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Introduction

This book isintended as hands-on guide for gone planning to use ¢hPhilips LFZ2000
family of microcontrollers ina new design. It is laid out ioas a reference book and as a
tutorial. It is assumd that you have soerexperience in programmyg microcontrollers for
embedded systemand are farhiar with the Clanguage. Té bulk of technical infomation

is spread over the first four chapters, whgtould be read in order if you are completely
new to the IPC2000 and the ARM7 CPU.

The first chapter gives an iotluction to the gor features othe ARM7 CPU. Reding this
chapter will give you enough understanding ¢cable to prgramany ARM7 device. If you
want to develop your knowledge furthereth are a number of excellent books which
describe this architecture asdne of these are listed in the bibliography. ChapteoTsva
description of how to write C progrario run on an ARM7 processor and, as such,
descriles specific extersions to the ISO C standard which are nessgyg for embedded
programning. In this book a comencial compile is used in the @in text, however the
GCC tools have also ba ported to ARM.

Appendix A details the ARM-spedatfifeatues of the GCC tools. Havmreadthe first two
chapters you should understand the processoitadéveloprent tools. Chapter Three then
introduces the LPC2000 systemaripherals. Thishapter describes éhsystemarchitecture
of the LPC2000 fanily and how to set the chigp for its best perforamce. In Chapter Four
we look at the on-chip user peripherals and tmwonfigure thenfor our application code.

Throughout these chapters varia®rcises are listed. Eachtbese exercises are described
in detail in Chapter Five, the Tutorial secti The Tutorial contains a worksheet for each
exercise which steps you through arportantaspect of the LPC20@®&ll of the exercises
can be done with thevaluation compiler and sifator which cone on the CD provided
with this book. A low-cost stéer kit is also avigable which allows you to download the
exanple code on to soareal hardware and “pra¥ that it does in fact work. It is hoped that
by reading the book and doing the exeseigou will quickly become faimar with the
LPC2000.
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Chapter 1: The ARM7 CPU Core

Outline

The CPU at the heart of the LPC200filg is an ARM7. You do not need to be an expert
in ARM7 programnng to use the BC2000, as rany of the corplexities are taken care of
by the C canpiler. Youdo need to have a basic understanding of Hmv@PU is working
and its unique features ind®r to produce a reliable design.

In this chapter we will look at the keyedtures of the ARM7 core alongitiv its
programners’ model and we will also discuss tivestruction set used to prograih This is
intended to give you a good feel for the CRBEkd in the LPC2000 fédly. For a nore
detailed discussion of the ARM processopmease refer to the books listed in the
bibliography.

The key philosophy behind the ARM design isygicity. The ARM7 is a RISC coputer
with a snall instruction set and consequendysnall gate count. Tis mekes it ideal for
embedded gstens. It has high perforamce, low power consuption and it takes a sl
amount of the availablsilicon die area.

The Pipeline

At the heat of the ARM7 CPU is the insuction pipeline. The pipeliné used to process
instructions taken frorthe progranstore. Orthe ARM 7 a three-stage pipeline is used.

1. 2 3 4 5 6 Instruction
Fetch | [/~~~ -8
Decode | [ i ] o The ARM7 three-stage pipeline
P e M e has independent fetch, decode
Execute i R e S and execute stages

A three-stag pipelire isthe sinplest fom of pipeline and des not suffer fronthe kind of
hazards such as readfbre-write seen irpipelines with more stagesThe pipeline has
hardware independent stages that exeoume instruction whiledecodng a secodh and
fetching a third. The pipeline speeds up thetlghput of CPU instructions so effectively
that nost ARM instrictions can b executed in a sihg cycle. The peline works rost
efficiently on linear code. As soon as a bramlencountered, the geline is flushed and
must be rdfled before full execution speed cabe resumed. As we shallesehe ARM
instruction set has samnteresting features which helpmooth out small jups in your
code in order to get the bestwt of code through #hpipelire. As the eline is parof the
CPU, the programen does not have any exposuto it. However, it is inportant to
remember that the PC is running eight bytegall of the current instruction being executed,
so care rast be taken when calculatingfsets used in PC relative addressing.

For exanple, the infruction:

0x4000LDR  PC,[PC #4]

10
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will load the contentsof the addes PC+4 intothe PC. Ashe PC is running eighbytes
ahead then the conterdsaddress0x400C will be loadd irto the PC ad not 0x40@ as you
might expect on first inspection.

Registers

The ARM7 is a loadhnd-store architecture, do order to performany data processing
instructions the dia hasfirst to be moved fom the nemory storeinto a certral set of
registers, the data processingtmiction fas to ke executed and then the tdais $ored back
into memory.

Mov M1, Ri
M1
The ARM7 CPU is a load-and-
Mov Mz. Rz store architecture. All data
M2 T Add R, R, Re (Re=Ri+Re] processing instructions may only
be carried out on a central
register file
Mov Rs, Ma
M3

The central set of registers are a bank of I vsgisters RO — R15. Ela of these registers

is 32 bits wide and RO — R12 are user regssierthat they do not have any specific other
function. The Registers R13 — Rd6 have special functions in the CPU. R13 is used as the
stack pointer (SP). R14 is called the link regigtd®). When a call is rade to a @inction the
return address is atomatially staed in the link register and ismmediately agilabe on
return fromthe function. Thisllows quick entry and returntma ‘leaf’ function (a function
that is not going to call further functions).tkfe function is part of a branch (i.e. it is going
to call othe functions) then the linkegiste must be preserved on the stack (R13). Finally
R15 is the programsounter (PC). Interestingl many instructions can be perfoesh on R13

- R15 as if they were standard user registers.

RO
R1
R2
R3
R4
R5

R6

i The central register file has 16 word wide registers plus an

15 User registers + PC R7 additional CPU register called the current program status

R8 register. RO — R12 are user registers R13 — R15 have special
functions.

R9

R10

R11

R12

R13 is used as the stack pointer | R13

R14 is the link register Ri14

R15 is the Program Counter R15 (PC)

Current Program Status Register| CPSR 11
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Current Program Status Register

In addition to the register barikere is anadditional 32 it wide regste cdled the ‘current
programstatus register’ (CPSR). The CPSRhtains a number of flags which report and
control the operation of the ARM7 CPU.

31 302928 27 876 543210
M{M| M|M[M
N(Z|C|V I [F|T
413|2|1|0
T Interrupt enable Operating mode
Condition code flags IRQ FIO
Negative FIQ RO

Thumb mstruction set
Zero System

Carry User

oVerflow Undefined mstruction

The Current Program Status Register contains condition code flags which indicate the result of data
processing operations and User flags which set the operating mode and enable interrupts. The T bit is for
reference only

The top four bits of the CPSR contain g@ndition codes which are set by the CPU. The
condition cales report the result status oflata procesag operation. From the condition
codes you can tell if a data processing irgtam generated a negative, zero, carry or
overflow resallt. The lowest eigh bitsin the PSR contain flags which may be set or cleared
by the application code. Bits Té 8 are the | and F bitsh@sebits are used to enable and
disable the two interrupt sources which are mwketo the RM7 CPU. All of the LPC2000
peripherals are comcted to tesetwo interupt lines aswe shall see later. You should be
careful when programming theseawits becausm order to disable either interrupt source
the bit nust be set to ‘1’ not ‘0’ as yomight expect. Bit 5 is the THUMB bit.

The ARM7 CPU is capable ekecuting two instruction setthe ARM instrution s which

is 32 bits wide and the THUMB instructiont 8éhich is 16 bits wide. Consequently the T bit
reports which instruction set is being executeduiY¥code should not try to set or clear this
bit to switdh between instruon sts. We will see the caect etry mechanisma bit |aer.
The last fve bits are th node bits. The ARI7 has seven different operatingpbdes. Your
application code will wrmally run in the usemode with access todtregiser bank RO —
R15 and the CPSR as already discussed. Howev&spose to an exception such as an
interrupt, menory error or sotware interrupt instrudion the procesor will change modes.
When this happens the registers RO — RI2Rh5 renain the sare but R13 (LR )and R14
(SP) are replaced by a new pairegisters unige to ttat node. This means that eaclode
has its own stack and link register. In adufitithe fast interrupt ode (FIQ) has duplicate
registers for R7 — R12. Thiseans that you ecamake a fast entry into an FIQ interrupt
without the need to presex registers onto the stack.

Each ofthe nodes except userade has an additi@hregiste calledthe “saved program
status register”. If yauapplication is running in userode when an exception occurs the
mode will dange and the crent ontentsof the CPSR will besavedinto the SPSR. The
exception ode will runand on rettn from the exception ta contex of the CPSR will b

12
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restored fromthe SPSR allowing the appligan code to
modes are listed below.

System & User FiQ Supervisor Abort IRC Undefined
RO [ Ro [ ro RO [ RO RO |
R1 R1 R1 R1 | Ri R1
Rz R2 R2 Rz | Re Rz
R3 R3 GE] R3 | R3 R3
R4 R4 R4 R4 [ Ra R4
A5 RS RS RS [R5 RS
A6 RS R6 RS | Re | ms
R7 R7_fig R7 R7 | A7 R7
R3 RS _fig R8 Ra | R8 Ra
M £9.19 i A3 | B2 RS
R10 R10_fig R10 A10 | R0 R10
R11 R11_fiq R11 R11 | RN R11
R12 R12_fiq R12 R12 R12 R12
R13 R13_fiq R13_svc R13_abt ~ Ri8Lirg R13_und
R14 R14_fig Ri4_svc Ri4 abt | | Ridig R14_und
RIS(PC) | | RI5(PC) | | R15(PC) R15(PC) | | RI5(PC) | RI5(PC)
CPSR CPSR CPSR CPSR CPSR CPSR

| SPSR fiq | | sPsR_sw | | SPSR_abt SPSR_irq | | SPSR_und

Exception Modes

resumexecution. The operating

The ARM7 CPU has six operating modes
which are used to process exceptions. The
shaded registers are banked memory that is
“switched in” when the operating mode
changes. The SPSR register is used to save a
copy of the CPSR when the switch occurs

When an exceptioroccurs, tle GPU will change nodes and thé?C be érced to an
exception vector. The vector table starts fraddress zeo with the ese vector and then has
an exception vector every four bytes.

Each operating mode has an
associated interrupt vector. When the
processor changes mode the PC will

jump to the associated vector.

NB. there is a missing vector at

0x00000014

Reset Supervisor 0x00000000
Undefined instruction Undefined 0x00000004
Software interrupt (SWI) Supervisor 0x00000008
Prefetch Abort (instruction fetch memory abort) Abort 0x0000000C
Data Abort (data access memory abort) Abort 0x00000010
IRQ (interrupt) IRQ 0x00000018
FIQ (fast interrupt) FiQ 0x0000001C

13
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NB: There is a gap ithe vecto tade because #re is a nssing vectoat 0x00000014. This
location was used oan earlier &RKRM architedure and has been preserved on ARM7 to
ensure sdfvare conpatibility between diferent ARM architectures However in tle
LPC2000 fanily these four bytes are used fovery special purpose ag shall see later.

Priority Exception
Highest 1 Reset Each of the exception sources has a fixed priority. The on
5 Data Abort chip peripherals are served by FIQ and IRQ interrupts.
Each peripheral’s priority may be assigned within these
3 FIQ groups
4 IRQ
5 Prefetch Abort
Lowest 6 Undefined instruction

If multiple exceptiors occur then theg is a fxed piority as shown below.

When an exception occurs, for example an IRQ excepihenfollowing actions are taken
First the address othe next instration to be executed P+ 4) is saved into & link
register. Then the CPSR is cegiinto the SPSR of the exceptinode that is about to be
entered (i.e.SPSR_irq). The PC is then filewith the address of the exceptionode
interrupt vector. In the case of theQRnodethis is 0x00000018. At thsane time the node
is changedo IRQ node, which cawes R13 ad R14 to be i@aced by te IRQ R13 and R14
regiders.On entry to tk IRQ node, the | ki in the CPSR is setaasing the IRQ interrup
line to be disabled. If you need to have addiRQ interrupts, your code mustamually re-
enable tk IRQ interrug and push the link regter oo the stack in ader to peserve the
original return addressi-rom the exceptioninterrup vector your cde will jump to the
exception ISR. The first thing your codeaush dois to preserve any of the register8-R12
that the ISRwill use bypushing thenonto the IRQ stack. Once this iergt you carbegin
processing the exception.

USER IRQ
l: Save PC nto
link register
When an exception occurs the CPU will change
2: Save CPSR into modes and jump to the associated interrupt vector
SPSR excep
ISE code pushes registers

R13 . X

R14 | » onto stack

RiG o Excepuon Vector Adiiess

Once your code has finished processing the dixaeg must return bak to the user wde
and continue where it left off. Hower theARM instruction set doesiot containa “retun”
or “return from interrupt” instruction somanipulating the PC mmst be done by regular
instructions. The situéion is further conplicated by there being a nuoer of different return
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cases. First of all, consider the $istruction. In this case the SMhstruction is executed,
the address of the next instruction to beared is stored in the Link register and the
exception is processed. In order to return fiiwm exception all @ is neessary is tanove
the conentsof the link regiger into the PCand processingcan cotinue. However in order
to make the CPU switch odes back to usemode, a modified version of the awe
instruction is used and this is called MOVi8ore about this later). Hence for a software
interrupt thereturn ingruction is

MOVS R15,R14 ; Move Link register into the PC and switch modes.

