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Pref ace

Microcontrollers: High-Per for mance Sys tems and Pro gram ming can be con sid ered
a con tin u a tion of and a com ple ment to our pre vi ous two ti tles on the sub ject of
microcontroller pro gram ming. In the pres ent book we fo cus on the line of high-per -
forance microcontrollers of fered by Micro chip. In ad di tion to their en hanced fea -
tures, ex tended pe riph er als, and im proved per for mance, there are sev eral prac ti cal
fac tors that make the high-per for mance PIC se ries a better choice than their
mid-range pre de ces sors for most sys tems:

• The pos si bil ity of pro gram ming high-per for mance microcontrollers in a
high-level lan guage (C lan guage).

• Source code com pat i bil ity with PIC16 microcontrollers, which fa cil i tates code
mi gra tion from mid-range to PIC18 de vices.

• Pin com pat i bil ity of some PIC18 de vices with their PIC16 pre de ces sors. This
makes pos si ble the re use of PIC16 con trol lers in cir cuits orig i nally de signed for
mid-range hard ware. For ex am ple, the PIC18F442 and PIC18F452 in 40-pin DIP
con fig u ra tion are pin-com pat i ble with the pop u lar PIC16F877. Sim i larly, the
PIC18F242 and PIC18F252, in 28-pin DIP for mat, are pin com pat i ble with the
PIC16F684.

• Micro chip pric ing pol icy makes avail able the high-per for mance chips at a lower
cost than their mid-range equiv a lents. Re cently we have priced the 18F452 at
$6.32 while the 16F877 sells from the same source at $6.72.

Ex panded func tion al ity, high-level pro gram ma bil ity, ar chi tec tural im prove ments
that sim plify hard ware im ple men ta tion, code and pin-lay out com pat i bil ity, and
lower cost make it easy to se lect a high-per for mance PIC over its mid-range coun -
ter part. One con sid er ation that is some times men tioned in fa vor of the mid-range
de vices is the abun dance of pub lished ap pli ca tion cir cuits and code sam ples. Our
book at tempts to cor rect this. Al though it should also be men tioned that some
PIC16 pro ces sors with small foot prints have no PIC18 equiv a lent, which ex plains
why some mid-range de vices con tinue to hold a share of the microcontroller mar -
ket place.

Like our pre ced ing ti tles in this field, the book is in tended as a ref er ence and re -
source for en gi neers, sci en tists, and elec tronics en thu si asts. The book fo cuses on
the needs of the work ing pro fes sional in the fields of elec tri cal, elec tronic, com -
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puter, and soft ware en gi neer ing. In de vel op ing the ma te rial for this book, we have
adopted the fol low ing rules:

1. The use of stan dard or off-the-shelf com po nents such as in put/out put de vices, in -
te grated cir cuits, mo tors, and pro gram ma ble microcontrollers, which read ers
can eas ily du pli cate in their own cir cuits.

2. The use of in ex pen sive or freely avail able de vel op ment tools for the de sign and
prototyping of em bed ded sys tems, such as elec tronic de sign pro grams, pro gram -
ming lan guages and en vi ron ments, and soft ware util i ties for cre at ing printed cir -
cuit boards.

3. Our sam ple cir cuits and pro grams are not copy righted or pat ented so that read ers 
can freely use them in their own ap pli ca tions.

Our book is de signed to be func tional and hands-on. The re sources fur nished to
the reader in clude sam ple cir cuits with their cor re spond ing pro grams. The cir cuits
are de picted and la beled clearly, in a way that is easy to fol low and re use. Each cir -
cuit in cludes a parts list of the re sources and com po nents re quired for its fab ri ca -
tion. For the most im por tant cir cuits, we also pro vide tested PCB files. The sam ple
pro grams are matched to the in di vid ual cir cuits but gen eral pro gram ming tech -
niques are also dis cussed in the text. There are ap pen di ces with use ful in for ma tion
and the book's online software con tains a list ing of all the sam ple pro grams de vel -
oped in the text.

Julio Sanchez

Maria P. Canton
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Chap ter 1

Microcontrollers for Em bed ded Sys tems

1.1 Em bed ded Sys tems

An em bed ded sys tem is a com puter with spe cific con trol func tions. It can be part of a
larger com puter sys tem or a stand-alone de vice. Most em bed ded sys tems must op er -
ate within real-time con straints. Em bed ded sys tems con tain pro gram ma ble pro ces -
sors that are ei ther microcontrollers or dig i tal sig nal pro ces sors (DSPs). The
em bed ded sys tem is some times a gen eral-pur pose de vice, but more of ten it is used in
spe cial ized ap pli ca tions such as wash ing ma chines, tele phones, mi cro wave ov ens,
au to mo biles, and many dif fer ent types of weap ons and mil i tary hard ware.

A microcontroller or DSP usu ally in cludes a cen tral pro ces sor, in put and out put
ports, mem ory for pro gram and data stor age, an in ter nal clock, and one or more pe -
riph eral de vices such as tim ers, coun ters, an a log-to-dig i tal con vert ers, se rial com -
mu ni ca tion fa cil i ties, and watch dog cir cuits. More than two dozen com pa nies in the
United States and abroad man u fac ture and mar ket microcontrollers. Mostly they
range from 8- to 32-bit de vices. Those at the low end are in tended for very sim ple
cir cuits and pro vide lim ited func tions and pro gram space, while the ones at the high 
end have many of the fea tures as so ci ated with mi cro pro ces sors. The most pop u lar
microcontrollers in clude sev eral from Intel (such as the 8051), from Zilog (de riv a -
tives of their fa mous Z-80 mi cro pro ces sor) from Motorola (such as the 68HC05),
from Atmel (the AVR), the Par al lax (the BASIC Stamp), and many from Micro chip.
Some of the high-end Micro chip microcontrollers and DSPs are the topic of this
book.

1.2 Micro chip PIC 

The names PIC and PICmicro are trade marks of Micro chip Tech nol ogy. Micro chip
pre fers the lat ter des ig na tion be cause PIC is a reg is tered trade mark in some Eu ro pean 
coun tries. It is usu ally as sumed that PIC stands for Pe riph eral In ter face Con trol ler, al -
though the orig i nal ac ro nym was Pro gram ma ble In ter face Con trol ler. More re cently,
Micro chip has stated that PIC stands for Pro gram ma ble In tel li gent Com puter, a much
nicer, al beit not his tor i cally true ver sion of the ac ro nym.
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The orig i nal PIC was built to com ple ment a Gen eral In stru ments 16-bit CPU des -
ig nated the CP-1600. The first 8-bit PIC was de vel oped in 1975 to im prove the per -
for mance of the CP-1600 by offloading I/O tasks from the CPU. In 1985, Gen eral
In stru ment spun off its mi cro elec tron ics di vi sion. At that time, the PIC was re-de -
signed with in ter nal EPROM to pro duce a pro gram ma ble con trol ler. To day, hun -
dreds of ver sions and vari a tions of PIC microcontrollers are avail able from
Micro chip. Typ i cal on-board pe riph er als in clude in put and out put ports, se rial com -
mu ni ca tion mod ules, UARTs, and mo tor con trol de vices. Pro gram mem ory ranges
from 256 words to 64k words and more. The word size var ies from 12 to 14 or 16
bits, de pend ing on the specific PIC family.

1.2.1 PIC Ar chi tec ture

PIC microcontrollers con tain an in struc tions set that var ies in length from 35 in struc -
tions for the low-end de vices to more than 70 for the high end. The ac cu mu la tor, which 
is known as the work reg is ter in PIC doc u men ta tion, is part of many in struc tions be -
cause the low- and mid-range PICs con tain no other in ter nal reg is ters ac ces si ble to the 
pro gram mer. The PICs are pro gram ma ble in their na tive As sem bly Lan guage. C lan -
guage and BASIC com pil ers have also been de vel oped. Open-source Pascal, JAL, and
Forth com pil ers are also avail able, al though not very pop u lar.

 It is of ten men tioned that one of the rea sons for the suc cess of the PIC is the sup -
port pro vided by Micro chip. This sup port in cludes de vel op ment soft ware, such as a
pro fes sional-qual ity de vel op ment en vi ron ment called MPLAB, which can be down -
loaded free from the com pany's website (www.micro chip.com). The MPLAB pack -
age in cludes an as sem bler, a linker, a debugger, and a sim u la tor. Micro chip also sells 
an in-cir cuit debugger called MPLAB ICD 2. Other de vel op ment prod ucts in tended
for the pro fes sional mar ket are also available from Microchip.

In ad di tion to the de vel op ment soft ware, the Micro chip website con tains a mul ti -
tude of free sup port doc u ments, in clud ing data sheets, ap pli ca tion notes, and sam -
ple code. Fur ther more, the PIC microcontrollers have gained the sup port of many
hob by ists, en thu si asts, and en tre pre neurs who de velop code and sup port prod ucts
and pub lish their re sults on the Internet. This com mu nity of PIC us ers is a trea sure
trove of in for ma tion and know-how eas ily ac ces si ble to the be gin ner and use ful
even to the pro fes sional. One such Internet re source is an open-source col lec tion of
PIC tools named GPUTILS, which is dis trib uted un der the GNU Gen eral Pub lic Li -
cense. GPUTILS in cludes an as sem bler and a linker. The soft ware works on Linux,
Mac OS, OS/2, and Win dows. An other prod uct, called GPSIM™, is an open source
simulator featuring PIC hardware modules.

1.2.2 Pro gram ming the PIC 

Stand-alone pro gram ming a PIC microcontroller re quires the fol low ing tools and
com po nents:

• An As sem bler or high-level lan guage com piler. The soft ware pack age usu ally in -
cludes a debugger, sim u la tor, and other sup port pro grams.

• A com puter (usu ally a PC) on which to run the de vel op ment soft ware.
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• A hard ware de vice called a pro gram mer that con nects to the com puter through
the se rial, par al lel, or USB line. The PIC is in serted in the pro gram mer and “blown” 
by down loading the ex e cut able code gen er ated by the de vel op ment sys tem. The
hard ware pro gram mer usu ally in cludes the sup port soft ware.

• A ca ble or con nec tor for con nect ing the pro gram mer to the com puter.

• A PIC microcontroller.

Al ter na tively, some PIC microcontrollers can be pro grammed while in stalled in
their ap pli ca tions boards. Al though this op tion can be very use ful as a pro duc tion
and dis tri bu tion tool, for rea sons of space it is not dis cussed in this book. 

PIC Pro gram mers

The de vel op ment sys tem (as sem bler or com piler) and the pro gram mer driver are the
soft ware com po nents. The com puter, pro gram mer, and con nec tors are the hard ware
el e ments. Fig ure 6.1 shows a com mer cial pro gram mer that con nects to the USB port
of a PC. The one in the il lus tra tion is made by MicroPro.

Fig ure 1.1 USB PIC pro gram mer made by MicroPro.

Many other pro gram mers are avail able on the mar ket. Micro chip of fers sev eral
high-end mod els with in-cir cuit se rial pro gram ming (ICSP) and low-volt age pro -
gram ming (LVP) ca pa bil i ties. These de vices al low the PIC to be pro grammed in the
tar get cir cuit. Some PICs can write to their own pro gram mem ory. This makes pos si -
ble the use of so-called bootloaders, which are small res i dent pro grams that al low
load ing user soft ware over the RS-232 or USB lines. Pro gram mer/debugger com bi -
na tions are also of fered by Microchip and other vendors.
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De vel op ment Boards

A de vel op ment board is a dem on stra tion cir cuit that usu ally con tains an ar ray of con -
nected and connectable com po nents. Their main pur pose is as a learn ing and ex per i -
ment tool. Like pro gram mers, PIC de vel op ment boards come in a wide range of prices
and lev els of com plex ity. Most boards tar get a spe cific PIC microcontroller or a PIC
fam ily of re lated de vices. Lack ing a de vel op ment board, the other op tion is to build
the cir cuits one self, a time-con sum ing but valu able ex pe ri ence. Fig ure 1.2 shows the
LAB-X1 de vel op ment board for the 16F87x PIC fam ily.

Fig ure 1.2 LAB-X1 de vel op ment board.

  The LAX-X1 board, as well as sev eral other mod els, are prod ucts of
microEngineering Labs, Inc. De vel op ment boards from Micro chip and other ven -
dors are also avail able.

1.3 PIC Ar chi tec ture

PIC microcontrollers are roughly clas si fied by Micro chip into three groups: base line,
mid-range, and high-per for mance. Fig ure 1.3 shows the com po nents of each PIC fam -
ily at the time of this writ ing.
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Fig ure 1.3 Micro chip PIC and dsPIC fam i lies.

