. Level 2-LB I proträmmed, tB2 not proSrämm€d; tunher programming of the Flash
änd EEPROM is disabied,

. L€vel 3 LBI and LB2 progmmmed;further progrämming änd reading ar€ both dis-
abled for Flash and EEPROM.

The Security level can be read frorn or written to the processor at any time by using the De-
vice pull-down menu items Read Security and Write Security

SPECIAL OPTIONS

The Special Options commard button is enabled for processors that have fuse bits that can
be programmed. When it is dicked, a Special Options window is displayed to allow the user
to set up the fuse bits for that particulrr processor

CHECK SIGNATURE

When the Ch€ck Signature option is che&ed, TheCableAVR checks the signature b1tes
before performing a program, read, or verifr on the processor- lfthe signatL[e bltes do not
match the selected processor, the user is given a warning message "Device Signature Erfor"
and the selected operation is aborted.
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BLANK CHECK

When the Blank Check option is checked, TheCableAVR automatically performs a blank
check after the chip erase during the programming operation. If the processor did not com-
pletely erase, the user is issued a warning, "Flash (or EEPROM) Area is Not Blank " and
the programming operation is aborted.

PGM CODE (FLASH)

The Pgm CODE (FLASH) option selects,/deselects the flash area of the processor for pro-
gramming, reading, and blank checking operations. Each ofthese operations is performed
on the flash area only if the Pgm CODE (FLASH) option is selected. (If this option is not
checked, the operation skips the fash area.)

PGM DATA (EEPROM)

The Pgm DATA (EEPROM) option selects/deselects the EEPROM area of the processor
for programming, reading, and blank checking operations. Each of these operations is
performed on the EEPROM area only if Pgm DATA (EEPROM) option is selected. (If
this option is not checked, the operation skips the EEPROM area.)

Note: If the Preserve DATA (EEPROM) opt;on is selected, the Pgm DAIH (EEPROM) option
is selexed and disabled. Part of the Presente Data operation is to prograrn tbe EEPROM area, so
this aption has to be selected.

PRESERVE DATA (EEPROM)

In order to program the flash area of the processor, a chip erase must first be performed. This
erases the contents ofboth the flash and the EEPROM areas. In some cases, it is desirable to
preserve the current EEPROM data in the processor. When the Preserve DATA (EEP-
ROM) option is selected, the EEPROM area of the processor is read and stored in the EEP-
ROM buffer (ofthe PC application) before the chip erase is performed. After the flash area
is programmed and verified, the EEPROM area is programmed from the EEPROM buffer.

Note: If the Pgm CODE (FLASH) option is not selected, this option is not available (because a
chip erase is not performed during the program cycle).

FLASH (PROGRAM) AREA

The Flash (Program) Area section has two main parts-the bulfer information boxes and
the command buttons (see Figure D-4). The buffer information boxes te11 what file (if any)

Figure D-4 Flosh (Program) Area
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has been selected for the buffer and whether or not that file has been loaded into the buffer.
The command buttons control the file selection, loading the buffer from the file, editing the

buffer, and saving the buffer to a file.

. Browse-The Browse command button oromots the user to select a file to load to
the buffer. Once a file is selected, the filename is displayed in the edit field to the left
of the Browse button.

. Load-The Load command button prompts the user to load the selected file into the
buffer.The progress bar below the filename edit field shows how much of the available
memory is used by the buffer.

. Edit-The Edit command button ooens the Buffer Editor to allow the user to edit the
contents of the buffer.

. Save-The Save command button DromDts the user for a filename to save the current
buffer contents under.

EEPROM AREA

The EEPROM Area section has two main parts-the buffer information boxes and the
command buttons (see Figure D-5). The buffer information boxes tell what file (ifany) has
been selected for the buffer and whether or not that fi1e has been loaded into the buffer. The

command buttons control the file selection, loading the buffer from the file, editing the

buffer, and saving the buffer to a file.

Figure D-5 EEPROM Areo

Browse-The Browse command button prompts the user to select a file to load to
the buffen Once a file is selected, the filename is displayed in the edit field to the left
of the Browse button.

Load-The Load command button prompts the user to load the selected file into the
buffer.The progress bar below the filename edit field shows how much of the available
memory is used by the buffer.

Edit-The Edit command button opens the Buffer Editor to allow the user to edit the
contents of the buffer.

Save-The Save command button prompts the user for a filename to save the current
buffer contents under.
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STATISTI CS

The Statistics section displays information about the processor selected, the fash and EEP-
ROM buffers, and the progress ofthe operation being performed. See Figure D-6.

Figure D-6 Stotistics Fields

F L A S H  S I Z E :  S i z e  o f  r h e  f l a s h  a r e a  o f  E h e  p r o c e s s o t  s e l e c t e d
EEPROM S IZE :  S i ze  o f  t he  EEPROM a rea  o f  t l r e  p rocesso r  se lec ted
FLASH CSUM:  Checksum o f  t he  f l ash  bu f f e r  con ten t s
EEPROM CSUM:  Checksum o f  t he  EEPROM bu f fe r  con ten t s

The progress bars represent the percent completion ofthe operation being performed. The
operation being performed is indicated by a caption above the progress bar.

COMMAND BUTTONS

There are six command buttons available from the main window: Read, Program, Verify,
Erase, Blank Check, and Exit.

. Read-Read the selected areas (flash and/or EEPROM) into the appropriate buffer and
update the check sum field for all read buffers. Update the buffer filename to
Flash_Buff or EEPROM_Buff to indicate that the contents of the buffer are from the
processor and not a loaded file.

. Program-Program the processor according the options selected.

. Veril-Read and veriry the processor for the areas selected (flash and/or EEPROM). lf
discreoancies are detected. the user is informed that differences exist and those differ-
ences are listed.
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. Erass-Perform a Chip Erase operdtion on the processor.

. Blank Check-Read the flash and EEPROM areas of the chip. lf all memory locations
contain OxFE then inform the user that the chip is blank. lf not, inform the user that
the chip is not blank.

. Exit-CloseTheCableAVR aoolication.

E D I T  B U F F E R  S C R E E N

The Edit Buffer screen is ooened when the Edit command button is clicked for either the
Flash or the EEPROM Area.'I he contents of t}re appropriate buffer (indicated in the win-
dow title bar) are displayed in this window for viewing and editing.

The starting address ofeach line is displayed in the left frame. The data ofthe buffer is dis-
played in the center frame in hexadecimal format. The right frame displays the data as
ASCII characters. The selected value is highlighted in blue or a dashed oudine. The dashed
oudine indicates that the value will be edited. To select a value, click the value with the
mouse and tlpe the new value in the fie1d. The values can be edited as either hexadecimal
values (by editing in the center frame) or ASCII characters (by editing in the right frame).
The scroll bar at the right scrolls through the contents ofthe entire buffer.

Figure D-7 Buffer Editor Soeen

0c 94  F2 26  0C 94 00  00  0C 91 00  00  0c  94  00  00
0c  94  00  00  0c  94  00  00  0c  94  t4  {9  0c  9{  a0  00
0c  94  D0 00  0c  94  00  00  0c  94  Ä1 27  0c  94  D0 00
0c  9{  00  00  0c  94  00  00  0c  94  9c  27  0c  94  00  00
0c  94  95  27  0C 94 0B !0  0C 9{  00  00  0C 94 00  0u
0c  94  00  00  0c  94  00  00  0c  91  00  t )0  0c  94  00  00
0c  94  ü0  00  0c  94  0ü  00  DC 9{  00  00  0c  91  00  00
0c  94  00  00  0c  9{  00  00  nc9126 27  0c  94  üü  00
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s2 14  82  14  82  14  82  14  D4 04  08  00  9F FF 9F

2 0  2 0  2 !  2 E  0 0  6 1  5 1  6 1  6 1  6 1  6 1  5 1  6 1  6 1  5 1

9F F!' 9F FF E5 04 02 00 98 FF EC 04 02 00 Ä2 FF
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'lb 
fill a range with a particular vrlue, edit thc Start Add, End Add, and Value {ields at the

bottom ofthe window and dick Fill Range. This fills the range ofvalues lrom Start Ada to
End Add with Value. To 6ll the entire buffcr with t),rFf, dick Fi11 AI-L with 'FF'. All val-
ues in this section should be entered as hcxadecimal numbers.