However, in the casof the FIQ and IRQ instetions, when an exception occurs the current
instruction being executed issdarded and the egption is etered. When the code returns
from the exception the link redex contains the address oéttliscarded instruction plus

four. In order to resumprocessig at the correct point we need to roll back the value in the
Link register by four. In this @ we use the stract irstruction to deduct four fronthe link
register and store the resultstire FC. As with the nove instuction, there is a forrof the
subtrat instruction whid will also restore the oprating node. For an IR, FIQ orProg

Abort, the eturn ingruction is:

SUBS R15, R14#4

In the case of a data abdristruction, the exception wilbccur one instiction after
execution of the instruction which caused the pxioa. In this case weill ideally enter the
data abort ISR, sort out the problevith thememory and réurn to ieprocess the instruction
that caused the exdgm. In this case we hawue roll back the PC by two instructions i.e.
the discaded instrudion and the instriuoon that caused the exceptioln other words
subtract eight fronthe link regste and stoe the resilt in the PC. For a data atiaxception
the raurn instrudion is

SUBS R15, R14#8

Once the return ituction has beeexecutedthe nodified contents othe link regster are
moved into the PC, the usepde is restorednd the SPSR is restortmlthe CPSR. Also, in
the @se ofthe FIQ or IRQ excepions, therelevant irterrupt is enalted. This exits the
privileged node and returns to the usarde ready to continue processing.

|- CP3R s restored from USER 1nQ
the SPSK_excep
2 The PC 15 restored from At the end of the exception the CPU returns to
the Link register user mode and the context is restored by
: moving the SPSR to the CPSR
A13 . ‘ ISR code restores
A14 d - registers from stack
R15 -

1
I Jsren
1
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ARM 7 Instruction Set

Now that we have amdea of the ARM7 arhitecture,programmers model and operating
modes we need to take a lookitatinstruction set or rathesets. Sincellbour programming
exanples are written irC thee is no need to be an expARM7 assernly programmer.
However an understanding of the underlyingchine code is very iportant in developing
efficient prgranms. Before we starour overview ofthe ARM7 instrutions it is important to
set out adw technicéities. The RM7 CPU ha two ingruction sets: the ARM instrtion
set whichhas 32-bit wick ingructions and tle THUMB instruction set which has 16-bit wide
instructions. In the bllowing sectim the usef the word ARM neans the 32-bit ingiction
set and ARM?7 refers to the CPU.

The ARM7 is designed to operass a bigerdian or little-aendian processor. That is, the
MSB is located at the high order bit or the lowl@r bit. You nay be pleasd to heatha the
LPC2000 fanily fixes the endianess of the pra@ser as little endian (i.e. MSB at highest bit
address), Wich does make ia lot easier to workvith. However the RM7 conpiler you
are workingwith will be able to cenpile codeas little endian or big endian. You must be
sure you hagit set carectly a the conpiled coce will be back to front.

MSB LSB
Little endian
Bit 31 Bit 0
The ARM7 CPU is designed to support code compiler
in big endian or little endian format. The Philips silicon
is fixed as little endian.
LSB MSB
Big endian
Bit 31 Bit 0

One of the most interdésg featuesof the ARV instructian set is thaevery ingruction may

be conditimally exected. In a more traditional iwrocontroller tie only conditioal
instructions are conditional brelnes and ybe a few others lik bit test and set. However
in the ARM instrution set the topdur bits ofthe operand are cguared to the condition
codes in the CPSRf they do not raich thenthe instruction is not executed and passes
through the pipeline aa NOP (no operation).

31 28
' Every ARM ( 32 bit) instruction is conditionally executed. The top four
bits are ANDed with the CPSR condition codes. If they do not match
the instruction is executed as a NOP
COND

So it is possible to perforra data processingstruction, which affects the condition codes
in the CPSR. Then depending on this resu#, fillowing instructions my or may not be
carried out. The basic asskler instructionssuch as MOV or ADD aa be prefixed with
sixteen condional mnemonics, which define @condition code states to be te for.
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_ Sufx | Fgs | Meaning
EQ Zze exqual
NE Zclear not equal
cs C et ungigned higher or same
(o] G clear unssigned lower Each ARM (32- bit) instruction can be
e Hisl nogatve prefixed by one of 16 condition codes.
P PR AR H_ence each_ instruction has 16
= = e different variants.
Ve V clear no overfiow
Hi G set and Z clear unsigned higher
LS C clear and Z set unsigned lowet or same
GE M equals V greater or equal
LT Nnot equal 1o V lessthan
ar Z clear AND (N equals V) groater than
LE Z ot OF (N not aqual 1o V) lzze than of equal
AL (ignored) always

So for example:

EQMOV R1, #0x00800000

will only move 0x00800000 intahe R1 if the la reslt of the last data processing
instruction was equal and cawpently sé the Z tag in the CPSR. The aim dhis
conditional execution of instrucins is to keep a swoth flow of instructions through the
pipeline. Eery time there isa lranch or junp the pipeline is flushed andust be refilled
and this causes a dip in overall perfance.In practice there is arbakeven point btween
effectively forcing NOP instructitzs throughthe ppeline and a trationa condtional
branch and refill of the pipeline.his breakeven point is three inguctions, so asmall
branch such as:

if( x<100)

X++;

}

would be most efficient when coded ngiconditional execution &ARM instructions.
The nain instruction groups of the ARM instrtion set fall into sixdifferent categories,

Branching, Data Processing, Data TransfBipck Transfer, Multiply and Software
Interrupt.

17
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Branching

The basic branch instruction (as its raimplies) allows a jurp forwards or backwards of
up to 32 MB. A modified version of the branicistruction, the branch link, allows the same
jump but stores the current PC addrphss four bytes in the link register.

B 0x8000 0x400

PC = 0x8000
LDAR2, #10 | Ox8000
The branch instruction has several forms. The branch
instruction will jump you to a destination address. The
BL 0X8000 0x400 branch link instruction jumps to the destination and
PC = 0x8000 stores a return address in R14.

R14 = 0x400+4 |

.| LDAR2,#10 | 0x8000

So the branch link struction is usedas a calto a function storing theeturn addres in the
link register and the branch instruction canused to brash on the cotents of tle link
regider to meke the return at the end tife function. By using the cdition codeswe can
perform conditioral branching andconditional cding of functions.The branchngructions
have two other variants caflé’branch exchage” and “ranch link exhange”. Tlese two
instructions perfornthe same branch operation but also gp instruction operation from
ARM to THUMB and vice versa.

BLX 08000 0x400
PC = 0x8000
T=1
LDAR2, #10 | 0X8000
The branch exchange and branch link exchange instructions
perform the same jumps as branch and branch link but also
swap instruction sets from ARM to THUMB and vice versa.
BLX 0X8000 0x400
PC = 0x8000
T=1
R14 = 0x400+4
LDAR2, #10 | 0X8000

This is the only rethod you shouwl use to swap instction sets, as dirdgtmanipulating the
“T” bit in the CPSR can lea unpredictable results.

18
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Data Processing Instructions

The general fan for all data processing instrumis is shown belowEach ingruction has a
result regiger andtwo goerands The first operand ost be a rgister, hut the secod can be
a register or an imediate value.

OP code Operands 32 bit shift

The general structure of the data processing
instructions allows for conditional execution, a

Cond OP S R1, R2, R3 Shift logical shift of up to 32 bits and the data
operation all in the one cycle

E ot ceitan Enable condition code flags

In addition, the ARM7 core cxains a barrel shifter whicHlews the second operand to be
shifted by a fill 32-bits within the instration cycle. The “S” bit is used to control the
condition codes. If it is set, the caton codes are mdified depending on the result of the
instruction. If it is clear, no update isage. If, however, the PC (R1%3 specified as the
result register and the S flagsst, this will cause the SPSRtbé current made to be copied

to the CPSR. This is &d at the end of an eaption to estare the PC ath switch bak to the
original mode. Do not try this when you are tine USER mode as there is no SPSR and the
result would be unpredictable.

Mnemonic Meaning

AND Logical bitwise ~ AND
EOR Logical bitwise exclusive OR
SuB Subtract

RSB Reverse  Subtract
ADD Add

ADC Add with carry

SBC Subtract with carry

RSC Reverse Subtract with carry
TST Test

TEQ Test  Equivalence
CMP Compare

CMN Compare negated

ORR Logical bitwise  OR
MOV Move

BIC Bit clear

MVN Move negated

These features give us a rich set of datagssing instructions which can be used to build
very efficiently-coded prograsyor to give a campiler-designer nightmares. An example of
a typical ARM instruction is shown below.

if(Z ==1)R1 = R2+(R3x4)

Can be compiled to: EQADDS R1,R2,R3,LSL #2
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Copying Rejisters

The next group of instructions are the datm#fer instructions. hARM7 CPU has load-
and-stoe register istructions that can wve signed andinsigned Wrd, Half Word and
Byte quantities to anddm a selected regisr.

Mnemonic Meaning

LDR Load Word

LDRH Load Half Word
LDRSH Load Signed Half Word
LDRB Load Byte

LRDSB Load Signed Byte
STR Store Word

STRH Store Half Word
STRSH Store Signed Half Word
STRB Store Byte

STRSB Store Signed Half Word

Since the register set fally orthogonal it is possible ttbad a 32-bit vlue into the PC,
forcing a programump anywherewithin the processoaddess space. If the target address is
beyond the range of a branch instruction, aest@monstant can be loaded into the PC.

Copying Multiple Registers

In addition to load and storing single registaelues, the ARM has insictions to lad and
store multiple registers. So with a single insttion, the whole register bank or a selected
subset can be copied temory and restored with a second instruction

" | Ro

The load and store multiple instructions allow
Ed you to save or restore the entire register file or
= any subset of registers in the one instruction

“_|R1s

LDM
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Swap Instruction

The ARM instruction set also provides supp@t real tine semaphores with a swap
instruction. The swap instrtion exchanges a word betwegsgisters and emory as one

atomric instruction. This prevents crucial tdaexchanges from being interrupted by a
exception.

Ro
The swap instruction allows you to exchange the
contents of two registers. This takes two cycles but is
treated as a single atomic instruction so the exchange
cannot be corrupted by an interrupt.

This instruction is not reachable from thdabguage and is supported by intrinsic functions
within the compiler library.

Modifying The Status Registers

As noted in the ARM7 architaate section, the CPSR an@®tBPSR are CPU registers, but
are not part of the am register bank. Onlywo ARM instructions can operate on these
registers directly. The MSRhd MRS instructions support moving the contents of the CPSR
or SPSR to and fra a €lected register. For exnple, in order to disable the IRQ interrupts
the contents of the CPSRust be noved toa register, the “I” bitnust be set by ANDing the
contents with 0x00000080 to disable theteirupt and then the CPSR must be
reprogrammed with the new value.

MSR
[
CSPR
SPSR
The CPSR and SPSR are not memory-mapped or part
of the central register file. The only instructions which
Ris operate on them are the MSR and MRS instructions.
These instructions are disabled when the CPU is in
MRS 7 USER mode.
[ W
CSPR
SPSR
R1s

The MSR and MRS instructions will work &l processomodes except the USERonte.
So it is only possible to changlee operating mode of the prasgor to enable or disable
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interrupts, froma privileged mde. Once yolthave entered the USERoge you cannot
leave it, except through an exceptiorse® FQ, IRQ or SW instruction.

Software Interrupt

The Software Inteupt Instrudion generdes anexception a executionforces the pcesso
into supervisor rade and jurps the PC t&x00000008. As with all other ARM instructions,
the SW instrudion contains tke condition exeution codes in the top four bits followed by
the op code. The regimder of the instruction ignpty. However it ispossible to encode a
nunber into these unused bits. On entering goftware interrupt, the software interrupt
code can exmmine these bits andedide which ode to run.So it is pasible to use the SW
instruction to nake calls into the protectedaue, in order to run privileged code orke
operating systemalls.

31 28 27 24 23

Cond 1111 Ordinal

The Software Interrupt Instruction forces the CPU into SUPERVISOR mode and jumps the PC to the
SWI vector. Bits 0-23 are unused and user defined numbers can be encoded into this space.

The Asserhler Instruction:

SWI #3

Will encode the value 3 into the wsrd bits othe SW instruction. In the SWISR routine
we can exaiine the SWinstruction with the dllowing code pseudo code:

switch( *(R14-4) & OXOOFFFFFF) // roll back the address stored in link reg
/I by 4 bytes
{ /I Mask off the top 8 bits and switch
/I on result
case ( SWI-1)

Depending on your compiler, youanneed to implement this yourself, or it iy be done
for you in the corpiler implementation.
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MAC Unit

In addition to the barteshifter, the ARM7 has a builtn Multiply Accumulate Unit (MAC).
The MAC supports iteger and Ilog intege multiplication. The integer mitiplication
instructions support mitiplication of two 32-bitregisters ad place tle result ina third 32-
bit regster (modulo32). A wmitiply-accunulate irstruction will take the sane product ad
add it to a running tal. Long integer miltiplication allovs two 32-bit quantities to be
multiplied together and the 64-bit result is @eddn two registers. Siiarly a long multiply
and accumdlate is also availdb.

Mnemonic Meaning Resolution
MUL Multiply 32  bit result
MULA Multiply accumulate 32 bit result
UMULL Unsigned multiply 64 bit result
UMLAL Unsigned multiply accumulate 64 bit result

SMULL Signed  multiply 64 bit result
SMLAL Signed multiply accumulate 64 bit result
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THUMB Instruction Set

Although the ARM7 is a 32-biprocessor, it has a secod@é-bit instruction set called
THUMB. The THUMB instrution set is relly a conpressed fornof the ARM ingruction
set.