Within each of the groups the PIC are clas si fied based on the first two dig its of
the PIC's fam ily type. How ever, the sub-clas si fi ca tion is not very strict, as there is
some over lap. In fact, we find PICs with 16X des ig na tions that be long to the base -
line fam ily and oth ers that be long to the mid-range group. In the fol low ing sub-sec -
tions we de scribe the ba sic char ac ter is tics of the var i ous sub-groups of the three
ma jor PIC fam i lies with 8-bit ar chi tec tures.Ta ble 1.1 shows the prin ci pal hard ware
char ac ter is tics of each of the four 8-bit PIC fam i lies

Ta ble 1.1

8-bit PIC Ar chi tec tures Com par i son Chart

BASELINE MID-RANGE ENHANCED PIC18

Pin Count 6-40 8-64 8-64 18-100    
In ter rupts No Sin gle in ter rupt Sin gle in ter rupt Mul ti ple

Con text saved In ter rupts
Con text saved

Per for mance 5 MIPS 5 MIPS 8 MIPS Up to 16 MIPS    
In struc tions 33, 12-bit 35, 14-bit 49, 14-bit 83, 16-bit    
Pro gram Mem ory Up to 3 KB Up to 14 KB Up to 28 KB Up to 128 KB    
Data Mem ory 138 Bytes 368 Bytes 1,5 KB 4 KB    
Hard ware Stack 2 level 8 level 16 level 32 level    
To tal Num ber
of De vices 16 58 29 193    
Fam i lies PIC10 PIC12 PIC12FXXX PIC18

PIC12 PIC16 PIC16F1XX
PIC14
PIC16

1.3.1 Base line PIC Fam ily

This group in cludes mem bers of the PIC10, PIC12, PIC14, and PIC16 fam i lies. The de -
vices in the base line group have 12-bit pro gram words and are sup plied in 6- to 28-pin
pack ages. The microcontrollers in the base line group are de scribed as be ing suited for 

 Microcontrollers for Em bed ded Sys tems 5
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bat tery-op er ated ap pli ca tions be cause they have low power re quire ments. The typ i -
cal mem ber of the base line group has a low pin count, flash pro gram mem ory, and low
power re quire ments. The fol low ing types are in the Base line group:

• PIC10 de vices

• PIC12 de vices

• PIC14 de vices

• Some PIC16 de vices

We pres ent a short sum mary of the func tion al ity and hard ware types of the base -
line PICs in the sec tions that fol low, al though these de vices are not cov ered in this
book.

PIC10 de vices

The PIC10 de vices are low-cost, 8-bit, flash-based CMOS microcontrollers. They use
33 sin gle-word, sin gle-cy cle in struc tions (ex cept for pro gram branches, which take
two cy cles. The in struc tions are 12-bits wide. The PIC10 de vices fea ture power-on re -
set, an in ter nal os cil la tor mode which saves hav ing to use ports for an ex ter nal os cil la -
tor. They have a power-sav ing SLEEP mode, A Watch dog Timer, and op tional code
pro tec tion.

The rec om mended ap pli ca tions of the PIC10 fam ily range from per sonal care ap -
pli ances and se cu rity sys tems to low-power re mote trans mit ters and re ceiv ers. The
PICs of this fam ily have a small foot print and are man u fac tured in for mats suit able
for both through hole or sur face mount tech nol o gies. Ta ble 1.2 lists the char ac ter is -
tics of the PIC10F devices.

Ta ble 1.2

PIC10F De vices

10F200 10F202 10F204 10F206

Clock:
Max i mum Fre quency

     of Op er a tion (MHz) 4 4 4 4
Mem ory:

Flash Pro gram
Mem ory 256 512 256 512
Data Mem ory (bytes) 16 24 16 24

Pe riph er als:
Timer Mod ule(s) TMR0 TMR0 TMR0 TMR0
Wake-up from Sleep Yes Yes Yes Yes
Com para tors 0 0 1 1

Fea tures:
I/O Pins 3 3 3 3
In put Only Pins 1 1 1 1
In ter nal Pull-ups es Yes Yes Yes
In-Cir cuit Se rial
Pro gram ming Yes Yes Yes Yes
In struc tions 33 33 33 33

Pack ages: --------------------------------- 6-pin SOT-23 -------------------------------
----------------------------------- 8-pin PDIP --------------------------------
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Two other PICs of this se ries are the 10F220 and the 10F222. These ver sions in -
clude four I/O pins and two an a log-to-dig i tal con verter chan nels. Pro gram mem ory
is 256 words on the 10F220 and 512 in the 10F222. Data mem ory is 16 bytes on the
F220 and 23 in the F222.

PIC12 De vices

The PIC12C5XX fam ily are 8-bit, fully static, EEPROM/EPROM/ROM-based CMOS
microcontrollers. The de vices use RISC ar chi tec ture and have 33 sin gle-word, sin -
gle-cy cle in struc tions (ex cept for pro gram branches that take two cy cles). Like the
PIC10 fam ily, the PIC12C5XX chips have power-on re set , de vice re set, and an in ter nal
timer. Four os cil la tor op tions can be se lected, in clud ing a port-sav ing in ter nal os cil la -
tor and a low-power os cil la tor. These de vices can also op er ate in SLEEP mode and
have watch dog timer and code pro tec tion fea tures. 

The PIC12C5XX de vices are rec om mended for ap pli ca tions rang ing from per -
sonal care ap pli ances, se cu rity sys tems, and low-power re mote trans mit ters and re -
ceiv ers. The in ter nal EEPROM mem ory makes pos si ble the stor age of user-de fined
codes and pass words as well as ap pli ance set ting and re ceiver fre quen cies. The var -
i ous pack ages al low through-hole or sur face mount ing tech nol o gies. Ta ble 1.3 lists
the char ac ter is tics of some selected members of this PIC family.

Ta ble 1.3

PIC 12CXXX and 12CEXXX De vices

12C508(A) 12C518 12CE519 12C671 12CE674
12C509A 12C672
12CR509A 12C673

Clock:
Max i mum
Fre quency
of Op er a tion
(MHz) 4 4 4 10 10

Mem ory:
EPROM
Pro gram
Mem ory
(bytes) 25/41/41 25 41 128 128

Pe riph er als:
EEPROM
Data Mem ory
(bytes) — 16 16 0/0/16 16
Timer
Mod ule(s) TMR0 TMR0 TMR0 TMR0 TMR0
A/D Con verter
(8-bit)
Chan nels  — — — 4 4

Fea tures:
In ter rupt
Sources — — — 4 4
I/O Pins 5 5 5 5 5
In put Pins 1 1 1 1 1

(con tin ues)
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Ta ble 1.3

PIC 12CXXX and 12CEXXX De vices (con tin ued)

12C508(A) 12C518 12CE519 12C671 12CE674
12C509A 12C672
12CR509A 12C673

    In ter nal
Pull-ups Yes/Yes/No Yes Yes Yes Yes
In-Cir cuit
Se rial
Pro gram ming Yes/No Yes Yes Yes Yes
Num ber of
In struc tions 33 33 33 35 35
Pack ages 8-pin DIP 8-pin DIP 8-pin DIP 8-pin DIP 8-pin DIP

SOIC JW,SOIC JW. SOIC SOIC JW

Two other mem bers of the PIC12 fam ily are the 12F510 and the 16F506. In most
re spects these de vices are sim i lar to the ones pre vi ously de scribed, ex cept that the
12F510 and 16F506 both have flash pro gram mem ory. Ta ble 1.4 lists the most im por -
tant fea tures of these two PICs.

Ta ble 1.4

PIC12F510 and 12F675

Two other mem bers of the PIC12F are the 12F629 and 12F675. The only dif fer -
ence be tween these two de vices is that the 12F675 has a 10-bit an a log-to-dig i tal con -
verter while the 629 has not A/D con verter. Ta ble 1.5 lists some im por tant fea tures
of both PICs.
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        12F629  12F675 
Clock: 
 Maximum Frequency of Operation (MHz)  20    20 
Memory: 
 Flash Program Memory     1024    1024 
 Data Memory (SRAM bytes)    64    64 
Peripherals: 
 Timers 8/16 bits     1/1   1/1 
 Wake-up from Sleep on Pin Change  Yes    Yes 
Features: 
 I/O Pins       6    6 
 Analog comparator module   Yes   Yes 
 Analog-to-digital converter   No   10-bit 
 In-Circuit Serial Programming   Yes    Yes 
 Enhanced Timer1 module   Yes   Yes 
 Interrupt capability    Yes   Yes 
 Number of Instructions    35   35  
 Relative addressing    Yes   Yes 
 Packages       8-pin PDIP, 8-pin PDIP 
        SOIC,   SOIC, 
        DFN-S   DFN-S 



Ta ble 1.5

PIC12F629 and 12F675

12F629 12F675
Clock:

Max i mum Fre quency of Op er a tion (MHz) 20 20

Mem ory:
Flash Pro gram Mem ory 1024 1024
Data Mem ory (SRAM bytes) 64 64

Pe riph er als:
Tim ers 8/16 bits 1/1 1/1
Wake-up from Sleep on Pin Change Yes Yes

Fea tures:
I/O pins 6 6
An a log com para tor mod ule Yes Yes
An a log-to-dig i tal con verter No 10-bit
In-cir cuit se rial pro gram ming Yes Yes
En hanced Timer1 mod ule Yes Yes
In ter rupt ca pa bil ity Yes Yes
Num ber of in struc tions 35 35
Rel a tive ad dress ing Yes Yes
Pack ages 8-pin PDIP 8-pin PDIP

SOIC SOIC
DFN-S DFN-S

Sev eral mem bers of the PIC12 fam ily, 12F635, 12F636, 12F639, and 12F683, are
equipped with spe cial power-man age ment fea tures (called nanowatt tech nol ogy by
Micro chip). These de vices were es pe cially de signed for sys tems that re quire ex -
tended bat tery life.

PIC14 De vices

The sin gle mem ber of this fam ily is the PIC14000, which is built with CMOS tech nol -
ogy. This makes the PIUC14000 fully static and gives it in dus trial tem per a ture range.
The 14000 is rec om mended for bat tery charg ers, power sup ply con trol lers, power
man age ment sys tem con trol lers, HVAC con trol lers, and for sens ing and data ac qui si -
tion ap pli ca tions.1.3.2

1.3.3 Mid-range PIC Fam ily
The mid-range PICs in cludes mem bers of the PIC12 and PIC16 groups as well as the
PIC 18 group. Ac cord ing to Micro chip the mid-range PICs all have 14-bit pro gram
words with ei ther flash or OTP pro gram mem ory. Those with flash pro gram mem ory
also have EEPROM data mem ory and sup port in ter rupts. Some mem bers of the
mid-range group have USB, I2C, LCD, USART, and A/D con vert ers. Im ple men ta tions
range form 8 to 64 pins.

PIC16 De vices

This is by far the larg est mid–range PIC group. Cur rently over 80 ver sions of the PIC16
are listed in pro duc tion by Micro chip. Al though we do not cover the mid-range de vices 
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in this book, we have se lected a few of its most prom i nent mem bers of the PIC16 fam -
ily to list their most im por tant fea tures. These are found in Ta ble 1.6.

Ta ble 1.6

PIC16 De vices

Micro chip doc u men ta tion re fers to an en hanced mid-range fam ily com posed of
PIC12FXXX and PIC16F1XX de vices. These de vices main tain com pat i bil ity with the
pre vi ous mem bers of the mid-range fam ily while pro vid ing ad di tional per for mance.
Their most im por tant new fea tures in clude mul ti ple in ter rupts, four teen ad di tional
in struc tions, up to 28 KB pro gram mem ory, and additional peripheral modules. 

1.3.3 High-Per for mance PICs and DSPs
The high-per for mance PICs be long to the PIC18 and PIC32 groups. The mo ti va tion for
ex pand ing the PIC arquitecture and mod i fy ing the core of the mid-range PICs re late to
the fol low ing lim i ta tions:

• Small-size stack

• Sin gle in ter rupt vec tor

• Lim ited in struc tion set

• Small mem ory size

• Lim ited num ber of pe riph er als

• No high-level lan guage pro gram ma bil ity

The de vices in the PIC16 group have 16-bit pro gram words, flash pro gram mem -
ory, a lin ear mem ory space of up to 2 Mbytes, as well as pro to col-based com mu ni ca -
tions fa cil i ties. They all sup port in ter nal and ex ter nal in ter rupts and a much larger
in struc tion set than mem bers of the base line and mid-range fam i lies. The PIC18
fam ily is also a large one, with over sev enty dif fer ent vari a tions cur rently in pro duc -
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    16C432 16C58  16C770 16F54 16F84A 16F946  
Clock: 
 
Maximum Frequency MHz  20 40  20  20 20 20 
 
Memory: 
 Program memory type OTP OTP  OTP  Flash Flash Flash 
 K-bytes   3.5 3  3.5  0.75 1.75 14 
 K-words   2 2  2  0.5 1 8 
 Data EEPROM  0 0  0  0 64 256 
 
Peripherals: 
 I/O channels  12 12  16  12 13 53 
 ADC channels  0 0  6  0 0 8 
 Comparators  0 0  0  0 0 2 
 Timers   1/8-bit 1/8-bit 2/8-bit 1/8-bit 1/8-bit 2/8-bit 
     1/16-bit     1/16-bit 
 Watchdog timer  Yes Yes  Yes  Yes Yes Yes 
 
Features: 
 ICSP   Yes No  Yes  No Yes Yes 
 ICD   No No  No  No 0 1 
 Pin count  20 18  20  18 18 64 
 Communications  - -  MPC/SPI - - AUSART 
 Packages  20/CERDIP, 18/CERDIP 20/CERDIP 18/PDIP 18/PDIp 64/TQFP 
    20/SSOP 18/PDIP 20/PDIP 18/SOIC 18/SOIC 
    208mil 18/SOIC 20/SOIC 300mil 300mil 
     300mil 300mil 



tion. These de vices are fur nished in 18 to 80 pin pack ages. Micro chip de scribes the
PICs in this fam ily as high-per for mance with integrated A/D converters.