Click OK to close the Edit Buffer window-

Note: Contents af tbe rebcted baller are nadfzed at tb cl)anges ar. ndde. Iftbe urer i unwre aflhe
ehanges he n naüng, he :hoalrl bacA u2 bi:fle BEFORE no.tifr;ng tbe bufer.

C O M  P O R T  S E T U P  S C R E E N

The COM Port Setup Screen allorvs thc user to select the COM port for connection to
TheCableA\R hardt are. Once the port is selected, the hardrvare is connected, and power
has been applied to the targct board, the user malr dick Check to check the setup. Ifcvcry
thing is corectly set up, the mcssagc "TheCabIeAVR programming cable is correctlv con-
nected" appears to thc uscr. Click OK to close rhe COI\'I Port Setup screen and sar-c thc
COI\,I port sctup.

A B O U T  S C R E E N

The About Screen simplv displays sofnvare version information and contact inlormatron
for Progressive Resources LLC.

C O M M A N D  L I N E  S U P P O R T

The command line suppon expccts particular paraneters to be passedrvhen the applicatron
is olled. These are:

. Project Filename (if not in the same directory äs the executable, include the path).

. User Present Flag =

I User is pr€sent and message box willäppear ifan error occurs.

2 User is not present and return value willhave to be used to determine ifthe
programming was successful.

An example with a user present would be
'C : \Proqram f iLes \Proqress ive  Resources \TheCabLeAVR\TheCäbLeAVR.ex .
'  c :  \ I r R o J  F I L T S \ P R O J . i s p ,  1

An er.r ,rplc s i rhout a u.er pre.ent would be
' c : \? rog idn  F iLes \  rogress ive  Resources \Thecab leAvR\Thecab leAVR.€xe '
'  C :  \ P R O J  F I L E S \ P R O J . 1 s p '  ' 0  '
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The lolJowing vJues are rerumed by the appllcat;on upon dosing:

l 1 Unable topßcdTEEPROM dNta due lo locl.d d.'iff

10 Unable to prosm just the EEPRON{ due to locked doice

9 Unable to pregff rhe setuitybiß

Unable to progflm the tu* bits

5 EEPROM not bhnk aftcr !nip cr*c

Flsh not blank after chip e6e

3 Signarurc docs not match elcctol ddi@

2 Bad veriry of flsh or EEPROM after prcgrm
Unable to $cßsfülly @Imuniote wirn TheCibleAVR hddMre

Prcgm of dwie sced ly ompteted

I Unable to scce$ vommimtewithTheCableAVRhadwrc

2 U6er cmceled pr%mminA of device

3 Unable to open s€lected pmjEt file

Unable to ooen eithq the Flash or the EEPROM 6le

5 Fldh filc too largc for selccted dcvi@
-6 EEPROM file too large for the selected daic
-7 Bad che.kum (hd or ep fils on!) in Flash or EEPROM 6le

HARDWARE OVERVIEW
TheCableA\.R hardware consists ofa programrning cable that has a 9-pin serial port con-
nection on one end and a 10-pin IDC plug on th€ oth€r. There äre two indicator LEDs
on the cable, Power and Busy. The green Power LED is lit any time the cable has power
(applied through the target system)- The red Busy LED is lit whenever the cable is hold-
ing the taget system in reset to perlorm some programming operation (Read, Program,
Verifr. etc.).



PIN ASSIGNI'1ENTS

The 10-pin IDC header on the targct syst€m should be pinned out as follows:

O
1 Prostmma Porcr GVr)
2 NC

NC

xlloSt SPI MatcrOutSlaveln o
5 NC

T'I]SO SPI Materln Slase Out I

GND ?rcgrmnd GND

8 SCKl SPI-Ssirr Cbck o
9 GND Prosrmmer GND

10 RESET Tdget RESET Connol Pin o

Table D-l ThecobleÄYR sofwo.e

Figure D 8 Shows a top view of the IDC header Connector shown is rhe male
10-pin IDC connector as viewed fiom above the component side ofthe target
board.

l0-Pin IDC Eeader
Top View

,4f?e'dir D If,ttallihg and U'i"E Tlt.Cab/.,4I/R

4 + MOSI

6 <t- Mtso

I -----) scK

vcc - r
N C  - 1

GND -9 IO_>RESET

Fisure D-8 TheCobleAVR l0-Pin IDC Header

TARGET SYSTEM SETUP

For TheCableAVR programmer to work corecdy, cenain conditions must be met r,vithin the target
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SPI ENABLE FUSE

The SPI Enable Fuse (SPIEN) must be ENABLED on the target processor in order for
TheCableA\R programm€r to work correcdy The SPIEN tuse can ooly be read./pro-
grammed in parallel programming mode. The defautt for the processors is SPIEN ena6bd.

RESET CIRCUIT

The serial programming mode of the Atmel AVR devices is initiated by setting the RESET
pin to the appropriate RESET state. So, in order to place the taJget processor in serial
programming mode, TheCableAVR hard*.are must be able to externrlly control the state of
the RESET pin.

PO\'vER

TheCableAVR hardware is pou'ered from the target application. Pins 1 and 9 are VCC
(+5 \DC) and GND, espectivdy

TARGET SYSTE]'I OSCILLATOR

The target system oscillator must be mnning for TheCableA\R to access the target proces-
sor The frequency must be an acceptable ftequenry for the target processor The acciptable
frequencies can be found in the microcontoller data sheets.

Nau: Tbe ascillatar caald be an extenal fftttalreionator or an;ntemal RC oldlatar



The MegaAVR-DEV
Development Board

The MegaAVR-Dev development board by Progressive Resources LLC, Indianapo-
lis, Indiana, is designed for protoqping and laboratory use. The board supports the
,AT90S8535, Mega16, Mega163, Mega32, or the Meg a323 in a 40-pinDIP package.

Figure E-f MegoAVR-Dev Development Board

The features ofthe development board include the following:

. Comes standard with an ATMegal6-8PC processor.

. Comes preproSrammed with boot loadint firmware. No other protramming
hardware is required.Just connect the MegaAVR-Dev to your PC with an
RS232 cable and run the "AVRBL Boot Loader"Windows application (available
free from: http://www.prl lc.com/products/BootApp.zip).

489
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' RS-232 throush a 9-Pin D shellas w€llas screw terminals and a jumper header.

. Up to 32K of in-syst€m proSrämmable FLASH memory with üp to IK of EEPROM
and up to lK of Internal RAM (depending on processor selection)-

. EiSht | o-bit analoS inputs, using either intemal or user-supplied r€ference.

. Nine l/O-controlled LEDS,eight of which are jumper selectable.

. 32 kHz'\^ätch" crystälfor on-board real-time op€rations.

. A universal clock socket allows for "canned oscillators," as well as ä väriety of crystals.
c€rämic r€sonators,and passive terminations-

. 0.l" centered headers providefor simple connecion to the processor special function
pins and l/o.

. lo-pin. polarized. ISP and JTAG connections ä.e provided for in-system programming
änd debugSing. MegäAVR-Devs on also be progammed through RS-232 using an
appropriate boot loader äpplication.

. On-board regulation allows for power inputs from 8 to 38V DC with an LED power
indi€aton

. T€rmination is provid€d for 5V DC output at 250 mA.

For more information refer to the Progressive Resources web site http://www.prl1c.com.