The THUMB instruction set is
essential for archiving the

16 bit Instruction Thumb ) . ARM % necessary cod(_e density to make
TG ol Pipeline [ Decompressor] Instruction [ 2% small single chip ARM7 micros
umb code Decoder usable

This allows instrations to bestored in a 1bit format, xpanded into ARM instructions and
then exected. Although the THUMB instructionwill result in lower code perforamce
conpared to ARM instuctions, they will achieve a nuch higher code density. So, in order
to build a rasonablysized appliation that will it on a snall single clip microcontoller, it

is vital to compile your code as a mixtwE ARM and THUMB functions. This process is
called irterworking ands easily spported orall ARM conpilers. By canpiling coce in the
THUMB instruction set you can get a spaceisgwf 30%, while the saecode compiled
as ARM code will run 4% faster.

The THUMB instructio set is mch nore like a traditioral microcontoller instrudion set.
Unlike the ARM instructions THUMB instruicins are not conditionally executed (except
for conditional branclks). The data procesg) instrudions have a two-addressrinat,
where the dgtindion regste is one of the source registers:

ARM Instruction THUMB Instruction
ADD RO, RO,R1 ADD RO,R1 RO = RO+R1

The THUMB instriction set doesat have full acces® all registers in th regiser file. All
data processing instructions have access teRRO(these are calleddtilow registers”.)

Ro
R1
R2 In the THUMB programmers’ model all

R3 [ Redi instructions have access to RO-R7. Only a few
Ba { Low Registers instructions may access R8-R12

R5
R6
R7
Rs

Ri0
R11

Ri2
R13
R14
R15

: High Registers
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However access to R81R (the “hgh regigers’) is redrictedto a few instructions

MOV, ADD, CMP

The THUMB instruction set does not comdSR and MRS instructions, so you can only
indirectly affect the CPSR and SPSR. If you needodify any user bits in the CIRSyou
must change to ARM mode. You can changedes by using the BX and BLX instructions.
Also, when you com out of RESET, or entean exceptio mode, you will autmatically
change to KM mode.

Reset
ARM
BLX
Thatdnch After Reset the ARM7 will execute ARM (32-bit)
instructions. The instruction set can be exchanged at
— ; any time using BX or BLX. If an exception occurs the
_ exception execution is automatically forced to ARM (32- bit)
| |aRu
< — end of exception
THUMB
BX - 7

The THUMB instrution set ha the nore tradtional PUSH and POP siructions for stack
manipulation. They inplement a tilly descending stack, hardwired to R13.

Ro Push (Ro - Ra) Pop (Ro - Ra) Ro
Ri1 R1
Rz Rz
Kl The THUMB instruction set has dedicated PUSH
Ra A3 and POP instructions which implement a
- descending stack using R13 as a stack pointer

A 0 x 8000

Finally, the THUMB instrution set does contain a SWistruction which works in the sam
way as in the ARM instruction set, but it omdgntains 8 unused bits, to give aximum of
255 SW calls.
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Summary
At the end of this chapter you should havgaaic understanding of the ARM7 CPU. Please

see the bibliography for a list of books that addrthe ARM7 in wre detail. Also included
on the CD is a copy of the ARM7 useamoal.
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Chapter 2: Software Development

Outline

In this book we will be using an Integrated DeveleptEnvironnent from Keil Electronc.
This IDE is called uVISION (pronounced “MizVision”) and versions already exist for
other popular ntrocontrollers including th8051 and the Infineon X6X family. uVISION
successfully integrates projecanagenent, editor, conpiler and debugger in one sel@ss
front-end. Although we are concentrating on the LPC200dilfain this book, the Keil
ARM tools can be used for anyher ARM7 based marocontroller.

Which Compiler?

The uVISION development envirorent can be used with several different gpder

tools. Thesenclude theARM ADS conpiler, the GNU corpiler and Keil's own ARM
conmiler. In this book the exaptes are baskon the Keil @-ARM compiler. However, a
parallel set of exaples is also includetbr the GNU caonpiler and Appendix A details the
differences between the Keil and GNU gwlars. This does beg the question of which
conpiler to use. First ofll the GNU comiler is free, can be downloaded fratine internet
and is also included on the CD which emwith this book. So why use an expensive
commercial corpiler? Well, before you mbark on a full project, it is worth looking at the
table of benchmarks comparing soenof the most popular C copilers available for the
ARM CPU.

Dhrystone V2.1

Compiler

Parameter Keil CA GNU  ARM ADS
BETA ¥3.22 ¥1.2

Execution Speed (pSeconds) 25.4 11z2.9 16.5
Dhrystones/sec 39,3701 58,857 4 59,3824
Total Code Size (bytes) 10,330 36,004 22,266
Stack Size (bytes) 205 g52 605
Total Data Size (bytes) 10,256 11,912 10,256

all tests were performed under identical conditions using the Keil pWision Simulatar,
The ARM device used was a Philips LPC2294 running at 60MHz in Thumb Mode,

Whetstone

Compiler

Parameter Keil CA GNU  ARM ADS
BETA ¥3.22 ¥1.2

Execution Speed (seconds) 0.195305 2461430 0.268623
whetstone (KWIPS) 3,846
Total Code Size (bytes) 28,516
Stack Size (bytes) 710
Total Data Size (bytes) 76

all tests were performed under identical conditions using the Keil piision Simulator,
The ARM device used was a Philips LPC2294 running at 60MHz in Thurnb Made.
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We can see frorthis simple analys that the comnercial conpilers ae streetsahead of ta
GNU tools in terms of code density and speedexfecution. The reasoms use each of the
given conpilers can be summed up as followlsyou want the fastest code antghrsdard
tools use the ARM copiler, for best code desity use the Kil, if you have no budget or a
simple project use the GNU. e we ae writing code for a rsall single-chip
microcontroller with limited on-chip resourceie obvious choice for us is the Keil ARM
conpiler. When decidiig on a toolst it is alsoimportant toexanine how nuch support is
given to a specific ARM7 iplementation. Although a toolsetay generate code for an
ARM?7, it may not understand how the ARM7 is being used in a specific system
LPC2000. Using a “raw” ARM®vill generate code, which will run on the LPC2000, but
you will have to spend timwriting the start-upcode and struggle with a debugger, which
will not understand t LPC peripherals. This can lead to “fightinfpe developrent tools,
which needless to say can be very frustrating.

uVISION IDE

uVISION also includes two debug tools. Once tdode has been cpited and linked, it can
be loaded into the uVISION simulatofhis debugger simlates the ARM7 core and
peripherals of the supportedigro. Using tle sirmulator is a verygood way of beoming
familiar with the LPC2000 devicesince the simlator gives cycle- accurate sufation of
the periplerals, as well as the CPU, it can be gyweseful tool for verifying that the chip has
been correctly initialied and thathe correct vdues br thingssuch as timer presler values
have been calculated.

However, tle sinulator can only ta& you so fa and sooner or later yowill need to take
sone inputs from the real world. This can be done to a certain extent with the simulator
scrigting larguage, but eventilg you will need to runyour code onthe eal taget. The
simulator front end carbe connected to your hardware the Keil LLINK interface. The
ULINK interface connects to ¢hPC via USB ath connects to the dev@ment haravare by

the LPC2000 JTAG imtface. The JTAG interfaces a seprate peripleral on the ARM7
which supports debug commands frarhostBy using the JTAG you can use the uVISION
simulator to have basic run control dfie LRC2000 device. The ANG allows you to
download code onto the target, to single sted run code at full speed, to set breakpoints
and view nemory locations.

Tutorial

Included with this bodk is a denonstraion version of the Keil uVISION IDE. The
installation comes with two conpilers, the Keil ARM comper and the GNU tools. The
tutorial section talk yau throughexanple prograns illustrating the mgjor features of the
LPC2000. These exates can be run on the sifator, or if you have thestarter kit they can
be downloaded and run on the MCB2100 evatumboard. There are two sets ahaples
on the CD, one for the Keil cquter and onefor the GNU. The rain text concentrates on
the Keil compiler. However, Appendix A degmes how to use the GINconpiler and also
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describes the GNU version of thgercises up to exeise 6. After exersie 6 you can use the
exercise descriptions in theam text.

As you readhroughthe res of the mok, at theend of eachectionthere will be an exerces
descriled in the tdorial section whib illustrates what has e discused The best \ay to
use this bok is to read each sectigthen junp to the tutorial and do the exercise. This way,
by the time you have wrked thraugh the book you will have arih grasp of the RM7, its
tools and the LPC200ficrocontroller.

Exercise 1: Confi guring A New Project
The first exercise covers installing the uVISION software and setting up a
first project.

Startup Code

In our example project we have a rlwen of source files. In practice the .c files are your
source code, but the file stapts is an assditer module povided by Keil. As its name
implies, thestatup coc is locted to run fom the reet vector. It pravides the egeption
vector table as well asitialising the stack paiter for the different operatingades. It also
initialises sone of the on-chip systa peripherés and the on- chip RAM beffe it jumps to
the main function in yair C code. The staup code will vay, dependig on which ARM7
device you are using and which caifer you ae using, so for your own project it is
important to nake sure that you are using tkerrect file. The startup code for the Kell
conpiler may be found in C:\kei\ARM\sttup and for the GNU use the files in
C:\kei\GNU\startup.

First of all the startup @ provides the exception vectable as shown below

EXTERN CODE32 (Undef_Handler? 4)

Declare the external C EATERH CODES? (SWI_Fandlet )
~ . N . EXTERN CODE32 (P Aht Handler? A)
exception routines. EXTERN CODES (D At Handlar1)
! EXTERN CODE32 (IRQ_Handler? )
The suftix ?A denotes an EXTERN GODES (F1Q_tndiera)
ARM 1’Ollti1]€ Vectors: LDR. PC, Reset_Addr
LDR  PC, Undef Addr
LDR  PC, 3WI_Addr
LDR  PC, Pabt Addr
. . LDR  PC, DA_Addr
Unused vector, this will become —» op 1+ Reserved Vector 1
important later ! LER  FC.IRO_Adds
LDR  PC,FIQ_Addr
Reset_Addr: DD Reset Handler
Undef_Addr: DD Undef Handler?4A
™ ey . . A v SWI_Addr DD SWI_Handler? &
Constants table for ISR e n mas
address Débt_Addr: DD Dbt Handler?A

oD 0 I* Reserved Address */
[RQ fdd: DD IRQ Handler?d
FIQ Addr. DD FIQ Handle4

The vector table is locateat 0x00000000 and provides a jumpiriterrupt service routines
(ISR) on each vectoTo ensure tht the full adress range of the prassor is available, th
LDR (Load Register) instruction is used. iFhoads a constant from a table stored
immediately above the vector table. The vedtle and the constants table take up the first
64 bytes ofmemory. On the LPC2000 thisrft 64 bytes can be apped fromsevera
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sources, depending on the operatingde of tle LPC2000. (This is discussedma fully
later on.) The NOP instruction is used to gp@ut the vector table at location 0x00000014
which is the location of the ‘sing’ vector Again this location is used by the LPC2000
bootloader (discussed @g later) You are respnsible for managing the vector table in the
startup code as it is not doaatonatically by theconviler.

The startupcode is also respeible for canfiguring the stack poters for each of the
operating modes.

/1 Setup Stack for each mode
LDR RO.=Top_Stack
/I Enter Undefined Instruction Mode and get its Stack

Pointer
Switch mode and disable interrupts —— » MSR  CPSR_¢
Load address into the stack pointer -  » MOV SP, R6 The's!x_ o_n Chip stack pointers (R.lS)
Calculate start address of next stack — » SUB RO.RO, are initialised at the top of on chip

memory. Care must be taken to
allocate enough memory for the
MSR CPSR_¢ maximum size of each stack
MOV  SP.RO

SUB  RO,RO,

/I Enter Abort Mode and s

................ FIQ.IRQ and supervisor stacks

/I Enter User Mode and set its Staclk Pointer
MSR CPSR_c, #Mode_USR
MOV  SP.RO
// Enter the C code

LDR RO=?C?INIT

TST RO#1 1 Bit-0 set: INIT is Thumb
Load an Exit address into the linkregister — . [LDREQ LR=exit?’A ; ARM Mode
Jump to the C it routine LDRNE LR.=exit?T : Thumb Mode

BX RO

Since each operating mode has a unique Ré& tare effectiely Sx stacks in the ARM7.
The stréegy used by the copiler is to locde user vaables fom the star of the on-chip
RAM and grow upwards. The stacks are locatethe top of ramory and grow downwards.
The startup code enteeach different mde of the ARM7 and loadg®ach R13 with the
starting addess of the stack

Finally switch to USER mode and ~——————

enable interrupts

Check for ARM or Thumb mode.

I Stack Configuration (Stack Sizes in Bytes)

Undefined Mode 00000 0004
Supervisor Mode Dx0000 0004
-Abort Mode 00000 0004
Fast Interrupt Mode 00000 0004
Interrupt Mode 0x0000 0080
User[System Mode 0x0000 0400
# PLL Setup [¥
[+ MAM Setup [+
& External Memaory Controller (EMC) [v

Like the vector table you are responsible fonfiguring the stack siz&his can be done by
editing the startup code dirtyg however Keil provide a graptal editor that allows you to
more easilyconfigure the stackpaces. Inaddition the graphical editor allowgou to
configure sme of the LPC2000 systenperipherés. We will see tlese in nore detail later
but remember that they can be cogtired directly in the startup code.