Dig i tal Sig nal Pro ces sor

The no tion of dig i tal sig nal pro cess ing starts with the con ver sion of an a log sig nal in -
for ma tion such as voice, im age, tem per a ture, or pres sure prim i tive data to dig i tal val -
ues that can be stored and ma nip u lated by a com put ing de vice. Con vert ing the data
from its prim i tive an a log form to a dig i tal for mat makes it much eas ier to an a lyze, dis -
play, store, pro cess, or con vert the data to an other for mat. Dig i tal sig nal pro cess ing is
based on the fact that com put ing and data pro cess ing op er a tions are eas ier to per form 
on dig i tal data than on raw an a log sig nals.

The con cept of dig i tal sig nal pro cess ing can be il lus trated by means of a sat el -
lite-based Earth imag in ing sys tem (such as the Land sat EROS) shown in Figure 1.4.

Fig ure 1.4 Sche matic of a space-borne imaging sys tem.

The op ti cal-me chan i cal in stru ment onboard a space craft, shown in Fig ure 1.4,
con sists of sev eral sub sys tems. The scan ning mir ror col lects the ra di a tion, which is
im aged by an op ti cal sys tem onto a sen sor de vice. The sen sor per forms an an a -
log-to-dig i tal con ver sion and places the dig i tal val ues in a tem po rary stor age struc -
ture. Dur ing its or bit, the sat el lite reaches a lo ca tion in space from which it can
com mu ni cate with an Earth re ceiv ing sta tion. At this time, the trans mit ter and sup -
port cir cuitry send the dig i tal data to the re ceiv ing sta tion. The re ceiv ing sta tion
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pro cesses this data and for mats it into an im age. In this scheme, dig i tal sig nal pro -
cess ing can take place as the im age data is sensed by the in stru ment and tem po -
rarily stored on board the sat el lite, or when the raw data re ceived by the Earth
sta tion is con verted into an image that can be manipulated, viewed, stored, or
re-processed.

An a log-to-Dig i tal

Con ver sion from an a log-to-dig i tal form and vice versa are not for mally op er a tions of a 
DSP. How ever, these con ver sions are so of ten re quired dur ing sig nal pro cess ing that
most DSP de vices in clude the an a log-to-dig i tal and dig i tal-to-an a log con ver sion hard -
ware. 

An a log-to-dig i tal con ver sion is usu ally per formed by sam pling the sig nal at uni -
form time in ter vals and us ing the sam pled value as  rep re sen ta tive of the re gion be -
tween the in ter vals. Fig ure 1.5 shows an ex am ple of an a log-to-dig i tal conversion by
sampling.

Fig ure 1.5 An a log-to-dig i tal conversion by sam pling. 

In Fig ure 1.5 we see that the sam pled val ues are ac tu ally an ap prox i ma tion of the
an a log curve, as the vari a tions be tween each in ter val are lost in the con ver sion pro -
cess. There fore, the more sam pling pe ri ods, the more ac cu rate the ap prox i ma tion.
On the other hand, too small a sam pling rate tends to re duce the sig nif i cance of the
data by pro duc ing re peated values in the digital record.
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Chap ter 2

PIC18 Ar chi tec ture

2.1 PIC18 Fam ily Over view
The PIC18 fam ily was de signed to pro vide ease of use (pro gram ma ble in C), high per -
for mance, and ef fort less in te gra tion with pre vi ous 8-bit fam i lies. In ad di tion to the
stan dard mod ules found in the PIC16 and pre vi ous fam i lies, the PIC18 in cludes sev -
eral ad vanced pe riph er als, such as CAN, USB, Ethernet, LCD and CTMU. Its prin ci pal
fea tures are

• Nanowatt tech nol ogy en sures low power con sump tion

• 83 in struc tions (16-bit wide)

• C lan guage op ti mized

• Up to 2 MB ad dress able pro gram mem ory

• 4KB max i mum RAM

• 32-level hard ware stack

• 8-bit file se lect reg is ter

• In te grated 8x8 hard ware mul ti plier

The per for mance of the PIC18 se ries is the high est in the Micro chip 8-bit ar chi -
tec ture. Fig ure 2.1 is a block di a gram of the PIC18 ar chi tec ture.

Fig ure 2.1 Block diagram of PIC18 ar chi tec ture.
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Al though the PIC16 se ries has been very suc cess ful in the microcontroller mar -
ket place, it also suf fers from lim i ta tions and con straints. Per haps the most sig nif i -
cant lim i ta tion is that the de vices of the PIC16 fam ily can only be pro grammed in
As sem bly lan guage. Other lim i ta tions re sult from the de vice's RISC de sign. For ex -
am ple, the ab sence of cer tain types of opcodes, such as the Branch in struc tion,
make it nec es sary to com bine a skip opcode fol lowed by a goto op er a tion in or der
to pro vide a con di tional, tar geted jump. Other lim i ta tions re late to the hard ware it -
self: small stack and a sin gle in ter rupt vec tor. As the com plex ity, mem ory size, and
the num ber of pe riph eral mod ules in creased, the limitations of the PIC16 series
became more evident.

In the PIC18 se ries, Micro chip re con sid ered its PIC16 de sign rules and pro duced
a com pletely new style microcontroller, with a much more com plex core, while lim -
it ing the changes to the pe riph eral mod ules. The de gree of change can be de duced
from the ex pan sion of the in struc tion set from 35 14-bit to 83 16-bit op er a tion codes. 
Mem ory has gone from 14 to 128 KB; the stack from 8 lev els to 32 lev els. These
changes made it pos si ble to op ti mize the PIC18 se ries for C language programming.

2.1.1 PIC18FXX2 Group
At the pres ent time, Micro chip lists 193 dif fer ent de vices in the PIC18 fam ily. These de -
vices are avail able with pin counts from 28 to 100 and in the SOIC, DIP, PLCC, SPDIP,
QFN, SSOP, TQFP, QFN, and LQFP pack ages. For con sis tency with the tu to rial na ture
of this book, we have se lected the PIC18F4X2 group with iden ti cal DIP and SOIC
pinouts. Fig ure 2.2 shows the pin di a gram for the PIC18F4X2 de vices.

Fig ure 2.2 Pin diagram for PIC18F4X2 de vices.
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  For learn ing and ex per i men ta tion the de vices in DIP pack ages are more con ve -
nient be cause they can be eas ily in serted in the ZIF (zero in ser tion force) sock ets
found in most pro gram ming de vices, de vel op ment boards, and bread boards. The de -
vices in Fig ure 1.1 and Fig ure 1.2 are so equipped. A PLCC (plas tic leaded chip car -
rier) pack age with 44 pins is also avail able for 18F442 and 18F452 devices. We do
not cover this option. 

2.1.2 PIC18FXX2 De vice Group Over view

These de vices come in 28-pin and 40-pin pack ages, as well as in a 44-pin PLCC pack age 
pre vi ously men tioned.  The 28-pin de vices do not have a Par al lel Slave Port (PSP).
Also, the num ber of an a log-to-dig i tal (A/D) con verter in put chan nels is re duced to 5.
An over view of fea tures is shown in Ta ble 2.1

Ta ble 2.1

Prin ci pal Fea tures of De vices in the PIC18FXX2 Fam ily

FEATURES PIC18F242 PIC18F252 PIC18F442 PIC18F452

Operating Fre quency DC - 40 MHz DC - 40 MHz DC - 40 MHz DC - 40 MHz

Pro gram Mem ory

(Bytes) 16K 32K 16K 32K

Pro gram Mem ory

 (In struc tions) 8192 16384 8192 16384

Data Mem ory

(Bytes) 768 1536 768 1536
Data EEPROM

Mem ory (Bytes) 256 256 256 256
In ter rupt Sources 17 17 18 18

I/O Ports A, B, C A, B, C A, B, C, D, E A, B, C, D, E

Tim ers 4 4 4 4

Cap ture/Cornpare

/PWM Modules 2 2 2 2
Se rial Com mu ni ca tions

------------------------- MSSP ------------------------------------------
              Ad dress able

        USART
Par al lel Communications

- - PSP PSP
10-bit An a log-to-

Dig i tal Mod ule 5 chan nels 5 chan nels 8 chan nels 8 chan nels
RESETS (and De lays)

---------------------------- POR, BOR, Re set -------------------------------
In struc tion, Stack Full,

             Stack Un der flow,
                                                                      (PWRT, OST)                           
Pro gram ma ble Low

Volt age De tect Yes Yes Yes Yes
Pro gram ma ble

Brown-out Re set Yes Yes Yes Yes
In struc tion Set 75 In struc tions 75 In struc tions 75 In struc tions 75 In struc tions

Pack ages 28-pin DIP 28-pin DIP 40-pin DIP 40-pin DIP QFP

28-pin SOIC 28-pin SOIC PLCC 44-pin PLCC 44-pin
SOIC SOIC SOIC SOIC
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From Ta ble 2.1 the fol low ing gen eral fea tures of the PIC18FXX2 de vices can be
de duced:

1. Op er at ing fre quency is 40 MHz for all de vices. They all have a 75 opcode in struc -
tion set.

2. Pro gram mem ory ranges from 16K (8,192 in struc tions) in the PIC18F2X2 de vices
to 32K (16,384 in struc tions) in the PIC18F4X2 de vices.

3. Data mem ory ranges for 768 to 1,536 bytes.

4. Data EEPROM is 256 bytes in all de vices.

5. The PIC18F2X2 de vices have three I/O poerts (A, B, and C) and the PIC18F4X2 de -
vices have five ports (A, B, C, D, and E).

6. All de vices have four tim ers, two Cap ture/Com pare/PWM mod ules, MSSP and
adressable USART for se rial com mu ni ca tions and 10-bit an a log-to-dig i tal mod -
ules.

7.  Only PIC18F4X2 de vices have a par al lel port.

2.1.3 PIC18F4X2 Block Di a gram
The block di a gram of the 18F4X2 microcontrollers, which cor re spond to the 40-pin
de vices of Fig ure 2.2, is shown in Fig ure 2.3.

Fig ure 2.3 PIC18F4X2 block di a gram.
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2.1.4 Cen tral Pro cess ing Unit
In Fig ure 2.3 the dashed rect an gle la beled CPU (central pro cess ing unit) con tains the
8-bit Arith me tic Logic Unit, the Work ing reg is ter la beled WREG, and the 8-bit-by-8-bit
hard ware mul ti plier, de scribed later in this chap ter. The CPU re ceives the in struc tion
from pro gram mem ory ac cord ing to the value in the In struc tion reg is ter and the ac tion 
in the In struc tion De code and Con trol block. An in ter rupt mech a nism with sev eral
sources (not shown in Fig ure 2.3) is also part of the PIC18FXX2 hard ware.  

The Sta tus Reg is ter

The Sta tus reg is ter, not shown in Fig ure 2.3, is part of the CPU and holds the in di vid ual
sta tus bits that re flect the op er at ing con di tion of the in di vid ual el e ments of the de vice. 
Fig ure 2.4 shows the bit struc ture of the Sta tus reg is ter.

Figure 2.4 Sta tus register bitmap.

Pro gram Coun ter Reg is ter

The 21-bit wide Pro gram Coun ter reg is ter spec i fies the ad dress of the next in struc tion
to be ex e cuted. The reg is ter map ping of the Pro gram Coun ter reg is ter is shown in Fig -
ure 2.5.
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 -      -       -      N      OV      Z      DC      C

7      6      5      4      3      2      1      0bits:

bit 4 N:   Negative bit
           1 = Arithmetic result is negative
           0 = Arithmetic result is positive
bit 3 OV:  Overflow bit
           1 = Overflow in signed arithmetic
           0 = No overflow occurred
bit2 Z:    Zero bit
           1 = The result of an operation is zero
           0 = The result of an operation is not zero
bit 1 DC:  Digit carry/borrow bit for ADDWF, ADDLW, SUBLW,
           and SUBWF instructions. For borrow the polarity
           is reversed.
           1 = A carry-out from the 4th bit of the result
           0 = No carry-out from the 4th bit of the result
           For rotate instructions (RRF and RLF) this bit
           is loaded with either bit 4 or bit 3 of the
           source register. 
bit 0 C:   Carry/borrow bit for ADDWF, ADDLW, SUBLW, and 
           SUBWF instructions. For borrow the polarity
           is reversed.
           1 = A carry-out from the most significant bit
           0 = No carry-out from the most significant bit
           For rotate instructions (RRF and RLF) this bit
           is loaded with either bit 4 or bit 3 of the
           source register.



Fig ure 2.5 Reg is ter map of the Pro gram Coun ter.

As shown in Fig ure 2.5, the low byte of the ad dress is stored in the PCL reg is ter,
which is read able and writeable. The high byte is stored in the PCH reg is ter. The up -
per byte is in the PCU reg is ter, which con tains bits <20:16>. The PCH and PCU reg is -
ters are not di rectly read able or writeable. Up dates to the PCH reg is ter are
per formed through the PCLATH reg is ter. Up dates to the PCU reg is ter are per formed 
through the PCLATU register.

The Pro gram Coun ter ad dresses byte units in pro gram mem ory. In or der to pre -
vent the Pro gram Coun ter from be com ing mis aligned with word in struc tions, the
LSB of PCL is fixed to a value of '0' (see Fig ure 2.5). The Pro gram Coun ter in cre -
ments by 2 to the ad dress of the next se quen tial in struc tions in the program
memory.