SPECIFICATIONS

8 V t ) 3 8 V D C

250 mw (nominal)

W.1.7 inches x H 1.7 inches

Mounting

Weight

Operating tempmtm 0"C to +607

0"C ro +85"C

Humidiry 0)6 ro 95% at +50"C (non-condeqsios)

Table E-l MegoÄVR-DevSpe.tltcdtion
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3.e50"

3.250"

Figure E-2 Connections, Heoders, ond Jumpeß
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SCHEMATIC
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ASCII Table

Americar Standard Code for Information Interchanee

000 000 000 00000000 NUL
001 001 001 00000001 soH
002 002 002 00000010 STX
003 003 003 00000011 ETX
00'1 004 004 00000100 EOT
005 005 005 00000101 ENQ.

006 006 006 00000110 ACK
oo7 007 a)7 00000111 BEL
008 010 008 00001000 BS
009 011 009 00001001 HT
010 072 004 00001010 LF

011 013 008 00001011 YT
412 014 00c 00001r00 IF
013 015 00D 00001101 CR
01.1 016 00E 00001110 SO
015 017 00r 00001111 st
016 020 010 00010000 DLE
017 421 011 00010001 DCT
018 022 o72 00010010 DC2
019 023 013 00010011 DC3
020 024 014 00010100 DC.1

021 025 015 00010r01 NÄK
422 026 016 00010110 s i}.r
023 027 ot1 00010111 ETB
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024 030 018 00011000 CAN

02s 031 019 00011001 ENI
026 032 OIA 00011010 SUB
427 033 018 00011011 trsc
028 034 0lc 00011100 FS

029 035 01D 00011101 C S

030 036 018 00011110 RS

031 037 01F 00011111 US
032 040 020 00100000 SP(Space)

0ll 041 021 00100001
03.r 042 022 00100010
035 043 023 00100011
036 044 024 00100100
037 045 02r- 00100101
038 046 026 00100110 &
039 047 027 00100111
040 050 028 00101000
041 051 o29 00101001
042 052 02^ 00101010
043 053 o2R 00101011
014 054 02c 00101100
045 055 o2D 00101101
046 056 028 00101110
u7 057 02t- 00r01r11
048 060 030 00110000
049 061 031 00110001
050 062 032 00110010
051 063 033 00110011
052 064 034 00110100
053 065 00110101
05'1 066 036 00110110 6

055 067 o37 00110111 7

056 070 038 00111000
457 077 039 00111001
058 072 034 00111010
059 073 038 00111011

060 l)74 0lc 00111100
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06i 075 0lD 00111101

062 076 03E 00111110

063 077 03F 00111111 ?

064 100 0,lO 01000000 @

065 101 041 01000001
066 L02 M2 01000010 B
067 103 043 01000011 C

068 104 o44 01000100 D
069 105 045 01000101 E
070 106 046 01000110 l-

077 707 047 01000111 G
072 110 048 01001000 H

073 111 049 01001001 I
074 7L2 010010r0 J
075 113 048 01001011 K
076 114 04c 01001100 L
077 115 04D 01001101 M
078 '176 04E 01001110
079 717 04F 01001111 o
080 120 050 010r0000 P

081 121 051 010r0001 q
082 722 052 010r00r0 R
083 053 01010011 S

084 r24 054 01010100 T
085 r25 055 01010101 U
086 726 056 01010110
087 727 057 01010111

088 130 058 01011000 X
089 131 059 010r1001 Y
090 132 054 01011010 Z
091 133 058 01011011 t
092 734 05c 01011100
093 05D 01011101

094 05E 010r11r0
095 737 05F 01011111

096 1,lO 060 01100000
097 747 061 01100001
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Binar,!

098 r42 062 01100010 b

099 143 063 01100011
100 744 064 0r100100
101 745 065 01I00101
ro2 066 01100110 {

103 L47 067 01100111 s
10.1 150 068 01101000 h

105 151 069 01101001
106 152 01101010
107 153 06B 01101011

108 154 0öC 01101100
109 06D 01101101

110 068 01101110

1 1 1 06F 01101111

1r2 160 070 01110000 p

113 161 071 01110001
114 \62 072 01110010
115 163 073 01110011

116 764 074 01110100
117 075 01110101

118 166 076 01110110

779 on 01110111

\20 770 078 01111000
t2I 77\ 079 01111001

122 172 07A 01111010

1,23 '173 078 01111011 t
124 174 07c 01111100 I

125 o7D 01111101 J
726 176 o7E 01111110

r27 177 07F 01111111 DEL



AVR Instruction Set Summary
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Answers to Selected Exercises

CHAPTER I
*2. Create än appropriate declaration for the following:

A. A constänt called"x" that willbe s€t to 789.

' Ia9 
;

7 4 9  i

c o n s t  i n t  f l a s h  x  =  7 8 9 ;

Notes:/oZ and .,"* are considered the same gpe of memory in non-r'olatile space.
An intcgcr (int)value is declared in this case because it is a 16-bit numbet (+/- 32767
or 0 65535) and is the nert larger size variable g'pe from a character (char or un-
signed char), which is only 8 bits (+/ 128 or 0 255).

B. A variable €alled "fred" thatwill hold numbers from 3 to 456.

Answer:

uns igned in t  f  red , .

i n !  f r e d ;

Note: In this case, the numbers are always positive so int or unsigned int will work,
but the range ofthe number is such that it will not fit into a char or unsigned c]lar.

C. A variable called "sensor ouC' that will contain numbers from - | 0 to +45.

Answer:

s iqned char

Note: In this casc the numbers will fit into a ch2f^ctet (+/- 127).
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D A variable array that will have | 0 €lements each holding n(j mbers fron -23 to 345.

Answer':
i n t  a ü a y l 1 0 l ;

Note: In this case, the numbers are such that they will not fit into a char because they can
exceed 128 (8 bits).

E. A character string consum that will contain the string"Press here to end".

Arrswer:
- d s h  

c i d r  p r c s s _ s t '  i n q f l  i P r e r s  h ö ! 6  - o  ö n o r ,

. o n s l  . h ä r  p r p s s _ s l  '  i n q f l  i P r e s s  n ö ! ö  c o  ö n o r ;

Nores: fasl and canst are considered the same gpe of memory in non-volatile space. All
three ofthese dedantions will result in th€ same generated code.

E A pointer cälled "array ,tr" tiat will point to an array of numbers ranSing from 3
to s67-

Answer:

unsiqned iuE *arrayj tr , .

Notes: \4lhen declaring the type ofa pointer, it is not the size of the poinrer bur what it rs
pointing to that is of concem. In this case, the pointer is pointing to ralues that are larger
than 8 bits but will easily ft into a 16-bit integer

G. Us€ an enumerätion to set"uno","dos",'tres" to 2l,22,23, respectively.

Answer:

enun { uno=21, dos, t res } ;

Notes: The default for an enumeration starting label ralue is 0. So the 6rst must be assigned
to the desired starting \due and the subsequent values will fo1low.
*4. Evaluate as true or false as if used in a conditional sratement

For all problems: x = 0x45iy = 0xc6

A (x =: ox4s)

Answer
TRUE

B (x lv )

Arrswer:
TRUE (s ince  0x45 |  0xc6  =  oxc?,  and 0xc7 is  no t  zero)
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c (" Y)

Answer:

FATSE

D (y - &06 == oxc)

Answer:

FALSE {s ince  0xC6 0x06 =  0xc0,  an i l  thaE is  no t  equa l  Lo  0x0c l
*6. E!äluate the välue of the %riables after the {ra8m€nt of code runs:

uns iqned char  cnLr  =  10 ;

uns iqned in t  va lue  =  10 ;

va lue++;

)  w h i l e  ( c n c r  <  1 0 ) ;

/ /  va lue  =  ?2  cnEr  =  ??

Answer:

va lue  =  11  cn t r  =  10

Notes: The variable valzr gets incremented, then the value of cn;r is tested but not modified.
* | 0. Write a fragment of C code to declare an appropriate array and then fill rhe array with the

powers of 2 from 2' to 2'.