Exercise 2: Startup code
The secon d exercise in the tutori al takes you through allocating
space for each processor stack a nd examines the vector table.
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Interworking ARM/THUM B Code

One ofthe most irportant thirgs trat we needo do in our applicatiorode is to iterwork
the ARM and THUMB instruction sets. Inrder to allow this irteroperability, ARM have
defined a standard called the ARWHUMB Procedure Call Standard ( ATPCS). The
ATPCS defhes amng other things how funas call one another, how paraters are
passed and how stacks are haddlehe APCS adds a venedrassembler code to support
various compiler features. Theome you use, the larger theseneers get. In theory the
APCS allows code biniin different toolsetso work together so that you can take a library
conpiled by a diferent @mpiler and use it with the Keil tdset.

/

Parameter Passing :

The ARM procedure call standard defines how the
user CPU registers should be used by compilers.
Adhering to this standard allows interworking between
different manufacturers tools

Local Variables

Scratch Register
Stack Register
Link Register
Program Counter

The APCS splits the registatef into a nunier of regions: RO to R3 are useal pparaneter
passing between functions. If you need to passerthan 16 bytes then spilled pasiens
are assedvia the sack. Local variables are laicated R4 — R11 andi1R is resrved as a
memory location for the intra-call veneer coda.the Keil conpiler dl code is huilt for
interworking and the global instruction settiie THUMB, so all code will be compiled as
THUMB instrudions xcept br interrupt code which defaults to ARM.) This global default
can be chaged in the “Options for Targethenu. In the CC tab uncheck the “useUMB
code” box and the default imgttion set will be ARM.

Options for Target 'MAM® i :_ ﬂ.)_(‘

Devi@e-l Targe_tl Dyt‘putl Listing € |Aém‘ | L&Mg_scl LALD:_ate_l De_hugI.Utiﬁt\es_l

— Preprocessor Sumbols

Diefine: |

Undefine: |

i~ Code Optimization :
J \Wamings: |Waminglevel 2 s
-

Lz_avelf |7: Comman tail merging

SN F 2vor code size]
¥ Use Thumb Made

IV treat plair char as ursigned char'

™| double precision floating point

W tlias cheek;ng an pointel ACCEsSES Bits to round for float compare: 3 jv
Include -
Paths: | B
Hise |
“Controk
Compiler  |OPTIMIZE [SIZE] BROWSE DEBLIG TARS (4] :I

cantiol
stiing ¥

Ok I Cancel Defaults
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In addition the programer can foce a giverfunction to be comiled as ARM or THUMB
code. This is done with the two prograimgn directives #Pragan ARM and #pragm
THUMB as shown below. Theaim function isconpiled as ARM code and calls a function
called THUMB_ function, (No prizes for guessingthhis function is compiled in the 16 bit
instruction st.)

#pragma ARM  // Switch to ARM instructions
int main(void)
while(1)

{
THUMB_ function(); /ICall THUMB function

}
}

#pragma THUMB //Switch to THUMB instructions

void THUMB_ function(void)
{

unsigned long i,delay;

for (i = 0x00010000;i < 0x01000000 ;i = i<<1) /ILED FLASHer

{

for (delay = 0;delay<0x000100000;delay++) /Isimple delay loop
}

IOSET1 =1i; //Set the next led

}
}

It is also possible to deckrindividual functions as eithekRM or THUMB functions by
using the following declarains on the function prototype:

int ARM_FUNCTION (int my_var) __ THUMB
{

int THUMB_FUNCTION (int my_var) _ THUMB
{

Exercise 3: Interworking
The next exercise demonstrates setting up a project which interworks ARM and
THUMB code.

STDIO Libraries

The high-level, forratted 10 functions in th&TDIO library, such as printf and scanf, are
directed at UARTO on the LPC2000. It is uphe programmer to initialise tte UART to the
correct BAUD rate. Once this idone it is possible to useebe high- level functions to
streamdata to a terimal programon a PCfor exanple. TheSTDIO functions use two low-
level diversto send andeceive a single caracter to th cono, the UART in thisca®. The
two functians are callegputcharandgetchar andhe souce for themis availalbe in rial.c

in the Keil lib directory. By adding this fileo your project the detdt library version is
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ignoredand the codin serial.c isused inits dace. So, byewriting the putchar andetchar
routines, the high level printf and scanf funatican be redirected to any 10 device you want
to use, such as an LCD and keypad. Beaniimd that the high level T™®IO functions are
quite bulky and should only be used/dur application is very 1/O driven.

Exercise 4: STDIO
This exercise demonstrates the low-level routines used by printf and scanf
and configures them to read and write to the on-chip UART.

Accessing Peripherals

Once we heae built sane code and got it runng on an LPC2000 device, it will at sem
point be necessary to accessgpecial functiorregisters (SFRin the peipherds. As all the
peripherals are emory-mapped, they can b&ccesseds normal memory locations. Each
SFR locatio can te accessed bthardwiring a voldile pointer to its memory loction as
shown below.

#define SFR  (*((volatile unsigned long *) OxFFFFF000))

The Keil ompiler comes with a set ofinclude files which defne all the SR’s in the
different LPC2000 variants. Just include #torect file and yowcan directly access
the peripheral SFR’s from your C codéhe names of the include files are:

LPC21xx.h
LPC22xx.h
LPC210x.h
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Interrupt Service Routines

In addition to accessing the oniglperipheralsyour C code will have to service intertup
requests. It is possible tomvert a standard function intm ISR, as shown below:

void figint (void) __fiq
{

IOSET1 = 0x00FF0000; // Set the LED pins
EXTINT =0x00000002; /I Clear the peripheral interrupt flag

}

The keyword __figq defies the function as a fasterupt request sernce routine ad so will
use the correct return enhanism Other typs of interrupt are supported by the keywords
__IRQ, _SW, __ABORT.

As well as declaring a C function as an ins@trroutine, you rast link the interrupt vector
to the function.

Vectors: LDR PC,Reset_Addr
LDR PC,Undef_Addr
LDR PC,SWI_Addr
LDR PC,PAbt_Addr
LDR PC,DAbt_Addr
NOP /* Reserved Vector */
LDR PC,IRQ_Addr
LDR PC,[PC, #-0xOFF0]  /* Vector from VicVectAddr */
LDR PC,FIQ_Addr

Reset_ Addr: DD  Reset_Handler
Undef_Addr: DD  Undef_Handler?A
SWI_Addr: DD  SWI_Handler?A
PAbt Addr: DD  PAbt Handler?A
DAbt_Addr: DD  DAbt_Handler?A
DD O /* Reserved Address */
IRQ_Addr: DD IRQ_Handler?A
FIQ_Addr: DD  FIQ_Handler?A

The vector table is in twparts. First theris the physical vector table, which has a Load
Register Inguction (LDR) on eachector. Ths loads the caents of a 3zbit wide memory
location irto the PC, ércing a junp to any leaion within the procesa’s address spce.

These values are held in the second half @fvéctor table, or thconstants table which
follows immediately akr the vestor table. Thisneans thathe conplete vector table tees

the first 64 bytes of emory. The Keil statip code contains predefined rnesfor the

Interrupt Service Routines (ISR). You can linkugdSR functions to each interrupt vector

by using the samname as your C function naenThe table below shows the constants table
symbols and the corresponding C fumctiprototypes which should be used.

Exception source  Constants table C function prototype

Undefined hstruction Undef_HandlIePA void Undef Handkr (void) __abot
Prefetch Abot PAbt_HandlePA void Pabt_Handlefvoid) __abot
DataAbort DAbt_Handler’a void Dabt_Handle(void) __abot
Fast hterrupt FIQ_Handle?PA void FIQ_Handler(void) _ fiq

The SW and IRQ exceptions arspecibcasesas we will see later. The ?A is uskdtell
the linker that the correspondirfignction should be copiled with the ARM instruction set
?T is used 6r the THUMB instruction se Only thelRQ and FIQ irtemrupt souces can &
disabled. The protection exceptiofi$ndefined instruction, Prefelt Abort, and Data abort)
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are always enabled. @sequently these excepts nust always be trapped. If you do not
declare a corresponding C functifor these interruptaurces, then the cquiter will default
to using a tight loop to tragny entry to these exceptions.

Pabt_H andler: Default handling of exceptions for

B PabtHandler which no C function has been
declared

Exercise 5: Exception Handlin g
In this exercise we configure a C routine to be a simple interrupt and see it working in
the debugger. Later on we will see how the LPC2000 hardware is configured to

service interrupts.
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Software Interrupt

The Software Interrupt exceptionasspecial case. As we haseen, it is possible to encode
an integer into the unused portion of the IS}jycode.

#define SWicall2 asm{ swi#2}

However, in the Keil CA ARM copiler, there is a rore elegant method of handling
software interrupts. A function can be defiresta sofware interupt by using the following
non ANSI keyword adjacent to the function prototype:

int Syscall2 (int pattern) __swi(2)

In addition the asselter file SW_VEC.S musbe included as part of the project.

Now when a call is e to the inction an SWinstruction is used;ausing the processor to
enter the sugvisor privileged node and exeda the code in the SWVEC.S file. This code
deternines which function has been called and handles the necessaryeiearpassing.
This mechanismmakes it vey easy to tale advantage othe exception structure of the
ARMY7 processor and to partition code whichn-critical code runnig in user mode, or
privileged code such as a BIOS or operatingteay In the tutorial seton we will take a
closer look at how this @rks.

Exercise 6: Software Interrupt
The SWI support in the Keil compiler is demonstrated in this example. You can
easily partition code to run in either the user mode or in supervisor mode.

Locating Code In RAM

As we shall see tar, tte main performance bottlenek for the ARM7 CPU is dtching the
instructions to execute frothe FLASH nemory. The LPQ000 has special hardware to
solve this problenfor the onehip FLASH. However if youare running fromexternal
FLASH you are stuck ith the access timof theexternal FLASH. Onerick is to boot the
executabke mde into &st RAM and then runrém this RAM. This neans th&you need to
conpile positiorindependent codevhich can e copiedinto the RAM,or conpile code so
that it runs in the RAM and is loaded bysaparate bootloader programoth of these
solutions will work, but requirextra effort to develop. Farhately the Keil comiler has a
directive which definesa functionas a RM function. The startupcode will copy the
function irto RAM and the linkewill resolve all calls to it asbeinglocated in the defied
RAM area. The functio dechration is shown below

int RAM_FUNCTION(int my_VAR) __ram

{
}

It is also rcessary to eine which section ofmenory will be used to bld the® functions.
This is done by declaring section of the RAM as executable RAM or ERAM. §hi
declaration rekes use of the aksedlirective toallocate a rgion of RAM to contain all the
executable RAM functions.
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The basic syntax is shavbelow:
ERAM ( 0x40000000 — 0x40000FFF)

This entry should be adle in the LALocate dialogue of the options for targedm.

x
Dewce! Targetl D_utputl ListingI {5 | Az I Lé Mize L& Locate |Debugl Uti\itiesl
¥ Use Mernory Layout from Target Dislog
Reserve |
C |DATA (0:40000000-0x40007FFF), A
classes |CODE [0x0-0x7FFFF]. COMST [040-047FFFF]] _I
User |ERAM [0x40000000-0x40000FFF] A
claszes
User _A_!
Segments
Linker 170 Interupt!! -
contiol \cope
ztring -
0k I Cancel | Defaults | Help |

The conpiler does not check if your RAM funicin is calling functionsor library functions
which are not also stored in the RAM. 8oyour “fast “RAM function mekes calls to a
maths routine stored in the FLASHeamory, you nay not get the perforamce you were
expecting. his method of locating functions iRAM is not only sinple and easy to use, it
has the added advantage thatlihker knows where the functiamill finally end up and can
place the doug synbols at the coect addres. This will give you nbonly a ROMable
image which will run ®ndalone, bualso an irage which can be debugged.

Inline Functions

It is also possible tincrease the perforance of your ode by inlining yourfunctions. The
inline keyword can be applied &my function as shown below

void NoSubroutine (void) __inline

{
}

When the inline keyword is used thenttion will not be coded as a subroetirbut the
function code will be inserteat the point where the functionaslled, each timit is called.
This renoves the prologue and epilogue codaich is necesary or a subroutine, ®@king
its execution tire faster. However, you are dug@tcg the function every timit is called,
so it is expensive in tersof your FLASH menory.
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Operating System Support

If you are using an operating system for the PB@D, the OS is likely ttake care of the
systemstacks and context switching. To avoid litgging this by the compiler, it is possible
to declare a function as a task within theragiag systemThis causes the caoiter to just
translate the code within the function and twoadd the noria prologue and epilogue code
which saves and restores regrstto the stackA function may be declared aa task as
shown below

void AnalogueSample(void) __task

{
}

Fixing Objects At Absolute Locations

The conpiler also allows you to fix any C objectuch as a variabler a function at any
absolute ramory location. The copiler has arextension to the C language as shown below

int checksum __at 0x40000000;
Variables declared using this keyword canbetinitialised by the startup code. Yowsh

also be careful to fix wéables on the correct boundaries, you will get a nemory abort.
(For exanple if an integr is locaed at an unevenemory address.)