The CALL, RCALL, GOTO, and pro gram branch in struc tions write to the Pro gram
Coun ter di rectly. In these in struc tions, the con tents of PCLATH and PCLATU are not 
trans ferred to the pro gram coun ter. The con tents of PCLATH and PCLATU are trans -
ferred to the Pro gram Coun ter by an op er a tion that writes PCL. Sim i larly, the up per
2 bytes of the Pro gram Coun ter will be trans ferred to PCLATH and PCLATU by an
op er a tion that reads PCL.

Hard ware Mul ti plier

All PIC18FXX2 de vices con tain an 8 x 8 hard ware mul ti plier in the CPU. Be cause mul -
ti pli ca tion is a hard ware op er a tion it com pletes in a sin gle in struc tion cy cle. Hard -
ware mul ti pli ca tion is un signed and pro duces a 16-bit re sult that is stored in a 16-bit
prod uct reg is ter pair la beled PRODH (high byte) and PRODL (low byte).

Hard ware mul ti pli ca tion has the fol low ing ad van tages:

• Higher com pu ta tional per for mance

• Smaller code size of mul ti pli ca tion al go rithms

The per for mance in crease al lows the de vice to be used in ap pli ca tions pre vi ously re -
served for Dig i tal Sig nal Pro ces sors.

In ter rupts

PIC18FXX2 de vices sup port mul ti ple in ter rupt sources and an in ter rupt pri or ity
mech a nism that al lows each in ter rupt source to be as signed a high or low pri or ity
level. The high-pri or ity in ter rupt vec tor is at OOOOO8H and the low-pri or ity in ter rupt
vec tor is at 000018H. High-pri or ity in ter rupts over ride any low-pri or ity in ter rupts that
may be in prog ress. Ten reg is ters are re lated to in ter rupt op er a tion:
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• RCON

• INTCON

• INTCON2

• INTCON3

• PIR1, PIR2

• PIE1, PIE2

• IPR1, IPR2

Each in ter rupt source (ex cept INTO) has three con trol bits:

• A Flag bit in di cates that an in ter rupt event has oc curred.

• An En able bit al lows pro gram ex e cu tion to branch to the in ter rupt vec tor ad dress
when the flag bit is set.

• A Pri or ity bit to se lect high-pri or ity or low pri or ity for an in ter rupt source.

In ter rupt pri or ity is en abled by set ting the IPEN bit {mapped to the RCON<7>
bit}. When in ter rupt pri or ity is en abled, there are 2 bits that en able in ter rupts glob -
ally. Set ting the GIEH bit (1NTCON<7>) en ables all in ter rupts that have the pri or ity
bit set. Set ting the GIEL bit (INTCON<6>) en ables all in ter rupts that have the pri or -
ity bit cleared. When the in ter rupt flag, the en able bit, and the ap pro pri ate global in -
ter rupt en able bit are set, the in ter rupt will vec tor to ad dress OOOOO8h or
000018H, de pend ing on the pri or ity level. In di vid ual in ter rupts can be dis abled
through their corresponding enable bits.

When the IPEN bit is cleared (de fault state), the in ter rupt pri or ity fea ture is dis -
abled and the in ter rupt mech a nism is com pat i ble with PIC mid-range de vices. In
this com pat i bil ity mode, the in ter rupt pri or ity bits for each source have no ef fect
and all in ter rupts branch to address OOOOO8H.

When an in ter rupt is han dled, the Global In ter rupt En able bit is cleared to dis able 
fur ther in ter rupts. The re turn ad dress is pushed onto the stack and the Pro gram
Coun ter is loaded with the in ter rupt vec tor ad dress, which can be OOOOO8H or
000018H. In the In ter rupt Ser vice Rou tine, the source or sources of the in ter rupt can 
be de ter mined by test ing the in ter rupt flag bits. To avoid recursive in ter rupts, these
bits must be cleared in soft ware be fore re-en abling in ter rupts. The “re turn from in -
ter rupt“ in struc tion, RETFIE, ex its the in ter rupt rou tine and sets the GIE bit {GIEH
or GIEL if pri or ity lev els are used), which re-enables interrupts.

Sev eral ex ter nal in ter rupts are also sup ported, such as the INT pins or the
PORTB in put change in ter rupt. In these cases, the in ter rupt la tency will be three to
four in struc tion cy cles. In ter rupts and in ter rupt pro gram ming are the sub ject of
Chapter 8.

2.1.5 Spe cial CPU Fea tures

Sev eral CPU fea tures are in tended for the fol low ing pur poses:

 PIC18 Ar chi tec ture 19



• Mmax i mize sys tem re li abil ity

• Min i mize cost through the elim i na tion of ex ter nal com po nents

• Pro vide power-sav ing op er at ing modes

• Of fer code pro tec tion

These spe cial fea tures are re lated to the fol low ing func tions and com po nents:

• SLEEP mode

• Code pro tec tion

• ID lo ca tions

• In-cir cuit serial pro gram ming

• SLEEP mode

SLEEP mode is de signed to of fer a very low cur rent mode dur ing which the de -
vice is in a power-down state. The ap pli ca tion can wakeup from SLEEP through the
fol low ing mech a nisms:

1. Ex ter nal RESET

2. Watch dog Timer Wake-up

3. An in ter rupt

The Watch dog Timer is a free run ning on-chip RC os cil la tor, that does not re quire
any ex ter nal com po nents. This RC os cil la tor is sep a rate from the RC os cil la tor of
the OSC1/CLKI pin. That means that the WDT will run, even if the clock on the
OSC1/CLKI and OSC2/CLKO/ RA6 pins of the de vice has been stopped, for ex am ple,
by ex e cu tion of a SLEEP instruction.

Watch dog Timer

A Watch dog Timer time-out (WDT) gen er ates a de vice RESET. If the de vice is in
SLEEP mode, a WDT causes the de vice to wakeup and con tinue in nor mal op er a tion
(Watch dog Timer Wake-up). If the WDT is en abled, soft ware ex e cu tion may not dis -
able this func tion. When the WDTEN con fig u ra tion bit is cleared, the SWDTEN bit en -
ables/dis ables the op er a tion of the WDT. Val ues for the WDT postscaler may be
as signed us ing the con fig u ra tion bits. 

The CLRWDT and SLEEP in struc tions clear the WDT and the postscaler (if as -
signed to the WDT) and pre vent it from tim ing out and gen er at ing a de vice RESET
con di tion. When a CLRWDT in struc tion is ex e cuted and the postscaler is as signed
to the WDT, the postscaler count will be cleared, but the postscaler as sign ment is
not changed.

The WDT has a postscaler field that can ex tend the WDT Re set pe riod. The
postscaler is se lected by the value writ ten to 3 bits in the CONFIG2H reg is ter dur ing 
de vice pro gram ming.  
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Wake-Up by In ter rupt

When global in ter rupts are dis abled (the GIE bit cleared) and any in ter rupt source has
both its in ter rupt en able bit and in ter rupt flag bit set, then one of the fol low ing will oc -
cur:

When an in ter rupt oc curs be fore the ex e cu tion of a SLEEP in struc tion, then the
SLEEP in struc tion be comes a NOP. In this case, the WDT and WDT postscaler will
not be cleared, the TO bit will not be set, and PD bits will not be cleared.

If the in ter rupt con di tion oc curs dur ing or af ter the ex e cu tion of a SLEEP in struc -
tion, then the de vice will im me di ately wakeup from SLEEP. In this case, the SLEEP
in struc tion will be com pletely ex e cuted be fore the wake-up. There fore, the WDT
and WDT postscaler will be cleared, the TO bit will be set, and the PD bit will be
cleared.

Even if the flag bits were checked be fore ex e cut ing a SLEEP in struc tion, it may
be pos si ble for these bits to set be fore the SLEEP in struc tion com pletes. Code can
test the PD bit in or der to de ter mine whether a SLEEP in struc tion ex e cuted. If the
PD bit is set, the SLEEP in struc tion was ex e cuted as a NOP. To en sure that the WDT
is cleared, a CLRWDT in struc tion should be ex e cuted be fore a SLEEP instruction.

Low Volt age De tec tion

For many ap pli ca tions it is de sir able to be able to de tect a drop in de vice volt age be low 
a cer tain limit. In this case, the ap pli ca tion can de fine a low volt age win dow in which it 
can per form house keep ing tasks be fore the volt age drops be low its de fined op er at ing
range. The Low Volt age De tect fea ture of the PIC18FXX2 de vices can be used for this
pur pose. For ex am ple, a volt age trip point for the de vice can be spec i fied so that when
this point is reached, an in ter rupt flag is set. The pro gram will then branch to the in ter -
rupt's vec tor ad dress and the in ter rupt han dler soft ware can take the cor re spond ing
ac tion. Be cause the Low Volt age De tect cir cuitry is com pletely un der soft ware con -
trol, it can be “turned off” at any time, thus sav ing power. 

Im ple ment ing Low Volt age De tect re quires set ting up a com para tor that reads the 
ref er ence volt age and com pares it against the pre set trip-point. This trip-point volt -
age is soft ware pro gram ma ble to any one of six teen val ues by means of the 4 bits la -
beled LVDL3:LVDLO. When the de vice volt age be comes lower than the pre se lected
trip-point, the LVDIF bit is set and an in ter rupt is generated. 

De vice Con fig u ra tion

Sev eral de vice con fig u ra tions can be se lected by pro gram ming the con fig u ra tion bits.
These bits are mapped, start ing at pro gram mem ory ad dress 300000H. Note that this
ad dress is lo cated in the con fig u ra tion mem ory space (300000H to 3F0000H), which is
only ac cessed us ing ta ble read and ta ble write op er a tions. When the con fig u ra tion bits 
are pro grammed,  they will read as '0;  when left unprogrammed they will read as '1'.
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MPLAB de vel op ment tools pro vide an __CONFIG di rec tive, to gether with a set of
de vice-spe cific operands, that sim plify se lect ing and set ting the de sired con fig u ra -
tion bits. This topic is ex plored in the book's chap ters re lated to programming.

2.2 Mem ory Or ga ni za tion
De vices of the PIC18FXX2 fam ily con tain three in de pend ent mem ory blocks:

• Pro gram Mem ory

• Data Mem ory

• Data EEPROM

Be cause the de vice uses a sep a rate buss, the CPU can con cur rently ac cess the
data and pro gram mem ory blocks. 

2.2.1 Pro gram Mem ory
The Pro gram Coun ter reg is ter is 21 bit wide and there fore ca pa ble of ad dress ing a
max i mum of 2-Mbyte pro gram mem ory space. Ac cess ing a lo ca tion be tween the phys -
i cally im ple mented mem ory and the 2-Mbyte max i mum ad dress will read all ze roes.
The PIC18F242 and PIC18F442 de vices can store up to 8K of sin gle-word in struc tions.
The PIC18F252 and PIC18F452 de vices can store up to 16K of sin gle-word in struc -
tions. The RESET vec tor ad dress is at OOOOH and the in ter rupt vec tor ad dresses are
at 0008H and 0018H. Fig ure 2.6 shows the mem ory map for the PIC18FXX2 fam ily.

Fig ure 2.6 Pro gram memory map for the PIC18FXX2 fam ily.
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2.2.2 18FXX2 Stack 
The PIC18FXX2 stack is 31 ad dress deep and al lows as many com bi na tions of
back-to-back calls and in ter rupts to oc cur. When a CALL or RCALL in struc tion is ex e -
cuted, the Pro gram Coun ter is pushed onto the stack. When a CALL or RCALL in struc -
tion is ex e cuted, or an in ter rupt is ac knowl edged, the Pro gram Coun ter is pulled off
the stack. This also takes place on a RETURN, RETLW, or RETFIE in struc tion.
PCLATU and PCLATH reg is ters are not af fected by any of the RETURN or CALL in -
struc tions.

The stack con sists of a 31-word deep and 21-bit wide RAM struc ture. The cur rent
stack po si tion is stored in a 5-bit Stack Pointer reg is ter la beled STKPTR. This reg is -
ter is in i tial ized to OOOOOB af ter all RESETS. There is no RAM mem ory cell as so ci -
ated with Stack Pointer value of OOOOOB. When a CALL type in struc tion ex e cutes
(PUSH op er a tion), the stack pointer is first in cre mented and the RAM lo ca tion
pointed to by STKPTR is writ ten with the con tents of the PC. Dur ing a RETURN type 
in struc tion (POP op er a tion), the con tents of the RAM lo ca tion pointed to by
STKPTR are trans ferred to the PC and then the stack pointer is decremented.

The stack space is a unique mem ory struc ture and is not part of ei ther the pro -
gram or the data space in the PIC18FXX2 de vices. The STKPTR reg is ter is read able
and writeable, and the ad dress on the top of the stack is also read able and writeable 
through SFR reg is ters. Data can also be pushed to or popped from the stack us ing
the top-of-stack SFRs. Sta tus bits in di cate if the stack pointer is at, or be yond the 31 
lev els provided.

Stack Op er a tions

Fig ure 2.7 shows the bit struc ture of the STKPTR reg is ter. The STKPTR reg is ter con -
tains the stack pointer value, as well as a stack full and stack un der flow) sta tus bits.
The STKPTR reg is ter can be read and writ ten by the user. This fea ture al lows op er at -
ing sys tem soft ware to per form stack main te nance op er a tions. The 5-bit value in the
stack pointer reg is ter ranges from 0 through 31, which cor re spond to the avail able
stack lo ca tions. The stack pointer is in cre mented by push op er a tions and dec re ment -
ed when val ues are popped off the stack. At RESET, the stack pointer value is set to 0.