One possible solution:
u n s i s n e d  c h a r  E w o s t 6 l ;  / *  s i z e  a r r a y  E o  h o l d  L h e  6  f i g u r e s . .  * /

char  x ,y ;  / *  a lec la re  a  coup le  o f  indexes  * /

f o r ( a  =  1 ;  x ! = 0 x a 0 ;  x < < = 1 )  / *  s h i f t  a  o n e  l e f t  u n t i l  i t  i s  2 r  * /

twos ly++ l  =  x ;  / *  s to re  wa lue  in to  a r ray  and incrment  index  * /

CHAPTER 2
*2. Describe the following memory types änd delineare their uses:

A. FLASH Code Memory

B. Data l'4€mory

C. EEPROM Memory

Partial answer: EEPROM memory is non volatile memory used to store data tiat must not
be lost when the processor loses power It has a limited number ofpossible write-clcles and
so is usually not used folvariable storage.
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*6. Write a fragment of C languaSe cod€ to initialize Ext€rnal Interrupr I to activare on a hlling
edge applied to the external interrupt pan.

Answer

c I r . I sK =  0b1x000000r  / /enab le  INT 1

I . '  - p  _  0 b " . x x t 0 ^ " j  / / s - r  ' \ n t  , o  . Ä d .  o  "  -  : . q  e d g -

Note: r is not an acceptable digit, bLit is used to shorv that thc ;r bits do not alfcct thc prob
lem. Ody those bits set to I or d actuallv affect the answer
*8. Write a fr:gment of C language code to initialize the Port C pins so that the upper nibble can

be used for input and the lower nibble may be used for output.

/ / i n i L i a l i z e  P o r L  c
* | L Sketch the wäveform appearing at the outpur of the USART when it transmits an "H " at

9600 baud.The sketch should show volrage levels and the bit durations in addition to the

Answer: From the ASCII table we find that the code for "H" is 0x,l8 rnd
the time per bit is 1/9600 = 104 microseconds. Each column below is one
bit and is 104 nicroseconds wide.

0v

State

* | 3. Compute the missiflg values to complere the following table relating to analog to digital

ä a

Digitdl Out

4.2Y 10v 107 or Ox6A

1,23 10
10v 223
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Answer to line 1 (the rest aie up to you):

vt. X

4.2V X

10v 23- 7

o''(" - t) =x=rorro=0*B
10v

Note: Because of integer math limits, any decimal ponion is dropped from the answer

CHAPTER 3
*l- Write a macro usinS the #define directive to alias the function pu"fidro with a function

named s€nd the-char0.

Answer|

+def ine  send Ehe-char  (a )  pu tchar (ä)

*4.wri teafunct ionthatPrintsi tscomPi|edateandt ime.UsethecomPi|ert interna|tagnames

to get the date and time val'res

Answer:
p u t s f  ( ' \ n \ r c o n p i l e  D a t e  : \ ! ' ) ,

P U E 6 f (  D A T E  ) ;
pu ts f  {  ' \ r conp i le  T ine  :  \ r "  )  ;

P U E S f (  T I ü E  ) ;

Notes: The function 22r9fl prints a flash based string (constant string) to the standard

oupur.
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*5. Write a tunction that inpuB a l&bh hoqd€cirnal value :nd then prints the binary equivalent
Not€: there is no stand:rd output tunction to print binary---{o it is all up to you!

One possible solution:

woid put_bln16 {unsigned int  walue)
{

int  k;  / /  vorking counter
for (k=o,  k  < 16,  k++) / /  do 16 a l ig i ts
t

i f {va lue & (1<<k))  l I  i f  2k Et .e\  pr iDt  a '1 '

p u e c h a r ( ' 1 ' )

p u t c h a r ( ' o ' ) ;  / /  e t s e  p l i n t  a  ' 0 '

,
J

Notes: In this example, a 1 is shifted left, crcating a rnask to test each bit position, for all 16
positions of the integer.



A "Fast Start" to Embedded C
Programming and the AVR

This appendix is a tutorial examplc showing horv to enter, compile, and dorvnload a
program using CodeVisionAVR, the AVRBL Boodoadu Windows@ Application,
and the MegaA\rR-DE\r board. The methods described here may be uscd to enter
and test all of the code examplcs and exercises fiom this tert.

I .  I N S T A L L I N G  C O D E V I S I O N A V R

Locate the CodeVisionA\rR C Compiler installation on the included CD in the
'CODE\'ISION EVAL" director,v Run setup.exe to install. Install the Codev;
. ionA\rR compiJer inro r t 'e defauJr dire,  r . rry:  - : \cr ' : rw".  l f rhere is an old re,qinr o '
CodcVisionÄVR present, you mav install thc nerv one over it. AIso on the first run,
undcr Windows@ NT4, 2000, or )Q you must use Administrator privileges. On
subsequent runs, Power User privilegcs may be also used.

2. INSTALLING THE AVRBL WINDOWS APPLICATION

Locate the AVRBL appJication setup on the included CD in the 'AVI{BL APP" di
rectory. Run setup.exe to install. Insta[ the AVRBL application into the default di-
rectory: .C:\Program Files\AVR Boodoader\AvR Bootloadcr.exe". To properly in-
sta11 the AVRBL application under Windows@ NT4, 2000, or )G, you must have
Administrator privileees.

3. SETTING UP A CODEVISIONAVR PROJECT

First, create a folder in the "C:\cravrY directory called "test". Your resulting path la'ill

Open the CodeVisionA\rR appJication and create a ncw file. Nerv projects are cre-
ated with thc File lNew menu command or by clicking thc Create New File button
on the toolbar. These actions open the Create New File dialog box as in Figure I-1,
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requesting that you specify the type offile to open. Select the Project option and click OK.
A second dialog box asks you to confirm use of the CodeWizardAVR to create the new
project. This dialog box is depicted in Figure I-2.

Figure l-l Creote New File Diolog Box

To create a project without using the code rdzard, select No when prompted to use it,

Figure f-2 CodeWizardAVR Confirm Dialog Box

A final dialog box prompts you to specifi a project file name and location. Select the
"C:\cvaw\test" folder that you created earlier, and place the project in it, named "test".

When these steps are completed, CodeVisionAVR creates a new project and opens the
Configure lPmject dialog box for the new project. This dialog box has several tabbed frames
ofoptions that allow you to customize the project for your specific application, as shown in
Fizure I-3.
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Figure f-3 CodeVisionAVR ofter Creoting o New Projea

The project is configured with the ProjectlCon-figure menu command or the Project Con-
figure toolbar button. Selecting either of these opens the Configure Project dialog box.
There are three tabbed frames in this dialog box Files, C Compilär, and After Mak;. The
C Compiler tab, sho.wn in Figure I-4, allows you to set properties for the project pertaining
to the target device and the executable program file.
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Figure I-4 Configure Projea Diolog Box
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In this dialog, make the following selections under the Code Generation tab:

ch ip :  ATmega l6
c l o c k :  6 . 0 0 0 0 0 0  M H z

Al1 the other settings should be left in the default condition. Click OK.

Next, select File lNew from the menu and Source from the pop-up window, as shown in

Fizure I-5.

Figure f-5 New FileType Pop-Upwindow

This will create a file "Untitiled.c" in the CodeVisionAVR worksoace. Save this emotv file
as "test.c" in your "C:\cvaw\test" project directory.

Now, going back to the ProjectlConfgure menu, bring up the Configuration dialog box.
Under the Files tab, click the Add button and select the "test.c" file you added to your
project directory. The resulting window should appear as it does if Figure I-6:
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[:\cvavr\Progs\Test\test, Fri

Figure I-6 Projea Configurotion---Files Dialog

ClickOK.
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4 .  WRIT ING SOME TEST CODE

Enter the code below. It wil set üp the USART at 9600 baud and send a message every
% second out to the PC. You will notice that it rcally does not take much code to make
things happen.