Inline Assembler

The conpiler also allows you to use ARM arHUMB Assenbler instructions within a C
file. This can be done as shown below:

__asm{mov rl5r2;}

This can be useful if you ne¢dl use features which aretrsupported by the C language, for
exanple the MRS and MSR instructions.
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Hardware Debugging Tools

Philips have designethe LPC2000 to have ¢hmeximum on-chip @bug support.There are
several levels of support. The simplestaisITAG debug port. This port allows you to
connect to the LPC2000 frothe PC for a daug sessionThe JTAG interface allogyou to
have basic run control of theiphThat is, you can single stdipes of code, run halt and set
breakpoints and also view valiles and mmory locations once the code is halted.

VCC 3-3 vec 33

L

. B . 1 2
I [i TRST — 3 4
DO —— 5 B
PC JTAG P M | icaton s — 7 s
i | Target| PP TCK — 8 10
ATK— 11 12
! | L 4 T0l— 13 14

Debug support on the LPC2000 includes a JTAG port for Flash programming and basic run control debugging.

In addition, Philips hasincluded tle ARM embedded trace odule. The mbedded trace
module provdes much more powerful debuggiyoptions ad real time trace, coecoverage,
triggering and perfor@nce analys toolsets. In addition to me advanced debug tools, the
ETM allows extensive code verification and sadte teing which is just not posible with

a sinple JTAG interface. If you are designing forffestgt critical applications, ik is a very
important consideration.

Part |—PIPESTATE 0

] l— PIPESTATE 1

1 Trace | | || ETM™ Trace Trigger| |—PIPESTATE 2
|— TRACESYNC

Analyser |—TRACEPKT 0
—TRACEFKT 1

|— TRACEPKT 2

— TRACEPKT 3

TDO — —
JT?G D 1 ARM 7 L —
Interface priow —] —voce
] L
RST— —EXTTRIG

— DBGACK
= — TRACECLK

In addition to the JTAG port Philips have included the ARM ETM
module for high end debugging tools

The final on-chip debug feature is the Real &Monitor. This is a kernel of code which is
resident in a reserved area oémory. During a debug session the debugger can start the
real nonitor via the JTAG port. Ténreal nonitor can be usetb provide “on the fly” updates

as your code is running. Thisqmess is pseudo real #mn that the real mnitor code

interrupts your code and es sone processor tira to read and communicate debug
information to the PC.
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Important!

The JTAG and ETM tools siply provide a faily “dumb” serial déug connection to the
ARM7 core. A generic ARM JTAG tool deenot have any undeanding of the overall
LPC2000 architecture. Thiseans that a generiool will always enter the bootloader after
reset beaug it does ot write the “program signatue” into the FLASH (this éature is
discussed later) and caaguenly will never run your code. If you are new to the LPC2000
this is likely to catch you out and be verudtrating. Since the Keil tools are developed for
ARMY7 based general purposdaamocontrollersMicroVision (“uVISION”) understands the
LPC2000 merary architecture and willébug the deviceeamessly.

Even More Important

As mentioned above, the JTA@ort is a simple serial &g connection to the ARM7
device. It is very irportant to understand itsehaviour during reset. If the ARM7 CPU is
reset, all ofthe peipheirs induding the JTAG are reat. When this happens the ULINK
debugger loses control of theigtand has to re-establigiontrol once the LPC2000 device
comes out of reset. This will take a finite nter of clock cycles. \Mle this is hapening,
any code wich is on the chip will be run asormal. Once the ULINK gets back control of
the chip, it performa a softreset by forcing the PC back &mldresszera However, the on-
chip periplerals are o longer in the resetcondition ie peripheralswill be initialised,
interrupt enabled etc. Youust bear this in rmd if the application you are developing could
be adverselaffected by this. A quick solutias to place a siple delay loop in the startup
code or at th begining of main(). After a reset ecurs, the ®U will be trapped in tis loop
until the ULINK regains control fothe chip. Mne ofthe applicdon code will fave run,
leaving the LPC2000 in itgitialised condition.

Summary

So, by the end of this section you should bke &b set up a projeah the Keil uVISION
IDE, select the copiler and LPC2000 variantop want to use, configure the startup code,
be able to iterwork the ARM and THUMB instruction set@ccess the RC2000 peripherals
and write C functions to handle exceptiongtiNhis grounding we canow have a look at
the LPC2000 systemeripherals.
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Chapter 3: System Peripherals

Outline

Now that we have somerhiliarity with the ARM7 core and the nessary developent
tools, we can begin to look at the LPC200@ides themselves. In igh section we will
concentrate on the system peripherals, that gayothe features which are used to cdntro
the performance and functionalateres of the device. Thiacludes the on-chip flash and
SRAM memory, the external bus interface wh is pesent on the BC22xx devices, the
phase loked loop which is wesd to multiply the external scillator in order to povide a
maximum of 60MHz pocessor clock and the powewntrol features. Finally, we will take a
look at the sirplest user interrupt source, th&ternal interrupt pinsbefore going on to look
at the exception systeim ddail in the next setion.

Bus Structure

To the programrmr, the nemory of all LPC2100 devices is one contiguous 32 bit address
range. However, the device itself isagle upof a nunber of buses. The ARM7 core is
connected to the Advanced High perfarmoe Bus (AHB) defined by ARM. Asts nane
implies, this is the dstest way ofconnectiig peripheal devices to the ARM7 core.
Connected to the AHB is the vector interrgphtroller and a bridgé a second bus called
the VLSI peripheral bus (VPB). Since the mmtgt vector controlleris responsible for
managing all the device interrupt sources, ic@nected to the ARM7 core by the fastest
bus.

All the remaining user periphdsaare connected to the VPBhe VBP bridge contains a
clock divider, so the VPB bus can be runaaslower speed thandhPARM7 core ad the
AHB. This is useful for two r@sors. Firgly, we can run ta user periperalsat a ower
clock rate tlan the nain processpto conseve paver. Secondly it gigs Philips the ofion of
adding a slwer peripheral to the LPC2000nféy without it beconing a bottleneclon the
AHB bus. Currently all the on-chip peripheral® capable of runningt 60MHz so the VPB
bus can be set to thensaspeed as the AHB bus. It ispartart to note that dér reset tre
VPB divider is set to divide down the AHB cloby four, so all the owchip peripherals will
be running at the CPU clock frequency.

Finally, there is a third local bus which is usaconnect the on-chip Flash and RAM to the
CPU. Connection of the progracode and datdore to te ARM7 CPU via the AHB busi
possible but thisintroduces sora executionstals becaus of contertion on the ba. Using a
separge loa bus renoves the possibility of these stalls to ige the best pr@ssor
performance.
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Memory Map

Despite the nutver of internal buses, the 2000 has a coptetely linear nemory map.
The general layout is shown below.

4.0GB - OXFFFF FFFF
AHB Peripherals

3.75GB - 0xF000 0000
VPB Peripherals

3.5GB 0xE000 0000

3.0GB — 0xC000 0000

Reserved for
External Memory
The memory map of the LPC2000 includes regions
for on chip flash memory user SRAM, a pre-
2.0GB 0x8000 0000 programmed bootloader, external bus and user

Boot Block h
peripherals.
Reserved for

On-Chip Memory

On-Chip Static RAM

1.0GB 0x4000 0000
Reserved for Special Registers

0x3FFF 8000
Reserved for
On-Chip Memory
On-Chip Non-Valitile Memory
0.0GB 0x0000 0000

The on-chip flash is fixed at 0x00000000 updsawwith the useRAM fixed at 0x4000000
upwards. The LPC2000 is pre-programmednanhufacture with a FLASH bootloader and

the ARM real nonitor debug program. Thegeograns are placed in the region OX7FFFFFF

— 0x8000000. The region between 0x8000000 and OXEO00000 is reserved for external
memory. Currently the LPC22xx devices are ahle of addressing externalemory via

four chipselects each with a 16 Mbyte page.

System Control Block

OXFFFF FFFF

OxFFEQ 0000 3
OXFFDF FFFF

AHB Peripherals

L4
n
LL4

Reserved All the user peripherals are located on

the VLSI peripheral bus. Each peripheral

Pin Connect Block has a 16K address range for its

G000 0000 GPIO registers.

OXEFFF FFFF RTC
SPI
12C

not used

PWM O

UART 1

UART 0

0XE020 0000 Timer 1
0x01F 0000 Timer 0

0XE000 0000 —————— Watchdog Timer

Reserved

VPB Peripherals

The user peripherals located on theBvareall mapped into the region between 0xEO00000
and OxXE020000 and each peripheral is allocatekbK nmemory page. Finally the Vector
Interrupt Unit is located at thep of the address range at GHFO00O.
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If your user code tries to access nueynoutsde these regions, or nxistent remory
within them an abat exceptionwill be prodicedby the CPU. This echanisnmis hardwired
into the design of the processor aiahnot be changed or switched off.

Register Programming

Before we tart our tour through the systelatock, it is worth noting how Special Function
Registers (BR) are programed on ARM7 chips.

As a general rule all Special Function
Registers originating from ARM are

Status controlled by three registers: a Set,
Clear and Status register.
NB To clear bits you must write a logic
Set 1100 SFR 1 to the relevant bit in the clear
register.
Clear

Each underlying SFR is controlled byree user registers. A Segrgter which is used to set
bits, a Cler regsta which is u®d to cler bits by writing a logic 1 tdhe bits you wish to
clear anda Status register whidk used tareadthe curert conentsof the regster. The nost
common nistake nade when new to the LPC2100 tis write zero intothe Clear register
which has no effect.

Memory Accelerator Module
The Menory Accelerato Module (MAM) is the key to the high instruction executicate of

the LPC2100 fanily. The MAM is present on # local bus and sits between the FLASH
memory and the ARM7 CPU.

—p ARM 7

Running from on chip FLASH is a performance
bottleneck for all ARM7 implementations. Philips have
MAM added a Memory Accelerator Module which greatly
enhances the performance of the ARM7 CPU

FLASH
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One of the rain constraints in designing adm perfornance, single-chip merocontroller
based on th ARM7 is the access tarto the on-chip FLASH ramory. The ARM CPUSs
capable of running up to 80MHz, however threchip FLASH has an access tof 50ns
Consequently, just running out of the FLASuld limit the execution speed to 20MHz (a
guarter of the possible clock rate of theqassor.) There are a nber of ways round this
problem The sinplest is to load the criticaections of your programmto RAM and run out
of RAM. As the RAM has a oth faster acess tine, our overall prformance will be
greatly increased. The down side is that oip-dRAM is a finite and precious resource.
Using it to hold program instructions greatly lismthe size of application codehigh we
could run. Another approach would be to haweon-chip cache. A cache israadl region

of memory placed letween the pcessor anthenory store,which staes regios of recetly
referenced mn memory. In a well-desiged cache, theprocessor will use th cache
memory whenever possible, thus redugithe bottleneck iposed by slow mmory.
However, a full cache ia conplex peripheral Wich denands a high number of gates and
consequently a large portion tfe LPC200 die area. Thiiels in the face of the ARM
design, which has sipficity as its watchword.Another downside of a fucache is that the
runtime of code using the cache is no londeterninistic and could not be used by any
application which required prexahlity and repeataliity.

The Menory Accelerator Modle is a corpromise between the cqiexity of a tull cache
and the Bnplicity of allowing the pr@esso to directly accesthe FLASHmemory.

64k x 128 unit

The FLASH memory is arranged as two
interleaved banks of 128 bit wide memory. One
flash access from the MAM loads four ARM

instructions or eight THUMB instructions which
can be executed by the ARM7 CPU

Like a czhe, the MAM attenpts to have the ext ARM instruction in its locd memory in
time for the CPU to exeute. Rrst of all the FLASH memory is split into two bank which
are 128 bits wide and can be independeatgessed . This eans that a singleLIASH
access carload four ARM instuctions or eight THMB instructions. Uer code is
interleaved between the two banks, so duseguential code execution the code fetched
from one bak into the MAM is being executedhile the next 128 bitef instructions fran
the second bank is being perfett@&his ensures that it wile ready for execution once the
last 128 bits has been executedhisTtechnque works particularly well with the ARM
instructions, which can use the condition codesdn out snall branches in order to keep
the code-flow largely linear. In the case ofadl loops and jumps the MAM has branch and
trail buffers that héd reeently loadedinstructions which can be re-executed if required.
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The conplexities of the MAM are transparerno the user and it is configured by two
regiders, tlke timing registe and thecontrol register. The ae sone additioral registers to
provide runtine information on tte effectiveness of the MAM. Bhtiming regiger is used to
contrd to relationship btween the CPU cldcand the FIASH access tim. By writing to
the first three bits of the timg register youcan specify the nuber of CPU clock cycles
required by the MAM taaccess # FLASH. As the FLASH haan access timof 20 MHz
and the CPU clock can be set to axrmum of 60MHz, the nurber of cyclesrequred to
access thelFASH is 3. So, for each three CPU ®g| we can load four insgtionswhich
keep the MAM ahead of the g@. The MAM configuration register is used to define the
operating mode of the MAM.

ARM 7 ARM 7
ARM 7 Fully Enabled
Sequencial Code Branches & Code Data
MAM :| MAM Disabled MAM :| Instruction prefetch enabled All code & data
present in latches
MAM Instruction prefetch enabled
FLASH FLASH

FLASH

On reset the MAM is disabled and all access to code and constant datdardimactly to
the FLASH. tis passide to partially enabléhe MAM so that all sequdial code is &ched
from it, but branches a@hconstahdata doredin the FLASH are accesd directlyfrom the
FLASH. Finally, the MAM nay be fully enaked so that it éches all FLASH ramory
accesses from the MAM. The readonthese mdes is tht, like a cache code, rungifrom
the MAM is not deerministic, so wehave tle option to switd it off or reduce its irpact if
we need to guarantee the rtime of our application codedowever, even in its full
operating mode the ipact of the M\M is not asgreat as a cache.i#t possible to predict
runtime perbrmance particuldy with the ‘use perfornance analysis features in
developnent tools.