Fig ure 2.7 STKPTR reg is ter bit map.
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STKOVF STKUNF SP4    SP3    SP2    SP1    SP0

7      6      5      4      3      2      1      0bits:

bit 7      STKOVF:
           1 = Stack became full or overflowed
           0 = Stack has not overflowed
bit 6      STKUNF:
           1 = Stack underflow occurred
           0 = No stack underflow occurred
bit 5      Unimplemented: Read as 0
bit 4-0    SP4:SP0: Stack Pointer location



The STKOVF bit is set af ter the pro gram coun ter is pushed onto the stack 31
times with out pop ping any value off the stack. No tice that some Micro chip doc u -
men ta tion re fers to a STKFUL bit, which ap pears to be a syn onym for the STKOVF
bit. To avoid con fu sion, we only use the STKOVF des ig na tion in this book.

The STKOVF bit can only be cleared in soft ware or by a Power-On Re set (POR)
op er a tion. The ac tion that takes place when the stack be comes full de pends on the
state of the STVREN (Stack Over flow Re set En able) con fig u ra tion bit. The STVREN
bit is bit 0 of the CONFIG4L reg is ter. If the STVREN bit is set, a stack full or stack
over flow con di tion will cause a de vice RESET. Oth er wise, the RESET ac tion will
not take place. When the stack pointer has a value of 0 and the stack is popped, a
value of zero is en tered to the Pro gram Coun ter and the STKUNF bit is set. In this
case, the stack pointer re mains at 0. The STKUNF bit will re main set un til cleared in
soft ware or a POR oc curs. Re turn ing a value of zero to the Pro gram Coun ter on an
un der flow con di tion has the ef fect of vectoring the pro gram to the RESET vec tor.
User code can pro vide logic at the RESET vec tor to ver ify the stack condition and
take the appropriate actions.

Three reg is ters, la beled TOSU, TOSH and TOSL, hold the con tents of the stack lo -
ca tion pointed to by the STKPTR reg is ter. The ad dress map ping of these reg is ters is
shown in Fig ure 2.8.

Fig ure 2.8 Ad dress map ping of the stack con tents reg is ters.

Us ers can im ple ment a soft ware stack by ma nip u lat ing the con tents of the TOSU,
TOSH, and TOSL reg is ters. Af ter a CALL, RCALL, or in ter rupt, user soft ware can
read the value in the stack by read ing the TOSU, TOSH, and TOSL. These val ues can
then be placed on a user-de fined soft ware stack. At re turn time, user soft ware can
re place the TOSU, TOSH, and TOSL with the stored val ues. At this time, global in ter -
rupts should have been dis abled in or der to pre vent in ad ver tent stack changes. 

Fast Reg is ter Stack

A fast re turn from in ter rupts is avail able in the PIC18FXX2 de vices. This ac tion is
based on a Fast Reg is ter Stack that saves the STATUS, WREG, and BSR reg is ters. The
fast ver sion of the stack is not read able or writable and is loaded with the cur rent
value of the three reg is ters when an in ter rupt takes place. The FAST RETURN in struc -
tion is then used to re store the work ing reg is ters and ter mi nate the in ter rupt.
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The fast reg is ter stack op tion can also be used to store and re store the STATUS,
WREG, and BSR reg is ters dur ing a sub rou tine call. In this case, a fast call and fast
re turn in struc tion are ex e cuted. This is only pos si ble if no in ter rupts are used.

In struc tions in Mem ory

Pro gram mem ory is struc tured in byte-size units but in struc tions are stored as two
bytes or four bytes. The Least Sig nif i cant Byte of an in struc tion word is al ways stored
in a pro gram mem ory lo ca tion with an even ad dress, as shown in Fig ure 2.5. Fig ure 2.9
shows three low-level in struc tions as they are en coded and stored in pro gram mem ory

 Fig ure 2.9  In struc tion en cod ing.

The CALL and GOTO in struc tions have an ab so lute pro gram mem ory ad dress em -
bed ded in the in struc tion. Be cause in struc tions are al ways stored on word bound -
aries, the data con tained in the in struc tion is a word ad dress. This word ad dress is
writ ten to Pro gram Coun ter bits <20:1>, which ac cesses the de sired byte ad dress.
No tice in Fig ure 2.9 that the in struc tion

GOTO 000006H

is en coded by stor ing the num ber of sin gle-word in struc tions that must be added to
the Pro gram Coun ter (03H). All pro gram branch in struc tions are en coded in this man -
ner.

2.2.3 Data Mem ory

Data mem ory is im ple mented as static RAM. Each reg is ter in the data mem ory has a
12-bit ad dress, al low ing up to 4096 bytes of data mem ory in the PIC18FXX2 de vices.
Data mem ory con sists of Spe cial Func tion Reg is ters (SFRs) and Gen eral Pur pose
Reg is ters (GPRs). The SFRs are used for con trol and sta tus op er a tions and for im ple -
ment ing the pe riph eral func tions. The GPRs  are for user data stor age. Fig ure 2.10  is a
map of data mem ory in the PIC18FXX2 de vices.
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Fig ure 2.10  Data mem ory map in PIC18FXX2.

  In Fig ure 2.10, GPRs start at the first lo ca tion of Bank 0 and grow to higher mem -
ory ad dresses. Mem ory is di vided into 255-byte units called banks. Seven banks are
im ple mented in the PIC18F452/252 de vices and four banks in the PIC18F442/242 de -
vices. A read op er a tion to a lo ca tion in an unimplemented mem ory bank al ways
returns zeros. 

The en tire data mem ory may be ac cessed di rectly or in di rectly. Di rect ad dress ing
re quires the use of the BSR reg is ter. In di rect ad dress ing re quires the use of a File
Se lect Reg is ter (FSRn) and a cor re spond ing In di rect File Op er and (INDFn). Ad -
dress ing op er a tions are dis cussed in  Chap ter 11 in the context of LCD
programming. 

Each FSR holds a 12-bit ad dress value that can be used to ac cess any lo ca tion in
the Data Mem ory map with out bank ing. The SFRs start at ad dress F80H in Bank 15
and ex tend to ad dress 0FFFH in ei ther de vice. This means that 128 bytes are as -
signed to the SFR area al though not all lo ca tions are im ple mented. The in di vid ual
SFRs are dis cussed in the con text of their spe cific func tion al ity. Fig ure 2.11 shows
the names and ad dresses of the Special Function Registers.
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Fig ure 2.11  PIC18FXX2 Spe cial Func tion Reg is ters map.

2.2.4  Data EEPROM Mem ory
EEPROM stands for Elec tri cally Eras able Pro gram ma ble Read-Only Mem ory. This
type of mem ory is used in com put ers and em bed ded sys tems as a non vol a tile stor age.
You find EEPROM in flash drives, BIOS chips, and in mem ory fa cil i ties such flash
mem ory  and  EEPROM data  s tor  age  mem ory  found in  PICs  and other
microcontrollers. 

EEPROM mem ory can be erased and pro grammed elec tri cally with out re mov ing
the chip. The pre de ces sor tech nol ogy, called EPROM, re quired that the chip be re -
moved from the cir cuit and placed un der ul tra vi o let light in or der to erase it. In em -
bed ded sys tems, the typ i cal use of se rial EEPROM on-board mem ory, and EEPROM
ICs, is in the stor age of pass words, codes, con fig u ra tion set tings, and other in for ma -
tion to be re mem bered after the system is turned off. 
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Data EEPROM is read able and writable dur ing nor mal op er a tion. EEPROM data
mem ory is not di rectly mapped in the reg is ter file space. In stead, it is in di rectly ad -
dressed through the SFRs. Four SFRs used to read and write the pro gram and data
EEPROM mem ory. These registers are

• EECON1

• EECON2

• EEDATA

• EEADR

In op er a tion, EEDATA holds the 8-bit data for read/write and EEADR holds the
ad dress of the EEPROM lo ca tion be ing ac cessed.

All de vices of the PIC18FXX2 fam ily 256 bytes of data EEPROM with an ad dress
range from Oh to FFh. EEPROM ac cess and pro gram ming are dis cussed in Chapter
10.

2.2.5  In di rect Ad dress ing
The in struc tion set of most pro ces sors, in clud ing the PICs, pro vide a mech a nism for
ac cess ing mem ory operands in di rectly. In di rect ad dress ing is based on the fol low ing
ca pa bil i ties:

1. The ad dress of a mem ory op er and is loaded into a reg is ter. This reg is ter is called
the pointer.

2. The pointer reg is ter is then used to in di rectly ac cess the mem ory lo ca tion at the
ad dress it “points to.”

3. The value in the pointer reg is ter can be mod i fied (usu ally in cre mented or dec re -
ment ed) so as to al low ac cess to other mem ory operands.

In di rect ad dress ing is use ful in ac cess ing data ta bles in ma nip u lat ing soft ware
stacks.

In the PIC18FXX2 ar chi tec ture, in di rect ad dress ing is im ple mented us ing one of
three In di rect File Reg is ters (la beled INDFx) and the cor re spond ing File Se lect Reg -
is ter (la beled FSRx). Any in struc tion us ing an INDFx reg is ter ac tu ally ac cesses the
reg is ter pointed to by the FSRx. Read ing an INDF reg is ter in di rectly (FSR = 0) will
read OOH. Writ ing to the INDF reg is ter indirectly, results in a no operation.

The INDFx reg is ters are not phys i cal reg is ters in the sense that they can not be di -
rectly ac cessed by code. The FSR reg is ter is the pointer reg is ter that is in i tial ized to
the ad dress of a mem ory op er and. Once a mem ory ad dress is placed in FSRx, any
ac tion on the cor re spond ing INDFx reg is ter takes place at the mem ory lo ca tion
pointed at by FSR. For ex am ple, if the FSR0 reg is ter is in i tial ized to mem ory ad -
dress 0x20, then clear ing an INDF0 reg is ter has the ef fect of clear ing the mem ory lo -
ca tion at ad dress 0x20. In this case, the ac tion on the INDF0 reg is ter ac tu ally takes
place at the ad dress con tained in the FSR0 reg is ter. Now if FSR (the pointer reg is -
ter) is in cre mented and INDF is again cleared, the mem ory lo ca tion at ad dress 0x21
will be cleared. In di rect ad dress ing is covered in detail in the programming chapters 
later in the book.
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2.3  PIC18FXX2 Os cil la tor
In the op er a tion of any mi cro pro ces sor or microcontroller, it is nec es sary to pro vide a
“clock” sig nal in the form of a con tin u ously run ning, fixed-fre quency, square wave.
The op er a tion and speed of the de vice are en tirely de pend ent on this clock fre quency.
In ad di tion to the fetch/ex e cute cy cle of the CPU, other es sen tial tim ing func tions are
also de rived from this clock sig nal rang ing from tim ing and count ing op er a tions
pulses re quired in com mu ni ca tions. In many PIC microcontrollers, the in ter nal or ex -
ter nal com po nent that gen er ates this clock sig nal is called the os cil la tor.

Ev ery microcontroller or mi cro pro ces sor must op er ate with a clock sig nal of a
spec i fied fre quency. The prin ci pal clock sig nal is di vided in ter nally by a fixed value,
thus cre at ing a lower-fre quency sig nal. Each cy cle of this slower sig nal is called an
in struc tion cy cle by Micro chip. The in struc tion cy cle can be con sid ered the pri mary 
unit of time in the ac tion of the CPU be cause it de ter mines how long an in struc tion
takes to ex e cute. The orig i nal clock sig nal is also used to cre ate phases or time
stages within the in struc tion cy cle or in other microcontroller op er a tions. In
PIC18FXX2 de vices, the main os cil la tor sig nal is di vided by four. For ex am ple, a
clock sig nal fre quency of 40 MHz produces an instruction cycle frequency of 10
MHz. Many microcontrollers, in clud ing PICs, pro vide an in ter nal os cil la tor sig nal;
how ever, this is not the case with the PIC18FXX2 de vices, which re quire an ex ter nal 
de vice to pro vide the clock sig nal. The pins la beled OSC1 and OSC2 (see Fig ure 2.2)
are used with the os cil la tor function.  

2.3.1 Os cil la tor Op tions

The PIC18FXX2 can be op er ated in eight dif fer ent oscillator modes. The con fig u ra tion 
bits la beled FOSC2, FOSC1, and FOSCO al low se lect ing one of these eight modes dur -
ing start-up. Ta ble 2.2 shows the des ig na tions and de scrip tion of the eight os cil la tor
modes.

Ta ble 2.2

Os cil la tor Types

      CODE            TYPE 

LP Low-Power Crys tal
XT Crys tal/Res o na tor
HS High-Speed Crys tal/Res o na tor
HS + PLL High-Speed Crys tal/Res o na tor with PLL en abled
RC              Ex ter nal Re sis tor/Ca pac i tor
RCIO            Ex ter nal Re sis tor/Ca pac i tor withI/O pin en abled
EC Ex ter nal Clock
ECIO Ex ter nal Clock with I/O pin en abled

Crys tal Os cil la tor and Ce ramic Res o na tor

The des ig na tions XT, LP, HS or HS+PLL in Ta ble 2.2 re fer to modes in which a crys tal or 
ce ramic res o na tor os con nected to the OSC1 and OSC2 pins to es tab lish a clock sig nal
for the de vice. The PIC18FXX22 re quires that crys tals be par al lel cut be cause se rial
cut crys tals can give fre quen cies out side the man u fac tur er's spec i fi ca tions. Fig ure
2.12 shows the wir ing and com po nents re quired for os cil la tor modes LP, XT, and HS.
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Fig ure 2.12  Os cil la tor sche mat ics for LP, XT, and HS modes.