+incLude <MEGA16.  h>

+ incLude <s td io ,h>

+ incLude <de1ay,h>

/ /  USART Baua l  lahe :  9600

UCSRA=0x00;

UCSRB=0x04;

UCSRC=0x46;

UBRRH=0x00;

{
p r i n t f (  I ' n  a  C  c o d i n g  e e n i u s l  l \ n \ !  ) ;
d e l a y _ n s { 5 0 0 ) ;

5 .  COMPIL ING

Select Project lMake to compile your code. You should get a resulting pop-up window titled
'Information," as shor.n in Figure I 7:
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[hip:ATmega16
Program gpe: Application
Memory model Small

fealures: inl, width
char to in[ No

core inshuctions: 0n
tegister allocation: 0n

Stack area: 60h to 1SFh
Stack size: 256 byte[sJ

Data Stack usage: 26 byte[sJ

Stack area: 160h to 45Fh
Stack size: 768 byte[s]

usage: 0 byte[sJ{0.02 ofEEPR0M]
size: 47S words [5.82 of F|-ASH]

Figure I-7 Compile lnformotion PoFUpwindow

Ifthere are any errors or warnings, you should go back and review the code that you entered
and make sure it matches the code in Section I-4. If it is correct and there are still errors,
check the project settings and make sure that they match the settings called out previously.
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6 .  D O W N L O A D I N G  T O  T H E  M E G A A V R - D E V  B O A R D

The MegaAVR-DEV board has a serial connection that can be used to download code
using the AVRBL Windows application. P1 is a standard DB-9 connector usually used to
connect to a PC. JP10 and JP12 are jumpers which connect the processor serial signals
(RXD and TXD) tollrom the RS-232 driver chip. The se jumpers must be in place for the
RS-232 serial connection to work.

Open the AVRBL Windows application.

JslÄ|
File Defuult AllSettings Info

StartBootloader [har
Jump t,: Eootloader [emmend:

i$
B aothader Aclive llharacter:

t:
$tart Download 5*querrce:

lur$
Bootloader Heedy:

li-
EEFH0h,i I'drite:

lt-

[am PortSeleclion:

lilr 
--l

Eaud Rate Selertirn:

with Errorr, Ihararter:

Applicalion Iode

EEPHtIM tlode r
l l:\cvrvr\Test\iest.hei ffi

!ttt:,,! |

Wait far Enotloader then Download Jump to Bo'ltl ':ader thenQownload

Statur: ldle

Figure f -8 AVRBLWindows Applicotion Moin Screen
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Set the Comm Port Selection, shown in Figure I-8, for the appropriate port to your PC
connection. Set the Baud Rate Selection to 19200. Browse the Application Code and se-
lect your "C:\cvavr\test\test.hex", generated by the compiler Apply power to your board ac-
cording to the MegaAVR-DEV datasheet. Click on the Wait for Bootloader then Down-
load button on the AVRBL Windows application, then press the reset button on your
MegaAVR-DEV board. The status bar should indicate that the program is being down-
loaded to FLASH. When it is comDlete . click OK.

7 .  T H E  T H R I L L  O F  V I C T O R Y

Return to the CodeVisionAVR IDE. The Settings lTerminal menu will bring up a dialog
box, as shown in Figure I-9. Set up the terminal Baud rate for 9600 baud and the appro-
priate Port port to your connection, and click OK.

Fort: lffi
Eaudrut"' lffil
outub;*: fE-lf

li l'lone
f lnn,fidf
r ETS/Crs
f- 0TR/DSR

stopnitr, lTl
Farity: lN.rre I
Errution, lä[ F Echo

,d,ppend LF
F ün FEcEption

lv LJn lransm$srDr'l

w
m
il

H':rnrs:

llolumns:

Fmt:

Figure f-9 Terminol Settings Diolog Box

Select the ToolslTerminal menu item. This will bring up a terminal window and should
display your results. The line "I'm a C coding Geniusll" should appear every 1,/z second in the
terminal window.

You can now go back and play, changing, embellishing, and tailoring the program to your
own taste . Remember that the CodeVisionAVR terminal window will need to be closed be-
fore downloading your updated program using AVRBL to avoid a port conflict.

Good 1uck, and nay the force be with you.

tl !- I J( ru*a | ? E'rp I



SYMBOLS

: (colon),29

. (dot), 18,54

; Gemicolon), 3
// (slash-s1ash), 3

[] (bracket), 18
button,214

( ) parentheses, 9-10, 12
/* (slash-star),3
./ Gtar slash), 3
> (indirection), 18,45

& (address-of operator), 18, 41, 43
* (asterisk)

as contents ofoperator, 18
as indirection operator, 41, 43
as pointer operator, 57-58

+ button,214
= (equ,l sisn), 12

## operator 190
% (percent sign), 180-81, 185-86

(pipe mark), 181
" (quotation marks), 3-4
' (single quote), 7

_ (undeßcore), 4

. (less than sisn), 188
> Grcat€r thän sign), 188
\ (backslash), 7, 191

{ I (braced, 3

A

ACO (analog conparator out) bit, 146
ACSR (analog mmparator control and

status rcgister), 146
ADC (analog-to-digital converter),

747 46

ADC Clocklist box,237
ADC lntemrpt check box, 237
ADC tab (CodeWizardÄVR), 237 38
ADCSRA (ADC control and status

r$ster\,r42 43
ADCW register, 143

Add bunon
Conigure Project dialog box, 211

Confgure Tools dialog box, 228
Address-of (&) operator,18,47, 13
ADMTIX (ADC multiplexer select

register), 142 43

Alt+G key conbination, 213

5 t 9
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Arralog comparator periphenJ, 1,t,649
Analog interfaces, 141-51
AND bitwise operator, 13-14
AND logical operator, 15
Anemometeß, 27 4-:77
Arithmetic operaton

assignment and, 12 14
rules of precedence, 12
q?e casting nnd, 10

Arrals
tunctionaliq, a5 47
multidimensional, 47-49
ofstructures, 56-57

Arow keys,211,225
.asm ertension,220 21
Assembly language, 160-63
Assignment, arithmetic operaton

,nd,12-14
Association, opemton and, 18
ASSR (asyrchronous status register), 128
Asterisk (-). (S,r, - (asterisk))

Aslmchronous communicairon, 132-34
Asynchronous status register (ASSR), 128
AtmeL (See entr;es beg;nn;ng uitl) AIzR)
Auto reserved word, 9
Automatic storage class, 9
AutoStep command,251
AVR rricrocontrollers. (See a/ra

CodeVisionÄCR C Compiler)
analog interfaces, 141-51
architecnral overview, 88 89
character VO tunctions, 173
CodeWizardAVR and, 230
compiler options, 216-17
intenupts in, 69-70

memory 89-96
parallel VO ports, 105-6
reset and interupt frmctions, 97-105
RISC assembly language instruction set,

16H3
serial communication via I2C, 158 60
serial communication via SPI, 151-57
serial communication via USARI,

732 41
timer/counters, 109-32

AVR Studio debugger,2,l9 53

B

Backslash (\), 7, 1e1
Backspace key 248
Barcrli,erdrc Vessnre, 272-7 3, 29 4
Battery health, 283, 305, 314 16
Beeper management, 316 18
BEL character, 7-8
.bin extension, 224
Bitfields, 61-62
Bits

counter select, 110, 115
tunctionality, 61-62
fuse,226

wGM,124
Bitwise operators, 13-14
Block diagrams,267 69
Booknarks,213
Boot loading,226
Braces [ ],3
Bracket [ ],18
Break command,250-51
Break statement, 27-28
Breakpoints,25l 52



Browse command bufton, 250

Build and tcst protoqpe hardwarc phase,
262,294 307

-BUILD macro,201

c
C compilers. (Sc Code\rision-A.CR

C Compiler)