To help with this analysis and also to gatiye effectivenes of theMAM, there are a gropi
of statigical regiders whch can be used toeasure the MM’s performance.

ARM 7
Statistical Status
Register
F \
- Buffer Access The MAM has some statistics registers
Al COd‘.a 8; da}:a i Counter which show the number of accesses to
present in latches the FLASH and the number of
accesses to the MAM so the
MAM effectiveness of the MAM can be
calculated

> Flash Access

Counter

FLAS H Statistical Control

Register
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The Statistics registers aredea around two counters which retthe accessesatte to the
FLASH and the accessesate to the MAM hiffers. The statistidacontrol regster can
further refire the type ofaccess which will caeghe counters to incresmt. By configuring
the statistical camol register we can differ¢iate béween code onstant and instruction
fetches, so it is pofsde to déermne the instruction or data i rate or tle canbined
instruction and data hit rate. Thesestnics cangive us some inforation on the efficacy of
the MAM with our applicationOn the CD there is a siple exanple which demonstrates
the use of the MAM, its statistl regisers anl denonstrateshow vitd it is to theoverall
performance of the LPC2000 faily.
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Example MAM Configuration

The exarple code shown below starts th®C2000 with the PLL set to 60MHz and the
MAM disabled. The cod FLASHes each LED isequence with a deldgop between each
increment. An A/D conversion is also doaad if the result is above 0x00000080, the code
enablegshe MAM for maxinmum execution speed he effect of the MAMcan be seean the
update rate of the LEDs. Indhnext section we will |do at burnirg the code into the
FLASH to observe its operation.

int main(void)

{

unsigned int delay;

unsigned int FLASHer = 0x00010000; /I define locals
IODIR1 = 0xO0FF0000; /I set all ports to output
VPBDIV = 0x02;
ADCR = 0x00270601; /I Setup A/D: 10-bit AINO @ 3MHz
ADCR |= 0x01000000; /I Start A/D Conversion
while(1)
{
do
{
val = ADDR,; /l Read A/D Data Register

}

while ((val & 0x80000000) == 0);
val = ((val >> 6) & OxO3FF);

if (val <0x80)
{

MAMCR = 0;
MAMTIM = 0x03;
MAMCR = 0x02;
}
else
MAMCR = 0x0;
}
for(delay = 0;delay<0x100000;delay++) /Isimple delay loop
{
}
ChangeGPIOPinState(FLASHer); /Iset the state of the ports
FLASHer = FLASHer <<1; /Ishift the active led

if(FLASHer&0x01000000)

FLASHer = 0x00010000; /lincrement FLASHer led and test for
/I overflow

}

void ChangeGPIOPinState(unsigned int state)
{

IOCLR1 = ~state; /lclear output pins
IOSETL1 = state; //set output pins
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FLASH Memory Programming

Although tre internal EASH is arranged as twaterleaved banks, yowill be relieved to
know that, to the user, it can be treated s catiguous nemory space and no special k»o
are required to preparedftodeprior to programrng the chp. In terns of progranming the
FLASH, to the user it gpears as a series 8K sectors which can be individually erased and
programned. There are severalaihods whichcan be used to progratie on-chip EASH.
The easiest is by the built-in bootloader whiallows your code to be downloaded via
UART 0 into RAM and then berogramned intothe FLASH. It is also possible to use a
JTAG developrant tool to progranthe memory. This is usetdl during developrant because

it can be done from the debugging envir@mnwithout the need to keep switching between
debugger and bootloader. Also, the JTAG catine can be very fast, up to 400Kbytes/sec
download, so in large applicatis, particularly those usiregxternd FLASH memory, it can

be the best sthod of production programimg. Finally it is also possible to reprogram
sections of the FLASH amory under commnd ofthe application already on the chip. This,
in application programming, can use angthod to load the new codento the chip ( SPI
CAN 12C ) and then load it inta given scion of FLASH. So there is arasyto use
mechanisn which allows field updates to your application.

Memory Map Control

Before looking at the operation of the boatler we mst first understand the different
memory nodes available on the LPC2100. As wave seen, the ARM7 interrupt vector
table and its constants tablé&eaaup the first 64 bytes of@mory. In the LPC2000 these first
64 bytes may be apped froma nunber of locations, depending on theode setin the
MEMMAP register. It is inportant to note @t these mades have nothing to do with the
ARM7 operating mdes. The MEMMAP registallows you to select between booode,
FLASH mode, RAM mode and Externalemory mode. When selected, a new vector table
will be mapped into tle first 64 bytes ofmemory. So br the RAM mode the cdants of
0x4000000- 0x400003F will beapped to the start ohemory. This allovs a program to be
loaded into RAM starting at 0x4000000 and the @etable can then be redirected, thus
allowing the programand its inerrupts to runin RAM. This node is norrally only used for
debugging smll prograns. FLASH node leavesthe first 64 bytesof user FLASH
unchanged and is the naaimmode for user aplications. Boot mde replaces the first 64
bytes of FLASH with the vectaable for the bootloader amlaces a jum to the on-chip
bootloader on the reset vector.

x40 e 0040 040000040 080000040

00x00000040 0xDODOOBDO O 40000000 OxB00000D0

ONCHIP USER RAM EXTERMAL BOOTLOADER
FLASH FLASH MCDE FLASH MODE
MODE MODE
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Bootloada

Every time the LPC2000 coes out of reset itsnemory mep will be in boot node, so the
instruction on the redevector will cause it tgump into the bootloader code entry point at
Ox7FFFFFFF. This can be the basfenew users if they load ¢ir code into FLASH with a
JTAG, reset and single step thesfiinstruction only to find it the prograntounter is at
sone wild high address. If this happengu need to prograthe MEMMAP register to
0x00000002, to force the chip into FLASH maae return the user vector table.

Once the bootloader cedhas been entered, it iyperform a nunber of checks to sed the
FLASH needs to be prograneoh First the watiedog is checked to see if the processor has
had a hardeset ofa sof resé. If it is a hard esd, the logc level on pin4 will be tested. If

it is low, then the bootloader conamd handlemwill be entered. If it is a softeset (ie
watchdog tineout) or pin 1.4 is high, then there no external request to reprograhe
FLASH. However, baire handing over to the user applion, the bootlader will cteck to
see if there is a valid userqgram in FLASH. In orderto detet if a valid pogram is
present, every user programust have a progm signature. This sigare is a word-wide
number that is stored in the unused locatin the ARM7 vector table at 0x00000014. The
programsignature is the two’s cqshment ofthe checksunof the ARM7 vector table

FIQ
IRQ
| Signature. |€— UNUSED
ABORT Checksum
SwWi

UNDEF The program signature is calculated as the

RESET two’s compliment of the checksum of the
vector table. This signature must be stored
in the unused vector at 0x00000014 or your

’ program will not run

= Zero
When this alue is summd with thke programsignatue the result wil be zero for a valid
program If a valid programs detected, thenemory operating rade is switched to FLASH,
which restores the user vecttable, the progranctounter isforced to zero and the user
application starts exetian. If there is no valid progranthen the bootloader enters its
command handler. So, without the progrsignatue your code will never run! The program
signature can be added to yatartup code as shown below:

LDR PC, Reset_Addr
LDR PC, Undefined_Addr
LDR PC, SWI_Addr
LDR PC, Prefetch_Addr
LDR PC, Abort_Addr

long OxB8AO6F58 /* Program signature */

LDR PC, IRQ_Addr
LDR PC, FIQ_Addr
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Philips ISP Utility

If there is a valid program signature, or f@iri4 is held low after set, the LPC2000 will
start the bootloader. Before handing overthie comnand handler it enteran awo-baud
routine. This routine listens on UART O for ynshronisation character. When this is sent by
the host, the LPC2000easures the bit periochd adjusts the Uart O baud rate generator to
match the host. Once this is done sofarther handshaking and cogtiration takes place
and then control is passed to the omnd handeér.

The Bootloader comamd handler takes comands fron UARTO in ASCII format. The
command & is shown below and allows youllfgprogramning control of the FLASH.n
addition the GO command is a simple defing command which can be used to start
execution ofcode loadé into RAM. A full descrigion o the bootl@ader commnication
protocol is given in the BC2000 datasheet.

Unlock U <Unlock Codes

Set Baud Rate B <Baud Rates <stop bit-

Eche A=Setling=

Write to RAM W =start address> <number of bytes>

Read Memory R <address <number of bytes> When the bootloader has been

entered it will accept

Prepare sector(s) for write operation| P <start sector number= <end sector number=
commands as ASCI characters

Copy RAM to Flash C <Flash address> <RAM address> <number of bytess on serial port 0
Go G <address> <Mode>

Erase sector(s) E <start sector numbers <end sector numbers

Blank check sector(s) | <start sector number> <end sector numbers

Read Part 1D J

Head Boot code varsion K

Compare M <address> <address2> <number ofbytess

Philips povide a eady nade FLASH In SystenfProgramnmng utility for the PC which can
be used to prograrthe developrant board. Thigool autonatically cdculates and ads the
programsignature toyour code,to ensure tht your progamwill run. If you are @ing this
tool to program the FLASH, your code shobtlave a NOPrnistruction on the unused vector
for this tod to work corectly.

Exercise 7: M emory Accelerato r Module and Flash programming Utilit y
This exercise describes the use of the Philips Flash programming tool to load a
simple program into the LPC2000. This program runs without the MAM switched
on. By adjusting the A/D value the MAM is enabled so we can see the
performance increase caused by this important peripheral.
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In-Application Programming

It is also possible to repragm the FLASH nemory from within your program All of the
bootloader com@ands are available as an dmgc APl and can be called by your code. To
access thedotloader functions you must set agable in RM which contains a camand
code for the function you want to use followleyg its paameters.The start adess ofthis
table is stored in RO.hE stat address of a second table whadntains the status code and
function results is stored in R1.

Command Code

Parameter 0

Command

Parameter 1 parameter table

ARM Register 0 i
The bootloader functions can be accessed
Parameter 7 to perform In application programming.
Commands are passed via two tables in
memory. The start addresses for each
table are stored in RO and R1
Status Code
Result 0
Command
Rashiel result table

Resultn

The IAP entry point is a@x7FFFFFFO if you wish to call the functions freamTHUMB
function or at OX7FFFFFF1 if you wish to enfesm an ARM function. The return address
is expected to be stored irethink register. This convention @éesigned to work within the
ARM procedure call standard. Aaihod of calling the IAP routines through function
pointers is detailed in the datasheet. Alternative mthod is shown below and both
methods are used in ¢hexanple program If you are sbrt of progam space you can
experinment with both methods to see whiishthe nost efficient in your corpiler.

If we define a THUMB function witlthree @rameters as shon below.

void iap (unsigned *cmd, unsigned *rslt, unsigned entry)

asm("mov r15,r2");

}

We can pass the start address of a comnaaddesult array and by the APCS convention
these valaswill be stoed in RO and R1. ¥can also store the addesfthe entry point to
the IAP routines in the next available paster register R2. ITHUMB mode we cannot
programthe high registers dirdg, but we can move low regeats to igh regsters hence
we can nove the contets of R2 directly into tle programcounter and iiate the equested

In Application Programmmg routine. Wen thelAP routine has inished, it will return to
your application code using thelua stored in the link registemshich is the next instruction
in the function which called our void IAP (..fynction. You should also note that the In
Application functions returin ARM mode not THUMB. ThdAP functians requre the tq

32 bytes of on-chip RAM, so you msiLeither locate the stacksdtart below this region so it
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is unused, or, if you need alleiRAM, place théRQ stack at the top of emory and disable
interrupts before you enter the IAP routineksing a pointer you can now copy the top 32
bytes of on-chip SRAMnto a tenporary arrg and then restore theonce you return from
the IAP functions. This way you will noisk carupting any stackedath.

External Bus Interface

The LPC22xx variants have an External mtey Controlle (EMC). When enabled, #n
EMC provides four chipselects from 0x80@Q®. Each chipselect has a fixed 16Mbyte
address range and a prograahe wait state geeration and can be programmed a84.6

or 32-bit wide bus. As well as allowing addital memory and peripheral devices to be
interfaced to the LPC22xx devigei$ is possible to bdothe chip from external FLASH
memory located on dp select zero.

External Memory | nterface

The External Merary Interface of te LPC22xx devices is siwn below.

— CS0
— CS3
— DO

— D31
— A0

— A23
— OE

— BLS0-3
— WE

The data bus uses p@1GPIO pins 2.0 — 2.31 and the addrbas usesdpt 3 GPIO pins 3.0

— 3.23. The reminder of port 3 is used for the Qiselects 1 — 3, the bytgle select pins and
the write emble $gnal. The reraining sigral Chipselect O and outpw@nable are on port 1.
The two boot pins are multiplest with the databus pis D26 and D27. Dependjnon the
state of these pins aéset, the LE22xx variants carboot frominternal FLASH or any
width of memory connected to Chipselect @aeiThe table below shows the states the pins
should be held in to boot from particular device. These dwpins are fitted with weak
internal pul up resigors which ensre thedevice will boa from intemal FLASH in its
default condition.