An ex ter nal clock may also be used in the HS, XT, and LP os cil la tor modes. In this 
case, the clock is con nected to the de vice's OSC1 pin while the OSC2 pin is left
open.

RC Os cil la tor

The sim plest and least ex pen sive way of pro vid ing a clocked im pulse to the PIC is with 
an ex ter nal cir cuit con sist ing of a sin gle re sis tor and ca pac i tor. This cir cuit is usu ally
called an RC os cil la tor. The ma jor draw back of the RC op tion is that the fre quency of
the pulse de pends on the sup ply volt age, the nor mal vari a tions in the ac tual val ues of
the re sis tor and ca pac i tor, and the op er at ing tem per a ture. This makes the RC os cil la -
tor op tion only suit able for ap pli ca tions that are tim ing in sen si tive. Fig ure 2.13 shows
the cir cuit re quired for the RC and RCIO os cil la tor modes.

Fig ure 2.13  RC and RCIO oscillator modes.
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The two vari a tions of the RC op tion are des ig nated RC and RCIO. In the RC op -
tion, the OSC2 pin is left open. In the RCIO vari a tion, the OSC2 pin pro vides a sig nal
with the os cil la tor fre quency di vided by 4 (FOSC/4 in Fig ure 2.13). This sig nal can
be used for test ing or to syn chro nize other cir cuit components. 

Ex ter nal Clock In put

The EC and ECIO Os cil la tor modes are used with an ex ter nal clock source con nected
to the OSC1 pin. Fig ure 2.14 shows the cir cuit for the EC os cil la tor mode.

Fig ure 2.14  Ex ter nal clock os cil la tor mode.

In the EC mode (Fig ure 2.14), the os cil la tor fre quency di vided by 4 is avail able on 
the OSC2 pin. This sig nal may be used for test pur poses or to syn chro nize other cir -
cuit com po nents.

The ECIO os cil la tor is sim i lar to the EC mode ex cept that the OSC2 pin be comes
an ad di tional gen eral-pur pose I/O source; spe cif i cally, the OSC2 pin be comes bit 6
of PORTA (RA6).

Phase Locked Loop Os cil la tor Mode

With the Phase Locked Loop (PLL) a cir cuit is pro vided as a pro gram ma ble op tion.
This is con ve nient for us ers who want to mul ti ply the fre quency of the in com ing crys -
tal os cil la tor sig nal by 4, as in Fig ure 2.12. For ex am ple, if the in put clock fre quency is
10 MHz and the PLL os cil la tor mode is se lected, the in ter nal clock fre quency will be  40 
MHz. The PLL mode is se lected by means of the FOSC<2:0> bits. This re quires that the
os cil la tor con fig u ra tion bits are pro grammed for the HS mode. Oth er wise, the sys tem
clock will come di rectly from OSC1.

2.4  Sys tem Re set
The PIC18FXX2 doc u men ta tion re fers to the fol low ing eight pos si ble types of RESET.

1. Power-On Re set (POR)

2. Mas ter Clear Re set dur ing nor mal op er a tion (MCLR)

3. Re set dur ing SLEEP (MCLR)

4. Watch dog Timer Re set

5. Pro gram ma ble Brown-Out Re set

6. Ac tion of the RESET In struc tion

7. Stack Full Re set

8. Stack Un der flow Re set
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The sta tus of most reg is ters is un known af ter Power-on Re set (POR) and un -
changed by all other RESETS. The re main ing reg is ters are forced to a “RESET state” 
on Power-on Re set, MCLR, WDT Re set, Brown out Re set, MCLR Re set dur ing SLEEP, 
and by the RESET instruction.

2.4.1  Re set Ac tion
Most reg is ters are not af fected by a WDT wake-up, as this is viewed as the re sump tion
of nor mal op er a tion. Sta tus bits from the RCON reg is ter, Rl, TO, PD, POR, and BOR,
are set or cleared dif fer ently in the var i ous RESET ac tions. Soft ware can read these
bits to de ter mine the type of RESET. Ta ble 2.3 shows the RESET con di tion for some
Spe cial Func tion Reg is ters.

Ta ble 2.3

RESET State for some SFRs

Some cir cuits in clude a hard ware re set mech a nism that al lows the user to force a 
RESET ac tion, usu ally by ac ti vat ing a switch that brings low the MCLR line. The
same cir cuit holds high the MCLR line dur ing de vice op er a tion by ty ing it to the Vdd
source. Fig ure 2.15 shows a pos si ble sche matic for a pushbutton re set switch on the 
MCLR line.

Fig ure 2.15  RESET switch on the MCLR line.
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Power-On Re set (POR)

A Power-on Re set pulse is gen er ated on-chip when a Vdd rise is de tected. Us ers can
take ad van tage of the POR cir cuitry by ty ing the MCLR pin to Vdd ei ther di rectly or
through a re sis tor, as shown  in Fig ure 2.15. This cir cuit elim i nates ex ter nal RC com -
po nents usu ally needed to cre ate a Power-on Re set de lay. 

Power-Up Timer (PWRT)

The Power-up Timer (PWRT) pro vides a fixed nom i nal time-out from POR. The PWRT
op er ates on an in ter nal RC os cil la tor. The chip is kept in RESET as long as the PWRT is
ac tive. This ac tion al lows the Vdd sig nal to rise to an ac cept able level. A con fig u ra tion
bit is pro vided to en able/dis able the PWRT.

Os cil la tor Start-Up Timer (OST)

The Os cil la tor Start-up Timer (OST) pro vides a de lay of 1024 os cil la tor cy cles from
the time of OSC1 in put un til af ter the PWRT de lay is over. This en sures that the pro ces -
sor fetch/ex e cute cy cle does not start un til the crys tal os cil la tor or res o na tor has
started and sta bi lized. The OST time-out is in voked only for XT, LP, and HS modes and
only on Power-on Re set or wake-up from SLEEP.

PLL Lock Time-Out

When the Phase Locked Loop Os cil la tor Mode is se lected, the time-out se quence fol -
low ing a Power-on Re set is dif fer ent from the other oscillator modes. In this case, a
por tion of the Power-up Timer is used to pro vide a fixed time-out that is suf fi cient for
the PLL to lock to the main os cil la tor fre quency. This PLL lock time-out (TPLL) is typ i -
cally 2 ms and fol lows the os cil la tor start-up time-out (OST),

Brown-Out Re set (BOR)

A tem po rary re duc tion in elec tri cal power (brown-out con di tion) can ac ti vate the
chip's brown-out re set mech a nism. A con fig u ra tion bit (BOREN) can be cleared to dis -
able or set to en able the Brown-out Re set cir cuitry. If Vdd falls be low a pre de fined
value for a pre de ter mined pe riod, the brown-out sit u a tion will re set the chip. The chip
will re main in Brown-out Re set un til Vdd rises above the pre de fined value.  

Time-Out Se quence

On power-up, the time-out se quence fol lows this or der:

1. Af ter the Power-on Re set (POR) time de lay has ex pired, the Power-up Time
(PWRT) time-out is in voked 

2. The Os cil la tor Start-up Time (OST) is ac ti vated

The to tal time-out will vary based on the par tic u lar os cil la tor con fig u ra tion and
the sta tus of the PWRT. In RC mode with the PWRT dis abled, there will be no
time-out at all. Be cause the time-outs oc cur from the POR pulse, if MCLR is kept low 
long enough, the time-outs will ex pire. Bring ing MCLR high will be gin ex e cu tion im -
me di ately. This is use ful for test ing pur poses or to syn chro nize more than one
PIC18FXXX de vice operating in parallel.
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2.5  I/O Ports
PIC18FXX2 de vices come equipped with ei ther five or three ports. PIC18F4X2 de vices 
have five ports and PIC18F2X2 de vices have three ports. Ports pro vide ac cess to the
out side world and are mapped to phys i cal pins on the de vice. Some port pins are mul ti -
plexed with al ter nate func tions of pe riph eral mod ules. When a pe riph eral mod ule is
en abled, that pin ceases to be a gen eral-pur pose I/O.

Ports are la beled with let ters of the al pha bet and are des ig nated as port A
(PORTA) to port E (PORTE). Port pins are bi-di rec tional, that is, each pin can be
con fig ured to serve ei ther as in put or out put. Each port has three reg is ters for its
op er a tion. These are

• A TRIS reg is ter that de ter mines data di rec tion

• A PORT reg is ter used to read the value stored in each port pin or to write val ues to
the port's data latch

• A LAT reg is ter that serves as a data latch and is use ful in read-mod ify-write op er a -
tions on the pin val ues

The sta tus of each line in the port's TRIS reg is ter de ter mines if the port's line is
des ig nated as in put or out put. Stor ing a value of 1 in the port's line TRIS reg is ter
makes the port line an in put line, while stor ing a value of 0 makes it an out put line.
In put port lines are used in com mu ni cat ing with in put de vices, such as switches,
keypads, and in put data lines from hard ware de vices. Out put port lines are used in
com mu ni cat ing with out put de vices, such as LEDs, seven-seg ment dis plays, liq -
uid-crys tal dis plays (LCDs), and data output line to hardware devices.

Port pins are bit mapped, how ever, they are read and writ ten as a unit. For ex am -
ple, the PORTA reg is ter holds the sta tus of the eight pins pos si bly mapped to port A, 
while writ ing to PORTA will write to the port latches. Write op er a tions to ports are
ac tu ally read-mod ify-write op er a tions. There fore, the port pins are first read, then
the value is mod i fied, and then writ ten to the port's data latch.

As pre vi ously men tioned, some port pins are mul ti plexed; for ex am ple, pin RA4 is 
mul ti plexed with the Timer0 mod ule clock in put, la beled TOCKI. In Fig ure 2.2 the
port pin is shown as RA4/T0CKI. Other port pins are mul ti plexed with an a log in puts
and with other pe riph eral func tions. The de vice data sheets con tain in for ma tion re -
gard ing the func tions as signed to each de vice pin.

2.5.1  Port Reg is ters

In PIC18FXX2 de vices, ports are la beled PORTA, PORTB, PORTC, PORTD, and
PORTE. PORTD and PORTE are only avail able in PIC18F4X2 de vices. The char ac ter -
is tics of each port are de tailed in the de vice's data sheet. For ex am ple, PORTA is a 7-bit 
wide, bi-di rec tional port. The cor re spond ing Data Di rec tion reg is ter is TRISA. If soft -
ware sets a TRISA bit to 1, the cor re spond ing PORTA pin will serve as an in put pin.
Clear ing a TRISA bit (= 0) will make the cor re spond ing PORTA pin an out put. It is easy
to re mem ber the func tion of the TRIS reg is ters be cause the num ber 1 is rem i nis cent of
the let ter I and the num ber 0 of the let ter O.
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  Read ing the PORTA reg is ter reads the sta tus of the pins, whereas writ ing to it
will write to the port latch. The Data Latch reg is ter (LATA) is also mem ory mapped.
Read-mod ify-write op er a tions on the LATA reg is ter read and write the latched out -
put value for PORTA. The RA4 pin is mul ti plexed with the Timer0 mod ule clock in -
put to be come the RA4/TOCKI pin. This pin is a Schmitt Trig ger in put and an open
drain out put. All other RA port pins have TTL in put lev els and full CMOS out put
drivers.

All other PORTA pins are mul ti plexed with an a log in puts and the an a log VREF+
and VREF- in puts. The op er a tion of each pin is se lected by clear ing/set ting the con -
trol bits in the ADCON1 reg is ter (A/D Con trol Reg is ter). The TRISA reg is ter con trols 
the di rec tion of the PORTA pins. This is so even when the port pins are be ing used
as analog inputs.

2.5.2  Par al lel Slave Port
The Par al lel Slave Port is im ple mented on the 40-pin de vices only, that is, those with
the PIC18F4X2 des ig na tion. In these de vices, PORTD serves as an 8-bit wide Par al lel
Slave Port when the con trol bit labled PSPMODE (at TRISE<4>) is set. It is
asynchronously read able and writable through the RD con trol in put pin (REO/RD)
and WR con trol in put pin (RE1/WR).

The Par al lel Slave Port can di rectly in ter face to an 8-bit mi cro pro ces sor data bus. 
In this case, the mi cro pro ces sor can read or write the PORTD latch as an 8-bit latch. 
Pro gram ming and op er a tion of the Par al lel Slave Port is dis cussed later in this book.

2.6  In ter nal Mod ules
In elec tron ics a mod ule can be loosely de fined as an as sem bly of elec tronic cir cuits or
com po nents that per forms as a unit. All PIC microcontrollers con tain in ter nal mod -
ules to per form spe cific func tions or op er a tions. In this sense we can re fer to the
Timer mod ule, the Cap ture/Com pare/PWM mod ule, or the An a log-to-Dig i tal Con -
verter mod ule. By def i ni tion, a mod ule is an in ter nal com po nent.