Callac functlon, 219

Case sensitivitn 4

CBI assembly language instruction, 66

Celebration phasc,263

Char is unsigned checkbox,219

Character arrays, ,16,48 49

Character constants, 7

Check Erasure check box,227

Check Reset Source check box,232

Check Signature check box,227

Checksum fi eld (Chip Programmcr), 224

Chip field (Chip Programmcr),216

Chip list box (CodeWizard-{VR), 232

Chip Programmer button, 223

Chip Programmer dialo g box, 22327

Chip tab (CodeWizardA\rR), 232-33

Chips, 226-27
Clearing breakpoints, 251 52
Clock ficld

Chip kogrammer,216

CodeWizard-{\rR, 232
codevision {cR c compnei (see also

CodeWizardA\rR code generator)
ADCW register, 1.13
rusembly language and, 160, 163
AVR microcontrollcrs and,205 6
AVR Studio debugger, 249-53

compiler options, 216-20
compiling/making projects, 220 22
format specifications, 180 81
IDE operation, 206-16
nesting files, 188

programming target device, 222 29
queues, 141
serial communicarion, 134
SPI and, 155

stacks and, 93
termiral tool, 247-49

,CODEVISIONAVR macro, 201
CodeWizardA\rR code generator

ADC tab, 237 38
Chip tab, 232-33
External IRQtab, 234
functionalitl', 205, 229 32
Ports tab, 233-34
Project lnfornation tab, 238-39
Tirners tab, 235-36
USART tab,236 37

CodeWizrrdAVR Confrm dialog box,
207-8

.cof extension, 249-50
COFF fiIes,250
Colon (J,2e

Comments, 3

Communications Paramctcrs list box,
236 37

Compare menu (Chip Programmer), 225
Compilation

conditional, 191 92
ofprojccts,220

Compile bunon,220
Compound assignment operators, 17
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Concatenating panmeters, 190

Concept development phase, 257,
263-64

Conditional compilation, 191-92
Conditional erpressions, 17 18,26
Confrgure Project dialog box

COFF files, 250
compiler options, 221
IDE operations, 208-9, 217 12,216

Configure Tools dialog box, 228
Const resened word, 6, 63
Constrnts

character, 7
dedaring, 6
functionality, 6-7
memory and, d 63-{5

Continue statement, 28-29
Control statements

break statement, 27-28
continue statement, 28 29
d,o/whtle loop, 19, 21-22
goto statement, 28-30
itelse statement, 19,23 26
for loop,19,22 23
switch/case stntement, 19,26 27
whne loop,3, 19-21

Conversion, measurement units, 324 25
Counter select bits, 110, 115
Counters. (Sre Tirner/counters)
CR (carriage return) character, 8, 1,{0 41
Create New File button, 207-9
Ctrl+I key combination, 214
Ctrl+M key combination, 214
Ctrl+U key combination, 214

D

Data stack, 93

-DAIE macro,201

DDRx register, 11,91, 105,233
Debus nenu, 250-51
Debugging

AVR Studio debugger, 249-53
conditional conpilation and, 192
Sta& Erd Markers check box, 220
termlnal tool for, 247 -49

Decrement opemtoß, 17, 44
Default statement, 27
#define directive

älias operation and, 61
comm€nts, 8-9
tunctionality, 189 91
PWM example,72627
as tel:tual substitution directive, 62

Defnition phase,258 60
Defnitions,7 9
Delimiters, 3, 188
Derefcrencing operator (.), 41
Design phase,260 61,284 87
Dew point computation, 281-B2
Digital tachometen, 274
Directi.es, preprocessor (SeePreprocessor

dnectives)
Division operations, 12
Do/while loop,19 , 27-22
Dot (.), 18, 5a

E

EdiIIEEPROM menu command, 224
EditlFind in Files command,275 76
EditlFI-ASH menu command, 22,1



Edit Goto Line menu command,213

Editing

f i les,211 14

time and date,335-39

Edit Jump to Bookmark menu
command,213

Edit Match Braces menu comrnand,214

Edit Print Selection menu cornmand,214

EditlToggle Booknark mcnu
comnand,213

.eep extens;on,224

EEPROM memory

AVR microcontrollers, 89, 94 95

compiler options, 217

making projccts,222

programming target devices,223 28

v:riables and, 63 65

Eeprom reservcd rvord, 63

8 bi t  enums opt ion,219

sBIT ENUMS. MACTO, 201

Electrical specifi cation, 266

#e1ifdirective, 191 92

#else directive, 191-96

Enable Warnings check box,220

End Address ficld (Fill llemorv
Block),225

End fieJd (Chip Progranmer),22a

End ke11211

#endif directivc, 191-96

Enhanced Core Instructions check
box,219

Dnum resen'ed word, 8

Enumerations, 7-8

Equal sisn (r, 12
#error directive, 200

Exclusive OR operator, 13
Expressions, 12. (Sa alra Conditional

ExternäI ]Rqtab (CodewizxrdAvR), 234
External SRAtrlt Wait State check box, 219

E

F9 ke1,220
FALSE value,14-15
Feasibility studies

bärometric prcssure, 272-73
battcry health, 283
d€w point computation,281 82
l:rlmtditr, 273-7 4
measr.rement considerations, 269-70
purpose,258
rainlall,278-81
real time considerations, 283-84
temperat'.re, 270-72
rvind chill computation,282 83
wind direction,277 78
vlnd speed, 271-77

FF character, 8
FIFO (tust in,6rst out), 135

-FILE macro,201
File Output Forma(s) Jist box,220, 250
File Close Project meou command,209
File Generatc, Save and Exit menu

command,239
Filel Load menu cornmand, 224
Filcl New menu conmandl 207, 209
Filel Open menu comm and, 206, 209
Filel Open Objectfi le menu

command, 250
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File Page Setup menu command,214
File Print menu command,214
Files

editing,211-14
navigating thrcugh, 21+16
nesting,188
opening for debugging 250
printing, 214
source. (See Source fles)

FilelSave As menu command, 209
FilelSave menu command, 224
Fill Memory Block dialog box, 225
Fin Value freld (Fill Memory Block), 225
FI-ASH Lock Bits frllne (Chip

Prosammer),226
FLASH memory

AVR microcontrollers, 89-90
compler optrons, rrl-ly
constants and, 63 64
making proj€cts, 222
prcgxmming target devi ces,22328
put:fl) fonctton, 178-:7 9
smnfl) fmction, 785

Flash reservcd word, 63
For loop, 19,22-23
Frequenry, 124-26
Functions

tunctionality, 33-34
giobal variables, 5 {
VO functions. (See VO functions)
local rariables, 5
pxssing structures to, 55-56
pointers to, 49-51
prototrying, 34 36
recursivc,3T 38

return ralues, 36-37
syntactical rules, 4

Fuse bits, 226

G

gexba4) f'rnctton
CodeWizardAVR and, 236
example, 34
tunctronaltty, 172-78
standard input füctions, 183-88

geaj tunct1on,7a4-85
GICR (general interrupt control register),

98, 100
Global variables, 5-6, 66, 94
Goto statement, 28 30
Greatc than G) sign, 188
Grouping operators, 18

H

Hard*ure, weather monitor project, 262,
284-90

Heap space, 219
HEAP SIZE_ macro, 201

-HEAP_START macro,201
HexlASCII button, 248
Hex Code edit box, 248
HEX fomar (Intel), 160-62, 22a
Home key,211
HtlIrdlq, 273 :7 4, 294, 305

I

I/O tunctions
cJraracter functions, 172 78
turctionaliry, 177-:72



standnrd input tunctions, 183-88
standard ouQut tunctions, 178-83

I/O opcrations, 11,72, 88
I/O registers, 66-69, 89-92
I2C (Inter-Integrated Circuit), 158-60