00 8 Bit

01 16 Bit

10 32 Bit

11 Internal FLASH
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The LPC22xx datasheet shows basic sdatiesfor the nost comnon memory interfacing
options. Hevever, we will congler a pratical exanple of intefacing exteral FLASH and
static RAM onto a 32-bit 1 The FIASH memory we will use is the AMD
AM29LV320DT. This is a 32 mgabit FLASH memory which can be arranged as 4M by 8
bits, a 2M by 16 bits. For the RAM we iWuse a K6F1616U6A with is a M by 16 bit
static RAM Both these deices are degned for lov power @plications and the
programning algorithm is supported by the ULINK JTAG interface. The ABRH is
connected to Chipselect 0 and the RAM @mected to Chipseled. The schenatic for
each Chipselect is shovbelow.

03100
I Il < A
[AZ3_AD)
Eo N AN
Contral
CHD, ~ :
17300 U301
A2 75 26 DO A
AT 0| 49 ol . T vt
Ad 13 27 D2 AL 13
: A2 D2 (2L : A2
AS 1 FEE S
A3 D3 32 A3
A6 7 pI»Y! %6
AT 70| M D4 2p A 0|
A7 20| M : £
/ A5 D5 A5
LT a7 D6 AT 1
41 a6 D8 [ o B
AY 2 2 D7 AY
Ao 1] A7 b7 55 % ATO 11 ] A7
AB D8 : 8
ATl 3B DU ALL_5
1 A9 Do : A9
Al 17 3: DIO Al2 17
AT 23| A0 D10 39— AZ 23 | A10
T Al D1 77~ VT —1 Al
AT 12 3 Dl VDD V3v3 AL 12
d A2 D12 z 120 a2
AlS 6 41D a AT 6
A3 D13 |4 A3 <Al
Alo 18 3% DI Al6 18 5
8 181 A1a D4 i & 18 1 a1 5
ATT_24 - o 42 DS . AT 24 et - 5
e Al DisiA (AR RA0N [ R30I e A1 5iA-
AT 8 o 10k 10k AT AT6 0
s e e A7 TWPIACG |
2151 aa NC 2 ) 151 mie e &
AT 27| aro AT 72| o
A2 21 AL 2
2 2o 20
O STiTE  RVEY |2 oF T loE TREVEY |2
WE 1] o WE_ o o
 /CSROST [hory vee |22 -~ ASHST ey vee 2 pvoD vave
10 | meme— 10 | e
R303 = RESET 1501, O | RESET
BNBITE oD [ iant BIBTE  onp |42
T0k GND X2 GND
TLVIODTI0WSMT GND TOVIIOTHWNMT GND
RESET
P17 1 g2

X2

137 default : open

Two of the 29LV320DT devices are arranged adbit&vide memories to give a 2M page of
32-bit wide FLASH nemory. The byte# pin isylled high o each device to enable the 16-
bit mode. The FLASH device is designed to d®oat sector device and consequently has an
option to protect the top and baticsectorsso that they carot be corrupted. This feature is
enabled by pulling the |WP/ACC milow. Sincewe do not want this feature, the pin is
pulled high allowing us to reprograamy seatr of the FLASH nemory. We are also not
using the Rady/Busy output, so this is alded high. The remining control signals reset,
Output enable (OE), Write Enigb(WE) and Chip Enable are connected directly to the
processn As the nemory is to be arrangedord-wide (32 bits) we need to be able to
address it every quad bytes, hence A0 and &lnat used. If it imecessary to adchore
memory onto this cipselect the 29v320 can be replaced with a XXX to give M4page

of word-wide memory. To access the full 18byte address range, a duplicate pair of
devices can be added and the chipselect gatedA®3 to provide a chipselect for each half
of the memory page.
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0x31000000

0x30800000

0x30000000

CS0 . A23
Four devices with 2 M x16-bit can be arranged as a linear
4M x 32-bit address space. The address line A23 and CS0
are used to decode between the two different banks.

CS0 . A23

The RAM is interfaced to the address bus minailar fashion using Chipselectl eept the
devices are 1 Mbyte in size a@ are using A2 to A21. Furthdevices can be apped in by
multiplexing A22 and A23 with th chipséct line. As this is a RAM déce andwe may
want to access it wordalfrword or byte wide we cansa the byte lare pins toallow access
to the upper and lowelytes in each device

[031..00] < <
[AZ5_AT] <
Control
N
U400 U401
A2 3 12 1o A2 a3 2 Dls
ECEE S A b AT a4 B0 7 b
A5 A s AT 5% B! [4a_DIF
EREE b 025 As 942 B2 5 pio
Al o] 24 04 29 D4 Ab 0 A D4 a D20
AT 15| 4% D5 AT 5] %4 5 Dol
W15 | D [ e AR 16| Do [36 D1
AD 52 | o o7 [42_D7 AT 22 | 2 o7 42D
ALD 44 28 D& 7 DY Al0 44 A8 D8 7 )
BLSO AT a5 | 43 R AT 45 ] 43 S I
TLBR AT 45 | 42 ohe 4D AL 45| A2 e 4D
ATy | Al D10 oo EXERT YA N D10 0o
Al 39 %6 D2 A4 30 76 Dv
ATS 40| 412 D12 b1 ATS a0 ] 412 D12 17—
1400 5 prs) ATe 33 413 D13 ——pxg ATe 33 413 D13 =g
[ : o A4 D14 : A A4 D14 -
£ PR AT 34 A8 Dz (37D AT 3z | it Dl [T Dol
ATE 2 2 - ATS 28 | 4> °
- AT 21 | 416 VDD_Vav3 AT 21 A18
AT 4 e VBAT A20 43 X
) A2l 38 | g _ mﬁ AZL 38 | ayg
Bk LLER 1 ne 402 HLER 1 | = ne -8
: ] oA . MLBR1 g
LUBR 8 | 2 HUBRE | o5
OF 2 oo |25 [ oF 2|38 \ 25y e
3 OF vce vecram o—OF 2 |5 vee VCCRAM
, WE 41 el WE A1 | o= A 7tc
13202 BLs = RES defaull: 142 W= IEs
B e CSROM1 | = g |19 CSRO | = 19
nn 1 T GND 12 T8 GhD -2
X cs2 GND 32 cs2 GND 52
GND GND
GFTGTGURAEFTO REFTGTGUGATETD
GHD &ND
RESET_|

Finally the boot pins B6 and D27must be pulled low if we wa to boot fromthe external

device.
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Using The External Bus Interface

Each chipselectds a fixed addressange ad has a dedicated busnéiguration register
BCFGO — BCFG3.The address rangeath chipselect is stvn below.

CSo 8000 0000 80FFF FFFF
CSt 8100 0000 81FFF FFFF
CS2 8200 0000 82FFF FFFF
CS3 8300 0000 83FFF FFFF

In our hardware example above we hawapped the FLASH onto chip select 0 at
0x80000000 and the ram onto chipselect 1x&1000000. Before we can use the external
memory we must setup the chipset configuration registers.

AT MW  BM WP WP ERR BUSS ERR WST2 RBLE WST1 IDCY
IDCY Controls the minimum number of idle cycles between read and write operations
WSTI Controls the length or read accesses

RBLE 0 for byte wide devices ( drives BLS signals high)
1 for 16/32 bit devices ( drives BLS signals low)

WST2  Controls the length of write accesses

WPERR  Set if software attempts to write to a memory bank

WP Write protect, once set write protects a bank
BM Enables memory bank as a Burst ROM
MW Detfines the width of the data bus

AT, BUSS ERR, ERR - Not used

Each of the chipselects in useishbe programmed with the corme paameters to match
external device connected on to it. In tase of the FLASH emory, it has a 90ns read
cycle so at 60MHz with a cycle temof 16 ns waneed 6 Cclk readvaitdates with one ile
cycle. The FLASH is accessed wexide, so RBLE is set to zero to dide the byte laning.

Each Chipselect may be configured
00 8 Bit with a buswidth of 8,16 or 32 bits
01 16 Bit
10 32 Bit
11 Reserved
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During nomal operation the FLASH will not be wrign to, so VBT2 is set to z®. Also, the
write protect nay be set to eect acciéntal writes to the FLASH bank, but during
developnent it may be wise to set it to zerand disable write protédn case it interferes
with the FLASH programming algorithnof the UUNK. Finally the b width isset to 32
bits. This gives a configurain value for Chipselect zero of 0x20000060.

In the cas of the RAM it has a 7@nread andvrite time. Consequently at 60MHz the read
and write waitstate (\WT1 and WST2) should betde 5 Cclk cycles with IDCY set to one

cycle. As the RAM is a byte-pditioned device, the byte lanmntrol must be enabled by

setting RBLE to one. And again the bus widtlist be set to 32 bits. This gives us a
chipselect configuration value of 0x20001440.

These values can be daured withthegraphical editor in the Keil startup code.

[ Stack Configuration (Stack Sizes in Bytes)

- PLL Setup

- MAM Setup

E| External Memory Controller (EMC)
- Bank Configuration 0 (BCFE0)

- IDiCY Idle Cwcles

- ST L Waik Skates 1

- ASTZ: Waik Skakes 2

-.RBLE: Read Bvte Lane Enable

- WP Write Protect

- BM: Bursk ROM

My Memory Widkh

[=]- Bank Configuration 1 (BCFG1)

- IDCY: Idle Cycles

- WSTL Wait States 1

- WSTZ Wait States 2

-.RBLE: Read Byte Lane Enable

- WP Write Prokect

-~ BM: Bursk ROM

MY Memory Width

- Bank Configuration 2 (ECFGE)

(- Bank Configuration 3 (BCFGE3)

I I R R U < A B B RE B Y

Booting From ROM

By default the LPC22xx devicesilivboot from their internal FLASH ramory and can
access the externalemory once the chipselectse configured. However, if ¢ghextermal
bootpins are pulled low, the chip will boot froexternal merory. In this case Chipselect
zero will be enabled in the bus width seledbydhe boot pins. Its waitstate paretsrs will
default to 34 Cclk cycles or WST1 and W5T2 and 16 Cclk cycles for the IDCY. This
ensures that the accesson Chipselect zerwill be slov enough ¢ interface with any
exterral device. When bootingfrom an exteral devie is selected the value in the
MEMMAP register will be set t&@x3 (boot fromexternal FLASH)and the first 64 bytes of
external nemory on Chipselect O W appearat Zero. This raans tht you nust build your
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code so that the interrupt vector table ahd constants table are located freddress
0x80000000. In practice thiseans changing éhstart address to 0x80000000 instead of
0x0000000. In the Keil startup code this is donebyassembler directiveyhich is used to
relocte the CODE_BASE segmtcontaining the vector table.

$IF (EXTERNAL_MODE)

CODE_BASE  EQU  0x80000000
$ELSE

CODE_BASE ~ EQU  0x00000000
$ENDIF

AREA STARTUPCODE, CODE, AT CODE_BASE // READONLY, ALIGN=4
PUBLIC__ startup

The define EXTERNAL_MODE isleclaed inthe asenbler local ogions nenu as shown
below:

Propertiss  Asm |

— Conditional assembly contral Symbaols

- E<TERNAL MODE

Reset: I

— Macro processor
¥ Standard W Caze senzilive sumbals

Include I g
Paths
Misc I
Cantrals

Agzembler |SET [EXTERMAL_MODE) DEEUG PRINTL \phytStartup.lxt] EF
control
zlring

L Lo

Once we have our prograready to run fromexternal FLASH, theras a slight chicken and
egg situation. In order to bable to progranthe exteral FLASH the chipselect must be
configured, but to do this weust have ode running on the chip. One solution would be to
place a cohguration pogram into the on-clp FLASH, boot fromthis and use it to
configure the chipselects. However, somPC variantsare available withduon-chip
FLASH. Fatunately the ULINK JTAG can run aciipt file to setyp the clpselects as
required and then program the externahmary.

In addition it is possible to use the on-cRipASH in conjunction with the external FLASH
on chipselect 0. In this case you caekebest use of the on chip flash by placing your
interrupt furctions in it. Since these will beoded in the ARI instructian set you will want
themto run as fast as possible. However youst be careful when locating code into the
on-chip FLASH. If you arebootingfrom externalFLASH, the interapt vectortade will be
mapped into the first 64 bytes of internabmory. This means that younust locate any on-
chip code fromocation 0x00000040 upwardanything located below K00000040 will be
programned into the EASH mamory but wil be mapped out during norrd program
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operation. As a result your coaall crash, probably in quita spectacular fashion. In the
Keil compiler this can ke achiewed by resening the vector table bytes as shown below

Options for Target ‘Simulator LPC229x°

Dewce] Targel1 Dutpul1 Lisling] C ] Asm ] L& Mise LA Locate ]Debug] Ulililias]

¥ Use Memory Layout from T arget Dialog The RESERVE command

makes sure the first 64
bytes of on chip flash are

Reserve |Ox0-0x3F

C [DATA [0%40000000-040003FFF, 0E1000000-0xa11 FFEFF], unused, allowing the
classes |CODE [0+80000000-0+803FFFFF], CONS T (0+80000000-04803FFFFF) external vector table to be
mapped in. The user
User segments table allows

classes

specific routines to be
mapped on chip

Uszer {7PR7°?T Blinky (0240]
Segments

Linker 170 " vSimiHell”
control |PRINT(" \SimiHello.map"] CASE
gtring

)8 Cancel Defaults Help

Exercise 9: External Bus Interface
This exercise shows the necessary changes to the project we set up in exercise 1 so
that it will boot and run from external memory.