A pe riph eral or pe riph eral de vice, on the other hand, is an ex ter nal com po nent,
such as a printer, a mo dem, or a Liq uid Crys tal Dis play (LCD). Microcontrollers of -
ten com mu ni cate with pe riph eral de vices through their I/O ports or through their in -
ter nal mod ules. We make this clar i fi ca tion be cause some times in the lit er a ture we
can find ref er ences to the “pe riph eral com po nents” or the “pe riph er als” of a
microcontroller when actually referring to modules.

2.6.1  PIC18FXX2 Mod ules
Most PIC microcontrollers con tain at least one in ter nal mod ule, and many de vices
con tain ten or more dif fer ent mod ules. The fol low ing are the stan dard mod ules of the
PIC18FXX2 fam ily of de vices:

• Timer0 mod ule: 8-bit/16-bit timer/coun ter with 8-bit pro gram ma ble prescaler

• Timerl mod ule: 16-bit timer/coun ter

• Timer2 mod ule: 8-bit timer/coun ter with 8-bit pe riod reg is ter
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• Timer3 mod ule: 16-bit timer/coun ter

• Two Cap ture/Com pare/PWM (CCP) mod ules

• Mas ter Syn chro nous Se rial Port (MSSP) mod ule with two modes of op er a tion

• Uni ver sal Re ceiver and Trans mit ter (USART)

• 10-bit An a log-to-Dig i tal Con verter (A/D)

• Con trol ler Area Net work (CAN)

• Com para tor Mod ule

• Parallel Slave Port (PSP) mod ule

The struc ture and de tails of the in ter nal mod ules are dis cussed in the pro gram -
ming chap ters later in this book.
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Chap ter 3

Pro gram ming Tools and Soft ware

3.1  En vi ron ment

In or der to learn and prac tice pro gram ming microcontrollers in em bed ded sys tems,
you will re quire a de vel op ment and test ing en vi ron ment. This en vi ron ment will usu -
ally in clude the fol low ing el e ments:

1. A soft ware de vel op ment en vi ron ment in which to cre ate the pro gram's source
file and gen er ate an ex e cut able pro gram that can later be loaded into the hard -
ware de vice. This en vi ron ment of ten in cludes debuggers, li brary man ag ers, and
other aux il iary tools.

2. A hard ware de vice called a “pro gram mer” that trans fers the ex e cut able pro gram
to the microcontroller it self. In the pres ent con text, this pro cess is usu ally called
“burn ing” or “blow ing” the PIC.

3. A cir cuit or dem on stra tion board in which the pro gram (al ready loaded onto a
PIC microcontroller) can be tested in or der to lo cate de fects or con firm its func -
tion al ity.

In the pres ent chap ter, we dis cuss some of the pos si ble vari a tions in these el e -
ments for PIC18F pro gram ming and sys tem de vel op ment.

3.1.1  Em bed ded Sys tems

An em bed ded sys tem is de signed for a spe cific pur pose, in con trast to a com puter sys -
tem, which is a gen eral-pur pose ma chine. The em bed ded sys tem is in tended for ex e -
cut ing spe cific and pre de fined tasks, for ex am ple, to con trol a mi cro wave oven, a TV
re ceiver, or to op er ate a model rail road. In a gen eral-pur pose com puter, on the other
hand, the user may se lect among many soft ware ap pli ca tions. For ex am ple, the user
may run a word pro ces sor, a Web browser, or a da ta base man age ment sys tem on the
desk top. Be cause the soft ware in an em bed ded sys tem is usu ally fixed and can not be
eas ily changed, it is called “firm ware.”
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At the heart of an em bed ded sys tem is a microcontroller (such as a PIC), some -
times sev eral of them. These de vices are pro grammed to per form one, or, at most, a
few tasks. In the most typ i cal case an em bed ded sys tem also in cludes one or more
“pe riph eral” cir cuits that are op er ated by ded i cated ICs or by func tion al ity con -
tained in the microcontroller it self. The term “em bed ded sys tem” re fers to the fact
that the pro gram ma ble de vice is of ten found in side an other one; for in stance, the
con trol cir cuit is em bed ded in a mi cro wave oven. Fur ther more, em bed ded sys tems
do not have (in most cases) gen eral-pur pose de vices such as hard disk drives, video
con trol lers, print ers, and net work cards.

The con trol for a mi cro wave oven is a typ i cal em bed ded sys tem. The con trol ler
in cludes a timer (so that var i ous op er a tions can be clocked), a tem per a ture sen sor
(to pro vide in for ma tion re gard ing the oven's con di tion), per haps a mo tor (to op tion -
ally ro tate the oven's tray), a sen sor (to de tect when the oven door is open), and a
set of pushbutton switches to se lect the var i ous op tions. A pro gram run ning on the
em bed ded microcontroller reads the com mands and data in put through the key -
board, sets the timer and the ro tat ing ta ble, de tects the state of the door, and turns
the heat ing el e ment on and off as re quired by the user's se lec tion. Many other daily
de vices, in clud ing au to mo biles, dig i tal cam eras, cell phones, and home ap pli ances,
use em bed ded sys tems and many of them are PIC-based.

3.1.2  High- and Low-Level Lan guages
All microcontrollers can be pro grammed in their na tive ma chine lan guage. The term
“ma chine lan guage” re fers to the prim i tive codes, in ter nal to the CPU, that ex e cute the 
fun da men tal op er a tions that can be per formed by a par tic u lar pro ces sor. The pro ces -
sor's fetch/ex e cute cy cle re trieves the ma chine code from pro gram mem ory and per -
forms the nec es sary ma nip u la tions and cal cu la tions. For ex am ple, the in struc tion
rep re sented by the bi nary opcode

   00000000 00000100

clears the watch dog timer reg is ter in the PIC18FXX de vices.

Pro gram ming, loosely de fined, re fers to se lect ing, con fig ur ing, and stor ing in pro -
gram mem ory a se quence of prim i tive opcodes so as to per form a spe cific func tion
or task. The ma chine lan guage pro gram mer has to man u ally de ter mine the op er a -
tion code for each in struc tion in the pro gram and places these codes, in a spe cific
or der, in the des ig nated area of pro gram mem ory.

As sem bly lan guage is based on a soft ware pro gram that rec og nizes a sym bolic
lan guage where each ma chine code is rep re sented by a mne monic in struc tion and a
pos si ble op er and. A pro gram, called an “as sem bler,” reads these in struc tions and
operands from a text file and gen er ates the cor re spond ing ma chine codes. For ex -
am ple, in or der to en code the in struc tion that clears the watch dog (00000000
00000100 bi nary in the pre vi ous ex am ple), the as sem bly lan guage pro gram mer in -
serts in the text file the key word

CLRWDT

The as sem bler pro gram reads the pro gram mer's text file, parses these mne monic
keywords and their pos si ble operands, and stores the bi nary opcodes in a file for later

38 Chap ter 3



ex e cu tion. Be cause as sem bly lan guage ref er ences the pro ces sor opcodes, it is a ma -
chine-spe cific lan guage. An as sem bler pro gram op er ates only on de vices that have a
com mon ma chine lan guage, al though some mi nor pro ces sor-spe cific vari a tions can,
in some cases, be se lec tively en abled. Be cause of their as so ci a tion with the hard ware,
ma chine lan guage and as sem bly lan guage are usu ally re ferred to as “low-level lan -
guages.”

High-level pro gram ming lan guages, such as C, Pascal, and For tran, pro vide a
stron ger level of ab strac tion from the hardaware de vice. It is gen er ally ac cepted
that com pared to low-level lan guages, high-level pro gram ming is more nat u ral, eas -
ier to learn, and sim pli fies the pro cess of de vel op ing pro gram lan guages. The re sult
is a sim pler and more un der stand able de vel op ment en vi ron ment that co mes at
some pen al ties re gard ing per for mance, hard ware con trol, and pro gram size.

Rather than deal ing with reg is ters, mem ory ad dresses, and call stacks, a
high-level lan guage deals with vari ables, ar rays, arith me tic or Boolean ex pres sions,
sub rou tines and func tions, loops, threads, locks, and other ab stract con cepts. In a
high-level lan guage, the de sign fo cuses on us abil ity rather than op ti mal pro gram ef -
fi ciency. Un like low-level as sem bly lan guages, high-level lan guages have few, if any,
el e ments that trans late di rectly into the ma chine's na tive opcodes. 

The term “ab strac tion pen alty” is some times used in the con text of high-level lan -
guages in ref er ence to lim i ta tions that are ev i dent when com pu ta tional re sources
are lim ited, max i mum per for mance is re quired, or hard ware con trol is man dated. In
some cases, the best of both worlds can be achieved by cod ing the non crit i cal por -
tions of a pro gram mostly in a high-level lan guage while the crit i cal por tions are de -
vel oped in as sem bly lan guage. This re sults in mixed-lan guage pro grams, which are
dis cussed later in this book.

It should be noted that many ar gue that mod ern de vel op ments in high-level lan -
guages, based on well-de signed com pil ers, pro duce code com pa ra ble in ef fi ciency
and con trol to that of low-level lan guages. An other ad van tage of high-level lan -
guages is that their de sign is in de pend ent of ma chine struc tures, and the hard ware
fea tures of a spe cific de vice re sult in code that can be eas ily ported to dif fer ent sys -
tems. Fi nally we should ob serve that the terms “low-level” and “high-level” lan -
guages are not cast in stone: to some, as sem bly lan guage with the use of mac ros and 
other tools be comes a high-level lan guage, while C is some times cat e go rized as
low-level due to its com pact size, di rect mem ory ad dress ing, and low-level
operands.

As pre vi ously men tioned, the ma jor ar gu ment in fa vor of high-level lan guages is
their ease of use and their faster learn ing curve. The ad van tages of as sem bly lan -
guage, on the other hand, are better con trol and greater ef fi ciency. It is true that ar -
gu ments that fa vor high-level lan guages find some jus ti fi ca tion in the com puter
world, but these rea sons are not al ways valid in the world of microcontroller pro -
gram ming. In the first place, the microcontroller pro gram mer is not al ways able to
avoid com pli ca tions and tech ni cal de tails by re sort ing to a high-level lan guage be -
cause the pro grams re late closely to hard ware de vices and to elec tronic cir cuits.
These de vices and cir cuits must be un der stood at their most es sen tial level if they

 Pro gram ming Tools and Soft ware 39



are to be con trolled and op er ated by soft ware. For ex am ple, con sider a
microcontroller pro gram that must pro vide some sort of con trol baseded on the ac -
tion of a ther mo stat. In this case, the pro gram mer must be come fa mil iar with tem -
per a ture sen sors, an a log-to-dig i tal con ver sions, mo tor con trols, and so on. This is
true whether the pro gram will be writ ten in a low- or a high-level lan guage. For
these rea sons we have con sid ered both high-level and low-level pro gram ming of the 
microcontrollers is dis cussed in this book.

3.1.3  Lan guage-Spe cific Soft ware

De vel op ing pro grams in a par tic u lar pro gram ming lan guage re quires a set of match ing 
soft ware tools. These soft ware de vel op ment tools are ei ther ge neric, that is, suit able
for any pro gram ming lan guage, or multi-lan guage. For tu nately, for PIC pro gram ming,
all the nec es sary soft ware tools are fur nished in a sin gle de vel op ment en vi ron ment
that in cludes ed i tors, as sem blers, com pil ers, debuggers, li brary man ag ers, and other
util i ties. This de vel op ment pack age, called MPLAB, dis cussed in the fol low ing sec -
tions.

3.2  Micro chip's MPLAB
MPLAB is the name of the PIC as sem bly lan guage de vel op ment sys tem pro vided by
Micro chip. The pack age is fur nished as an in te grated  de vel op ment en vi ron ment
(IDE) and can be down loaded from the com pany's website at www.microhip.com.
The MPLAB pack age is fur nished for Win dows, Linux, and Mac OS sys tems. At the
time of this writ ing, the cur rent MPLAB ver sion is 8.86.

3.2.1  MPLAB X

A new im ple men ta tion of MPLAB is named MPLAB X. This new pack age, avail able
free on the Micro chip website, is de scribed by Micro chip as “an in te grated en vi ron -
ment to de velop code for em bed ded microcontrollers.” This def i ni tion matches the
one for the con ven tional MPLAB; how ever, the MPLAB X pack age brings many
changes to the con ven tional MPLAB en vi ron ment. In the first place, MPLAB X is based 
on the open source NetBeans IDE from Or a cle. This has al lowed Micro chip to add
many fea tures and to be able to quickly up date the soft ware in the con text of a more
ex ten si ble ar chi tec ture. Micro chip also states that MPLAB X pro vides many new fea -
tures that will be es pe cially ben e fi cial to us ers of 16- and 32-bit mi cro pro ces sor fam i -
lies, where pro grams can quickly be come ex tremely com plex.

Be cause MPLAB X is still con sid ered “work in prog ress,” we have not used it in
de vel op ing the pro grams that are part of this book. Fur ther more, the ex panded fea -
tures of this new en vi ron ment have added com pli ca tions in learn ing and us ing this
pack age. For the pro ces sors con sid ered in this book, and the scope of the de vel -
oped soft ware, we have con sid ered these new fea tures an un nec es sary com pli ca -
tion.

3.2.2  De vel op ment Cy cle

The de vel op ment cy cle of an em bed ded sys tem con sists of the fol low ing steps

40 Chap ter 3



1. De fine sys tem spec i fi ca tions. This step in cludes list ing the func tions that the sys -
tem is to per form and de ter min ing the tests that will be used to val i date their op -
er a tions.