ICES 1 (input capture edgc select bit), 1 16
ICNC1 (input capture noise canceller

bit),116
ICP (input capture pin), 116
ICR1 (input capture register), 116-19

IDE (integrated dcvclopmcnt
environment), 206 16

#ifdirective,191-92
Itelse statement, 19,23-26

If statcment, 23 2,1,21,1
#ifdef directive, 191 96
#ifndef directive, 191-96

In System AVR Chip Programme',
222 23

#include directive
fünctionaliry 3,36, 188
header files and, 67

I/O rcgisters and, 92
interrupt vectors, 99 100

Increment operators, 16, 44
Indenting blocks of text, 213-14
Indexes, queues and, 135 36
Indnection (->), 18,4s

Indircction opcrator (.), 41,,13

Input crpture mode (Timer 1), 115 19
Input lirnctions, 183-88
Interfaces, analog, 141-51

Inteüupt reserved 1vord, 70-71, 99

Interrupts
AVR microcontrollers, 97-101

CodeWizardAVR and, 230, 236
initializing, 98
real-time methods and, 69-72
rcset,97, 101 5
sedal communication and, 17,1

USART and, 135

ISR (intcrupt scn'ice routine)
AVC microcontrollers and, 97,

99 100
real-time methods and, 69-72

SPI and, 155 57

K

Key combinations
Alt+G key combination, 213
CtrI+I key combination, 214

Ctrl+M key combination, 214

Ctrl+U key combination, 21,1
Shift+Ctrl key combination, 213
Shift+F3 key combination, 250

Shift+F9 key combination, 221

Shift+tb key combination, 225
Keywords. (saa Reserved words)

L

Labels,29

Largc mcmory model,218
Left shift operator, 13
Less than (<) sign, 188

LF (line feed) character,8, 140 41

LIFO (last in, first out),93
#üne dnective, 200-201
LINE macro,201

Linking,160
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Local variables, 5, 9
Logical operators, 14-15
LUTs (look-up tables), 47, 340

M

Machine state
functionality, 75-80
viewins/nodii,ing, 252 53

Macros, predefi ned, 200-201
main) tuncnon

CodeWizardA\R and, 230
tunctionälify,2 3
global variablcs, 5 6

Make button, 221
Making projects, 221-22
Mallot finction, 219
Masking, 14

-MCU_CLOCK FREqUENCY
macro,201

MCUCR (MCU control register),
100-101

Measurement considerations for design,
269 84

Medium menory model, 218
Member operator (.),54

Memory
AVR rnicrocontrollers, 89 96
bits and bitfields, 61
compiler options, 217-18
sürctures and, 58-59
types ol63-69
unions and,58 59

lvremorywrnooq z)l
Microcontrollers. (Sa AVR

microcontrollers)

MIPS, 88
MISO (master in slave-oud pin, 152, 157
Mode Iist box, 234

-MODEL SMALL_ macro, 201
MODEL TINY_ macro, 201

MOSI (master-out-slave-in) pin, 752, 757
Multidirnensional arrays, 47 49
Multiplication operations, 12

N

Navigating 61es,214 16
Nesting 6les, 188
NTC (negatic temperature coefrcient), 270
Numeric constants, 7

o
Object 6les, 250
OOP (object oriented programrning), 5,1
Open File button, 206, 209
Open File dialog box,206 7,209
Operational spccificatio n,266-67 , 324
Operators

address-of, 18, 41, 43
arithmetic. (Sea Arithmetic operators)
association oi 18
bitwise, 13-14
compound assigrment, 17
concatenating parameters, 190
decement, 17, 44
defined, 12
dereferencing 41
groupin& 18
increment, 16, 44
indirection, 41, 43



Iogical, 14-15
rnember,54

pointer,5T-58
relational, 14-15
rules ofprecedence, 12-73,75,14 19' 44

srzeof, 62-63
gpedel 60-61

Optical encoding, 277

Optimization Level setting 218

Optimize for setting, 218

-OPTIMIZE SIZE- macro, 201

OPTIMIZE-SPEED macro, 201

OR bitwise operatoa 13-14

OR logical operator, 15

Ordering functions, 34

Output compare mode (Tiner 7),11922

Output compare registe\ L19, 727, 725

Output functions, 178-83

P

Page Setr.rp dialog box,214

PageDown key, 225

PageUp key,225

Parallel I/O ports, 105-{

Parameters, concatenating, 190

Parentheses ( ), 9 10, 12

Percent sign (%), 180-81,185-86

PlNx registea 91, 105

Pipe mark ( l),  181

Pointer operätor (*), 57-58

Pointers
tunctiooaliry 41-45

to functions, 49 51

memory and, 65

seanfl) tunctron,7&5
to structures, 57-58

Popping data" 93 94

Poftinüaliz non,91 92

Ports tab (CodeWizardAVR), 233-34

PORTx register, 91, 105, 233-34

Potentiometeß,277
#pragma directir€, 196 200

#pragma library direaive, 200

#pragma opt directive, 197

#pragma optsize directive, 197-98

#pragma promotechar directive, 199

#pragma regalloc directive, 199

#pragma savereg directive, 198

#pragma uchar directive, 199-200

#pragma warn directive, 197

Precedence
bitwise operators, 13

logical operatoß, 15

rules for operators, 12, 18-19

unary operators, 44

Preprocessor directives
#defne. (See #de6ne directive)

#eßf dlrectle,l91 92

#else directive, 191-96

#endif directive, 191-96

#error directive, 200

tunctionality, 172, 188

#rf dnecnw, ß1-92

#ifdef directive, 191-96

#ifndef directive, 191 96

#include. (Jee #include direaive)

#line directive, 200-201

#pragma dneaive, 196-200
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Preprocessor directives (cazräzal)

#undef directive, 191
#warning directive, 200

Preserve EEPROM check box, 227
Printer button, 214
ptinfl) futction

character strings, 49
CodeWizardA\R and, 236
corrpiler options,218
e-xample, 3
tunctionaliq., 180-82
while loop and, 20

Printing fles,214
Priority, interrupts and, 97
Program menu (Chip Programmer),

225-27
Progam Tlpe list box, 233
Pro$am T}?e sefting,218
ProgramlAll menu com mand'226 27
Program I Blank Check menu command, 227
ProgramlErase Chip menu comrnand, 227
Program lFuse Bits menu command,,226
Prcgram Lock Bits menr command,226
Progamming

automating Focess, 227
project phases involving 26G63
speeding up,227

standards for, 80-81
tar get d.ev:rces, 222-29
weather monitor project, 286-87,

290-92,301 39
Project Configure toolbar button,208 9
Project Information tab

(CodeWizardAVR), 238-39
Project Compile File menu command,220

ProjectlConfigure menu command, 208 9,
276,250

Project lConfgure lC Compiler menu
comrr;alrd,221

Project lMake menu command,221
Projects. (Sre aÄa Weather monitor project)

dosing,209
CodeWizardA\R and, 238 39
conplt:ng,22} 21
configudn& 208-9
creÄig207-8
making,221 22
open\n9,206 7

Promotc char to int check box, 219
Protogping, 34-36, 262, 294 301
PTC (positive temperature coeffcient), 270
Pushing data, 93-94
puxharj tuncnon

chancter I/O functions, 178-83
chrracter string example, 46-47
CodeWizardA\R and, 236
{inctionatity, 172 78

?xß0 f\tncnon, 178 :79

Patsfl Äncno\ 779-80
Pl\M (pulse width modulation) mode,

123-24

q

Qreues, 135 36

fuotation marks ("), 3-4

R

R/W (read,twrite) memory 89
Rain gauge,278-81, 286,293,305 6,

321-23
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RAM (random access memory),6
Read menu (Chip Progrzmmet),22527

ReadlChip Signatue menu command,
226-27

Read Fuse Bits menu comlr, nd,226
Read Lock Bits menu conmand,226

Real-time methods

interrupts, 69 72
Real-Time Executir"e, 72 74

state machines, 75-80

Reallac Fnciton,219
Receiver check box, 236
Recursive tunctions, 37-38
Register File, 65
Register storage class, 9, 65
Register variables, 65-69
Relational operaton, 14-15

Remove button, 211
Resewed words, 4
Reset Chip button, 248
Reset command,251
Reset intefupt, 97, 101 5
Resolution, 124-26

RETI machine insmrction, 69, 97, 1,00

Return address, slstem stack, 97
Return values

functions, 36-37
structures and, 55-56

RF telemetry, 306-12, 318-21

Right shift opemtor, 13
RISC microcontollers. (Sse AVR

microcontrollers)
.rom extension, 224
ROM (read-only memory), 6

RS-232 medium, 134, 247

RTC (real time clock), 158-60

RID (resistive temperature device), 270
RTOS (Rerl-Time Operatins S)'stem),

72,14

RTX (Real-Time Execnive),72-7 4

Run command,250 51
Run to Cursor command, 251
Rx File button, 248

RXCIE mask bit, 135

s
SBI assembly language instruction, 66

SBIC assembly language instruction, 66

SBIS assembly language instruction, 66

scanf) f'unctton
CodeWizardAVR and, 236

compiler options, 218
frrnctionality, 185 86
pointen and, 44-45

SCL (Syncbronous Clock), 158

SDA (Synchronous Data), 158

SEI assemblylanguage instructioo,
99,107

Select Device and Debug Pladorm dialog
box,250

Semicolon (J, 3
Send button, 248

Serial communication
character VO functions, 172
I2C, ß8-60

sPI, 151-57
terminal tool, 247-49
USARI 132 41

Sening brealgoints, 251-52

Settings button, 228
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S cttings lDebugger menu command,250

SettingslEditor menu command, 214

SettingslProgrammer menu command, 223

Settings lTerminal menu comrnand, 249

Sfrb compiler command,11,66 69

Sfrw compilcr command, 7l, 66-69

Shift+Ctrl kc]' combination, 213

Shift+F3 kev combination, 250

Shifr+F9 key conb;nation, 221

Shift+Tab kcy combination, 225

Shorv Ncxt Statement command,251

Signatures, 226-27

Single quote ('), 7

Sizeof operator, 62 63

Slash dash (/4, 3

Sh$-srar (/.), 3

Slave/master rclationship (SPD, 152-57

Small memory model,217

Softwrre development. (See Programming)

Source files

add;ng,209 11

codewizard-{vR and, 230
creating, 209
gen erating, 239-47
as object 61es,250
opening,209

SP (stack pointcr), 93 95
SPCR (SPI control registcr), 153
SPI Gerial periphcral interface),

151-57,174

G)printf Fcxtures setting, 218

Vr;n tf) f.'r,cißn, 182-83, 218
Stu{M memory

AVR microcontrollcrs, 89, 92-94
compilcr options, 216-17, 219

making projccts, 222

$canfq fanction, 187

variables and, 63-6ul

volatile modifier and, 66

SREG (status register), 91,99

ss Glave serecd Pin, 152
(s)scanf Features setting, 218

sscanJl tunctioo, 187 88, 218

Stack End Nltarkers check box,220

Stack pointer (SP),93 95

Stacks,92-95,97

Star slash (./), 3

Start Address 6e1d (Fill Memow
Block),225

Strrt Debugging option,250 51

Star field (Chip Programmer), 22,1

Statc machines. (See Machine st:rte)

Static storage class, 9

Step Into ommand,251

Step Out Of conmand,251

Step Over comnand, 25 1

Stop bufton,250

Stop Dcbugging option, 250-51

Storage dasses, 9, 65

Srings, chractc1,16,,18 49

Structurcs

znzys of,56-57

bit6elds and,61

tunctionaliq', 54-56

initializing 55

memory and,58 59

pointers to,57 58

Subtraction opcrations, 12

SwitcVcase statement

tunctionalitr; 19,26 27



P\\M aranple, 126 28

stat€ machines and, 75

Switch encoding, 277

System cloc\ 217

Slstem integration phase, 262'63, 30119

System stac( 93,97
System test phase, 263, 294, 339-43

T

TAB character, 8
'f$ key,225

TCCRO register, 110-14

TCCR1 register, 114-28
TCCRx register, 110 29
Temperznte, 270-72, 293, 305

Terminal button, 247
Terminal Settings dialog box, 249

Termlnal too1,24749
Test defi nition phase, 267-42, 29234

Test piotog?e hardware ph^se,262,
294-307

Ter.t

indenting blocks of, 213-14
substituting. (Jee #defi ne direaive)

Ticks, 110, 112, 118

TIME macro,201

Timer 0,110 14
'f mer 1,71428

Timet 2,728-29
Timer/counters

functionality, 109-10

prescalers/selecton, 109

Timer 0, 109-14
Timer 1, 114 28
-f lmet 2, 128-29

_-________:v:-:
watchdog timer, 102 5, 235
weather monitor project, 312-14

Timers tab (CodelÄ4zardAvR), 235-36

TIMSK (timer interrupt mask
register), 120

Tiny memory model, 217
Toggle Breakpoint option, 252

Tool Seaings dialog box, 228

ToolslChip Programmer menu
comnand,223

Tools lConfigue menu command, 228

Tools lDebugger menu commard, 250
Tools lTerminal menu command,217
Transmitter check box, 236

TRIIE value, 14-15

Tx File button, 248

TXCIE mask bit, 135

Type casting rariables, 9-10

Tlpedefoperator, 60 61

U

UBRR (IJSARI baud rate register), 135

UCSR (-ISART control and status
rcsister), 135

UDR (USART data rcgister), 135-37

IJDRIE maskbig 135

Unary operators, 18, 43-'44, 62-63

#undefdirective, 191

Underscore L), 4

Unions,54,58 60

Unit conversion, 324-25

UNSIGNED_CIIAR_ macro, 201

usART,73241,772-:74
USART Baud rate list box, 236

USART tab (CodeWizzrdA\rR), 236-s7
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v
Variables. (S,r aÄ, Pointers)

declaring,5

globat,5-6,66,94

identifuing as constants, 7

l o c a l , 5 , 9

nemoryand,63 65

rcgister, 65-69

scope o! 5 {

storage classes, 9

structures and, 54

slntactical rules, 4

g?e casting, 9-10

rypes ol, ,1-5

viewing/modi{-ing, 252

Veri$, check box, 227

View mcnu,252

Viewl Registers menu comnand, 252

Volatile modifi er, 65-66

Vo1t. Rel list box, 237

VT character, 8

w
#warning d;rcctive, 200

\Aratch rvindorv, 252

Wxtchdog timer 102 5,235

\\DTCR (vatchdog timer control
register),102-5

Weathcr monitor projcct

barometric prcssure, 272-73, 294

battery herlth, 283, 305, 314 16

build and tcst prototvpe hardware phasc,
262,294 307

challenges, 349-50

concept development phase, 257,
263-64

definition phase, 258-{0, 264 69
design phase, 260 61
derv point computation,2Bl 82
hardrvare dcsign, 284-90
hrmrdity, 27 3-7 1, 294, 305
poler supplll 286, 290
purpose,258
rain gaugc, 278-81, 286, 293, 305-6,

321 23
real time considerations, 283-B,l
sofnvare design, 286-87, 290 92
software dcvelopment phasc, 262 63,

301-39
s)'stem integration phasc, 262-63,

301 39

wstem test phase, 263, 29ul, 33 9 43
tenperzture, 270-72, 293, 305
test dcfinition phase, 261-62,292 91
lvind clill computation, 282-83
wind direction, 277-78, 2 93, 305
wind speed,274-77, 284 86,293,306

WG\,I (Waveform Generation l4odc), 12,1
Whne loop

character I/O tunctions, 172
tunctionality 19 21
indenting tcxt, 21,{
as infinite loop, 3

\4rhite space, ,l

Wind chill computation, 282 83
Wind d;rection, 277-78, 2 93, 305
W ind specd, 27 1-77, 284 86, 293, 306
Word Align FLASH Struct Members

option,219
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