2. Se lect sys tem com po nents ac cord ing to the spec i fi ca tions. This step in cludes lo -
cat ing the microcontroller that best suits the sys tem.

3. De sign the sys tem hard ware. This step in cludes draw ing the cir cuit di a grams.

4. Im ple ment a pro to type of the sys tem hard ware by means of bread boards, wire
boards, or any other flex i ble im ple men ta tion tech nol ogy.

5. De velop, load, and test the soft ware. 

6. Im ple ment the fi nal sys tem and test hard ware and soft ware.

The com mer cial de vel op ment of an em bed ded sys tem is hardly ever the work of a 
sin gle tech ni cian. More typ i cally, it re quires the par tic i pa tion of com puter, elec tri -
cal, elec tronic, and soft ware en gi neers. Note that, in the pres ent con text, we con -
sider com puter pro gram mers as soft ware en gi neers. In ad di tion, pro fes sional
pro ject man ag ers are usu ally in charge of the de vel op ment team.

3.3  An In te grated De vel op ment En vi ron ment
The MPLAB de vel op ment sys tem, or in te grated de vel op ment en vi ron ment, con sists
of a sys tem of pro grams that run on a PC. This soft ware pack age is de signed to help de -
velop, edit, test, and de bug code for the Micro chip microcontrollers. In stall ing the
MPLAB pack age is usu ally straight for ward and sim ple. The pack age in cludes the fol -
low ing com po nents:

1. MPLAB ed i tor. This tool al lows cre at ing and ed it ing the as sem bly lan guage
source code. It be haves very much like any Win dows™ ed i tor and con tains the
stan dard ed i tor func tions, in clud ing cut and paste, search and re place, and  undo
and redo func tions.

2. MPLAB as sem bler. The as sem bler reads the source file pro duced in the ed i tor
and gen er ates ei ther ab so lute or relocatable code. Ab so lute code ex e cutes di -
rectly in the PIC. Relocatable code can be linked with other sep a rately as sem -
bled mod ules or with li brar ies.

3. MPLAB linker. This com po nent com bines mod ules gen er ated by the as sem bler
with li brar ies or other ob ject files, into a sin gle ex e cut able file in .hex for mat.

4. MPLAB debuggers. Sev eral debuggers are com pat i ble with the MPLAB de vel op -
ment sys tem. Debuggers are used to sin gle-step through the code, break point at
crit i cal places in the pro gram, and watch vari ables and reg is ters as the pro gram
ex e cutes. In ad di tion to be ing a pow er ful tool for de tect ing and fix ing pro gram
er rors, debuggers pro vide an in ter nal view of the pro ces sor, which is a valu able
learn ing tool.

5. MPLAB in-cir cuit em u la tors. These are de vel op ment tools that al low per form ing
ba sic de bug ging func tions while the pro ces sor is in stalled in the cir cuit. 

Fig ure 3.1 is a screen im age of the MPLAB pro gram. The ap pli ca tion on the ed i tor 
win dow is one of the pro grams de vel oped later in this book.
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Fig ure 3.1  Screen snapshot of MPLAB IDE version 8.64.

3.3.1  In stall ing MPLAB

In the nor mal in stal la tion, the MPLAB ex e cut able will be placed in the fol low ing path:

C:\Pro gram Files\Micro chip\MPASM Suite

Al though the in stal la tion rou tine rec om mends that any pre vi ous ver sion of
MPLAB be re moved from the sys tem, we have found that it is un nec es sary, con sid er -
ing that sev eral ver sions of MPLAB can peace fully co ex ist.

42 Chap ter 3

 



 Once the de vel op ment en vi ron ment is in stalled, the soft ware is ex e cuted by
click ing the MPLAB IDE icon. It is usu ally a good idea to drag and drop the icon
onto the desk top so that the pro gram can be eas ily activated. 

With the MPLAB soft ware in stalled, it may be a good idea to check that the ap pli -
ca tions were placed in the cor rect paths and fold ers. Fail ure to do so pro duces as -
sem bly-time fail ure er rors with cryp tic mes sages. To check the cor rect path for the
soft ware, open the Pro ject menu and se lect the Set Lan guage Tool Lo ca tions com -
mand. Fig ure 3.2 shows the com mand screen.

Fig ure 3.2  MPLAB 8.64 set language tool locations screen.

In the Set Lan guage Tool Lo ca tions win dow, make sure that the file lo ca tion co in -
cides with the ac tual in stal la tion path for the soft ware. If in doubt, use the
<Browse> but ton to nav i gate through the in stal la tion di rec to ries un til the ex e cut -
able pro gram is lo cated. In this case, mpasmwin.exe. Fol low the same pro cess for
all the executables in the tool pack ages that will be used in de vel op ment. For as -
sem bly lan guage pro grams this is the Micro chip MPASM Toolsuite shown in Fig ure
3.2 

3.3.2  Cre at ing the Pro ject
In MPLAB, a pro ject is a group of files gen er ated or rec og nized by the IDE. Fig ure 3.3
shows the struc ture of an as sem bly lan guage pro ject.
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Fig ure 3-3  MPLAB project files.

Fig ure 3.3 shows an as sem bly lan guage source file (prog1.asm) and an op tional
pro ces sor-spe cific in clude file that are used by the as sem bler pro gram (MPASM) to
pro duce an ob ject file (prog1.o). Op tion ally, other sources and other in clude files
may form part of the pro ject. The re sult ing ob ject file, as well as one or more op tional 
li brar ies, and a de vice-spe cific script file (de vice.lkr), are then fed to the linker pro -
gram (MPLINK), which gen er ates a ma chine code file (prog1.hex) and sev eral sup -
port files with list ings, er ror re ports, and map files. It is the .hex file that is used to
blow the PIC.

Other files, in ad di tion to those in Fig ure 3.3, may also be pro duced by the de vel op -
ment en vi ron ment. These vary ac cord ing to the se lected tools and op tions. For ex am -
ple, the as sem bler or the linker can be made to gen er ate a file with the ex ten sion
.cod, which con tains sym bols and ref er ences used in de bug ging.

Pro jects can be cre ated us ing the <New> com mand in the Pro ject menu. The pro -
gram mer then pro ceeds to con fig ure the pro ject man u ally and add to it the re quired
files. An al ter na tive op tion, much to be pre ferred when learn ing the en vi ron ment is
us ing the <Pro ject Wiz ard> com mand in the pro ject menu. The wiz ard will prompt
you for all the de ci sions and op tions that are re quired, as fol lows
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1. De vice se lec tion. Here the pro gram mer se lects the PIC hard ware for the pro ject,
for ex am ple, 18F452.

2. Se lect a lan guage toolsuite. The pur pose of this screen is to make sure that the
proper de vel op ment tools are se lected and their lo ca tion is cor rect.

3. Next, the wiz ard prompts the user for a name and di rec tory. The Browse but ton
al lows for nav i gat ing the sys tem. It is also pos si ble to cre ate a new di rec tory at
this time.

4. In the next step, the user is given the op tion of add ing ex ist ing files to the pro ject
and re nam ing these files if nec es sary. Be cause most pro jects re use a tem plate, an 
in clude file, or other prexisting re sources, this can be a use ful op tion.

5. Fi nally the wiz ard dis plays a sum mary of the pro ject pa ram e ters. When the user
clicks on the <Fin ish> but ton the pro ject is cre ated and pro gram ming can be gin.

Fig ure 3.4 is a snap shot of the fi nal wiz ard screen.

Fig ure 3-4  Fi nal screen of the Pro ject Cre ation Wiz ard.

3.3.3  Set ting the Pro ject Build Op tions

The <Build Op tions: Pro ject> com mand in the Pro ject menu al lows the user to cus -
tom ize the de vel op ment en vi ron ment. For pro jects to be coded in assembly lan guage,
the MPASM As sem bler Tab on the Build Op tions for Pro ject screen is one of the the
most used. The screen is shown in Fig ure 3.5.
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Fig ure 3-5  MPASM assembler tab in the build options screen.

The MPASM As sem bler tab al lows per form ing the fol low ing customizations:

1. Dis able/en able case sen si tiv ity. Nor mally, the as sem bler is case-sen si tive. Dis -
abling case sen si tiv ity turns all vari ables and la bels to up per case.

2. Se lect the de fault ra dix. Num bers with out for mat ting codes are as sumed to be
hex, dec i mal, or oc tal ac cord ing to the se lected op tion. As sem bly language pro -
gram mers usu ally pre fer the hex a dec i mal ra dix. 

3. The macro def i ni tion win dows al lows add ing macro di rec tives. The use of
macros is not dis cussed in this book.

4. The Use Al ter nate Set tings textbox is pro vided for com mand line com mands in
non-GUI en vi ron ments.

5. The Re store De faults box turns off all cus tom con fig u ra tions.

6. Se lect ing Out put in the Cat e go ries win dow pro vides com mand line con trol op -
tions in the out put file. 
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3.3.4 Add ing a Source File

The code and struc ture of an assembly lan guage pro gram is con tained in a text file re -
ferred to as the source file. The name of the source file is usu ally de scrip tive of its pur -
pose or func tion. At this point in the pro ject, the pro gram mer will usu ally im port an
ex ist ing file or a tem plate that serves as a skel e ton for the pro ject's source file, the
name of the pro ject or a vari a tion on this name. Al ter na tively, the source file can be
coded from scratch, al though the use of a tem plate saves con sid er able ef fort and
avoids er rors.

Click on the Add New File to Pro ject com mand in the Pro ject menu to cre ate a
new source file from scratch. Make sure that the new file is given the .asm ex ten sion 
and the de vel op ment en vi ron ment will au to mat i cally save it in the Source Files
group of the Pro ject Di rec tory. At this time, a blank ed i tor win dow will be opened
and you can start typ ing the source code for your pro gram.

Se lect the Add Files to Pro ject com mand in the Pro ject menu to im port an ex ist -
ing file or a tem plate into the pro ject. In ei ther case, you may have to re name the im -
ported file and re move the old one from the pro ject. If this pre cau tion is not taken,
an ex ist ing file may be over writ ten and its con tents lost. For ex am ple, to use the
tem plate file names PIC18F_Tem plate.asm in cre at ing a source file named
PIC18F_Test1.asm, pro ceed as fol lows:

1. Make sure that the Pro ject win dow is dis played by se lect ing the Pro ject com -
mand in the View menu.

2. Right-click the Source Files op tion in the Pro ject win dow and se lect the Add
Files...

3. Find the file PIC18F_Tem plate.asm di a log and click on the file name and then the
Open but ton. At this point, the se lected file ap pears in the Source Files box of the
Pro ject win dow.

4. Dou ble click the file name (PIC18F_Tem plate.asm) and MPLAB will open the Ed -
i tor Win dow with the file loaded.

5. Re name the tem plate file (PIC18F_Tem plate.asm) by se lect ing the Ed i tor win -
dow, then the Save As com mand in the MPLAB File menu. En ter the name un der
which the file is to be saved (PIC18F_Test1.asm in this walkthrough). Click on
the Save but ton.

6. At this point, the file is re named but not in serted in the Pro ject. Right-click the
Source Files op tion in the Pro ject win dow and se lect the Add Files... Click on the
PIC18F_Test1.asm file name and on the Open but ton. The file PIC18F_Test1.asm
now ap pears in the Source Files op tion of the Pro ject win dow.

7. Right-click on the PIC18F_Tem plate.asm file name in the Pro ject win dow and se -
lect the Re move com mand. This re moves the tem plate file from the pro ject.

In many cases the MPLAB en vi ron ment con tains du pli cate com mands that pro -
vide al ter na tive ways for achiev ing the same re sults, as is the case in the pre vi ous
walkthrough and in oth ers listed in this book. When there are sev eral ways to ob tain 
the same re sult, we have tried to se lect the more in tu itive, sim pler, and faster one.   
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3.3.5  Build ing the Pro ject
Once all the op tions have been se lected, the in stal la tion checked, and the as sem bly
lan guage source file writ ten or im ported, the de vel op ment en vi ron ment can be made
to build the pro ject. Build ing con sists of call ing the as sem bler, the linker, and any
other sup port pro gram in or der to gen er ate the files shown in Fig ure 3.3 and any oth -
ers that may re sult from a par tic u lar pro ject or IDE con fig u ra tion. The build pro cess is
ini ti ated by se lect ing the <Build All> com mand in the Pro ject menu. Once the build ing
con cludes, a screen la beled Out put is dis played show ing the re sults of the build op er a -
tion. If the build suc ceeded,  the last line of the Out put screen will show this re sult. Fig -
ure 3.6 shows the MPLAB pro gram screen af ter a suc cess ful build in the pre ced ing
walkthrough.

Fig ure 3-6  MPLAB pro gram screen show ing the Build All command result.

3.3.6  .hex File

The build pro cess re sults in sev eral files, de pend ing on the op tions se lected dur ing
pro ject def i ni tion. One of these files is the ex e cut able, which con tains the ma chine
codes, ad dresses, and other pa ram e ters that de fine the pro gram. This is the file that is
“blown” in the PIC. The lo ca tion of the .hex file de pends on the op tion se lected dur ing
pro ject cre ation (see Fig ure 3.5). The Di rec to ries tab of the Build Op tions for Pro ject
di a log box con tains a group la beled Build Di rec tory Pol icy, as shown in Fig ure 3.7.
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