Phase Locked Loop

The Phase Locked Loop is used to takeeaternal oscillator freuency frombetween 10
MHz — 25MHz from a fundaemtal crystal andanultiply this frequency up to a aximum of
60MHz to provide the on-chip clocks for tR&RM7 CPU and peripherals. This allows the
LPC2000 to run at its aximum frequency witha low value external oscillator, thus
minimising the EMC emssions of the LPCZID. The PLL output frequency can also be
changed dynamally, allowing the device to thrdéét back its execution speed in order to
conserve power when it is idling.

10MHz — 25 MHz
> 10MHz - 60 MHz
P L L —@ The PLL is used to

CCLK multiply the external
crystal frequency up to
the maximum 60 MHz. It
is controlled by the
constants M and P

XM =P
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Within the PLL are tw constats which nust be proggmmed in order to etermine the
clock for the CPU and AHB. This clock isalled Cclk. The first constant is a
straghtforward multiplier of the external crytal. The outputrequency otthe PLL is give
b

Y Cclk =M x Osc

In the feedback path of the_Pis a current-controlled oscillat which must operate in the
range 156MHz — 320 MHz.. The second constgis as a programmable divider which
ensuregha the CCO is kept ispedfication. The operating frequency of the CCO is defined
as

Fcco=Cclkx2x P

On our deelopment board thre is a 12MHz oscillatorosto reachthe maximum CPU
frequency of 60MHz

M = Cclk/Osc = 60/12 = 5
And then for P

156< Fcco <320 =60x2x P

By inspection, P =2

The programming interface for the PLL is shown below.

PLL Register

e
The PLL control registers can be
programmed at any time but the new values

“*I:] will not take effect until a correct feed
sequence has been written to PLL FEED

PLLSTAT A .| |

1

PLL
FEED

The values written to thuser SFRare no trarsferred tothe intern& PLL registersuntil a
feed sequence is written to the PLL feedister. Once you have updated the PLLCON and
PLLCFG registers, you must wri@000000AA followed by 0x00000055 (the PLLFEED
regider). These values must be written amsecutive cycles. If you progratine PLL with
interrupts embled, it isconceivdle that annterrupt cold occu after the first word of the
sequence is written and the new PLL setiwguld not becme effective To set up the PLL
you must write the values foP and M to the BELCFG regiser. Then, using theLRCON
regider, the PLL is endbd. This stets up thePLL but thee is a fnite gartup tine bebre it

is stable enough to be used as the Cclkcuihe startup of the PLL can beomitored by
reading the LOCK bit in thelR. STATUS register. Once the lodkt is set, the PL can be
used as th main clock source. Alternativelan interrupt can be gerated when the PLL
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locks, so that you can carry out other taskdemine PLL starts. Once the PLL has locked as
a stalke clock source, it can répce the extemah oscillaor as the sawe for Cclk. This is
done via the PLLC bit in the PLLCON register.

The PLL setup sequence is performed by the Keil compiler startup code
and you just need to provide values for M and P. An interrupt is also
generated when the PLL locks. This can be used to replace the polling of
the lock bit to achieve maximum startup performance.

Has
PLL
Locked

Care should be taken with the values stdoedhe constants in the PLLCFG register. The
values witten to the rgista for the consarts are P-1 andV-1, which ensures that the
values of P and M in the PLL are never zektso the value for M is 5 bits long, so the
value for P is not on an even nibble bound#ryou make asimple mistake setting up the
PLL the whole chip ray be running out ofpecification. If the dip enters power down
mode, the PLL is switched off and disconnected. A wpk&om power down does not
restae the PLL so the sm startup sequenceust be follaved each tira the chip exits the
power down setting.

VLSI Peripheral Bus Divider

The extend oscillaor or the outpu of the PLLis usedas tle souce for the Cclk which is
the clock sarce for the ARM7 CPU and the AHBus. The peripherals are on the separate
VPB bus.

10 Mhz - 80 Mhz Processor clock
> CoLK The Output from the PLL is called

Cclk and provides the clock for the
CPU and AHB bus. The VLSI bus
clock is called Pclk and is derived
from Cclk by the VPB divider.

Fosc
10 Mhz -25 Mhz

Processor clock
PCLK
2.5- 60 Mhz
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The clock on the VPB bus is called Pclk. Tlisck is derived fom Cclk va the VPB
bridge. The VPB bridge contairssdivider which can divide down the Cclk by a factor of
1,2 or 4. The VPB divider register can be psogmed by your application at any gmAt

reset it is set to the amimum vdue of four, so the Pclk is running at a quarter of the Cclk
value at startup. Currently ahe peripherals on the LPC2000 detives can run at the full
60MHz, so the VPB divider is principally used for power-saving by running the VPB clock
at the slowest speed acceptable for your application.

Example Code: PLL And VPB Configuration

The code below deamdrates how to condjure the PLL to give 60MHz Cclk and 30 MHz
Pclk with an external crystal of 12MHz.

void init_PLL(void)
{

PLLCFG = 0x00000024; /I Set multiplier and divider of PLL to
/I give 60.00 MHz
PLLCON = 0x00000001; /l Enable the PLL
PLLFEED = 0xO000000AA; // Update PLL registers with feed sequence
PLLFEED = 0x00000055;
while (/(PLLSTAT & 0x00000400)); Il test Lock bit
PLLCON = 0x00000003; /I Connect the PLL
PLLFEED = 0xO000000AA; //Update PLL registers

PLLFEED = 0x00000055;

VPBDIV = 0x00000002; //Set the VLSI peripheral bus to 30.000MHz

Exercise 10: Phase Locked Loo p
In this exercise we configure the PLL to generate a Cclk of 60MHz and a Pclk of
30MHz

63



Introduction to the LPC2000 3 — System Peripherals

Power Control

Power consumtion on all ( well-designed) imrocntrdlers is a diret relationship with the
number of gates and the switching speede T C2000 is no exception, The giiity and
low gate count of the ARM7 ce contributes to itbow power consurption. Intelligent use
of the PLL and VPB divider canontribute to rducing the runtira switching speed. In
addition, the LPC2000 has additional dedicaieder control features. The ARM7 CPU has
two power down rades controlled by the fir$ivo bits of the PCON register. The CPUyma
be placednto Idle node where th CPU is hited, but tle peripheralsare s$ill operational.
Any interrupt froma peipheral will wakeup the CPU and processing will reseim

Arm 7 TDOMI

Ext Int l:]—
Idle mode stops the clock to the CPU but
Timer 0 I:I— | —|:| SPI the peripherals are still running and any

interrupt will restart the CPU.
Timer 1 :| 1 :| UART O
a0 [ ] ‘ [ ] uars
pwmo[__ |—4—  |Watchdog i
PCON | [ [T
RTC 1 System Control
Pin Connect Block l:] )\ l.—(\-

64



Introduction to the LPC2000 3 — System Peripherals

The ARM7 can alsodplacedinto a power down wde which halts &th the CPU and the
peripherals. In this nde only areset or an interrugienerated by the external interrupt pins
will cause the chip to wake up. In power domode the oscillatois shut down. All the
internal states of the processoristgrs andn-chip SRAM are preserved, as are the static
logic levels on the I/O pins. On wake up frggower down the clock source is the external
oscillator and the PLL must be reconfigured.

Arm 7 TOMI
o

Ext Int - — 12C
:I i :I Power down mode halts the processor and the
peripheral clocks. The external interrupts can be

Timer 0 used to restart the processor and peripherals.

Walchdog

System Control

PCON

[[]]

] -
B

ap10 [T aers
/B

e ] ]

Pin Connect Block [

The LPC2000 has an internal walge timer which ensures the exial oscillator is stable
and the on chip emory and peripherals haveiiialised kefore the PU starts toexecute
instructions. Fromwake up theostillator will start to reonate. Wien its cyclesbecone
strong enough to drive the chip, the wake upetimvill count 4096 cycles before initialising
the FLASH nemory and resurmg programexecution. This ensures theimmum restart
delay after a power down or iphreset.It is dso posible to power down an individual
peripheral if it is not being esl via its power control bin the PCONP register. A Ve
peripherals cannot be powered down: thesethe Vétchdog, GPIO, mi connect block and
the systemcontrol block. Yourcode can optiise the corfjuration of the LPC2000 for
minimum power consumption for a given digption. Sone unofficial power consumtion
figures are given below.

LPC2106 @60MHz 30mMA
Powerdown 10-15uA

LPC2129 @60MHz 55mA
@60MHz VPBDIV =4 40mA

During developrent it islikely you will be usig a JTAG developent tool connected to ¢h
ARM?7 via a dedicated serial link. If you plattee CPU into Idle or Poev Down mode no
further debgging will be possible uatil the CPU is woken up.
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LPC2000 Interrupt System

In the C code sectionve saw how to dealith ARM7 exceptions for an undefined
instruction, a nemory abort and a SW instruction. In this section we will look at the
remaining two exception sourceshe GeneraPurpose Iterrupt (IRQ) and Fasinterrug
(FIQ). Theg two exceptions aresed to hande dl the interrug souces exermal to the
ARM7 CPU. In the case of the LRCOO these &rthe user peripherals. In order to ekaan
the LPC interrupt structure, we need a @eninterrug souce. For tis we can ee the
exterral interrupt pirs which are tle easiesperipheral to cofigure and EINT1 is connected
to a switch on the develomnt board which alls us to tigger an iterrupt at will and
observe the results with the debugger.

Pin Connect Block

All of the 1/0 pins on the LPC2000 are connectech number of intmal functions via a
multiplexer called the pin selectidck. The pin skect block allows a ugeto confgure a pin
as GPIO or select up to three other functions.

Pinsel 0
I 0
GP10 =t
The Pinselect module allows each 1/O pin to be
TXD . Bo=0 multiplexed between one of four peripherals
PWM 1
Reserved

On reset all the 1/0 pins are configured @RIO. The secondary functions are selected
through the PINSEL registers. @tEINT1 interrupt line sharethe sare I/O pin as GPIO
0.14 and a UART1 control line. So, in orderuge EINT1 we mast confgure the pin seldc
register to switch fronthe GPIO function to EINT1.

External Interrupt Pins

The exteral interrugs are cotrolled by thefour registers shown below. The EXMODE
regider can seldcwhetter the interupt is levé or edge engtive. If an eternd interrupt is
configured as edge sensitive, the EXPOL regist used to qualf whether the inteupt is
triggered onthe risng or falling edg. In theca® of level-sensitig triggering, the exernal
interrupts can only trigger on a logic zero levélthe power down mde is being used, the
EXWAKE register can enable an intertufp wake up the CPU. So to set up a @en
interrupt source progranconfigure the ENTL1 interrupt to be levé sensitive and then
connect it to the processompiia the pinselO register.

66



Introduction to the LPC2000 3 — System Peripherals

The external interrupt pins are an easy to

Power ) A .
D configure interrupt source when first
Control experimenting with the LPC2000 interrupt
structure
EXTWAKE

—I_I— [ VIC

[ ]
PINSEL —

Interrupt Structure

The ARM7 CPU has two externaterrupt lines for the fast inteupt request (FIQ) and
general purpose interrupt IRQ requesidas. Asa generalisation, in an ARM7 system there
should only be one intarpt source which generates an Rif@errupt so that the processor
can enter this wde and start pcesing the inerrupt as fast as possible. Thigans that all
the other interrupt sourcesust be connected tine IRQ interupt. In a sSmple system they
could be connected thugh a large OR gate. This wouldean that when an interrupt was
asserted th CPU would have to elgk each gipheral in ader to dtermne the source of
the interrupt. This could take amy cycles.Clearly a more sophisticated approach is
required. In order to handle the external inipts efficiently an on-chip module called the
Vector Interrupt Controér (VIC) has been added.

ARM7 TDMI
The VIC provides additional hardware support for
‘he on-chip peripheral interrupts. Without the VIC
he interrupt response time would be very slow.
A
AHB nFiQ nIRQ

Vector Interrupt Controller

114

The VIC is a corponent from the ARM prim cell range of modules and as such is a highly
optimised irterrug cortroller. The VIC is used to handldl ahe on-clip interrupt sarces

from periplerals.Each of the on-ap interrupt sources is connected the VIC on a fixed
channel: your application softn&can connect each of thedennels to the CPU interrupt
lines (HQ, IRQ) in one of three ways. The VIC allows each interrupt to be handled as an
FIQ interrupt, a vectored IRQ interrupt, ar non vectored IRQ interrupt. The interrupt
response tim varies betweetthese three handlingatihods. FQ is the fastest followed by
vectored IR) with nonvectaed IRQ being th slowes We will look at eachor these
interrupt handling rethods in turn.
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nFiQ

——€—FQ T The VIC provides three levels of interrupt
¢ —'L' service and on chip interrupt sources
ARM?7 TDMI HRQ VIC ——<—Vectored |go‘w may be allocated into each group

——<——Non Vectored IRQ Vg

FIQ interrupt

Any interrupt source my be assigned as the@interupt. The VIC intarupt select register
has a unique bit for each interrupt. Setting tiitsconnects the selected channel to the FIQ
interrupt. Inan ideal symwe will only have one FIQ inteupt. However setting multip
bits in the Interrup Sdect Regsterwill enade multiple FIQ interrupt sourceslf this is the
case, onentry the iterrupt source can bdetermined by exarming the VIC FIQ Status
register and the appropriate code executddarly having several FIQ sources stoantry
into the ISRcode. Once you hawelected an FIQ source the imtgt can be enabled in the
VIC interrupt enalte registe. As well as coniguring the VIC, the pépheral generating the
interrupt nust be configured and its own intept regsters enabledOnce an K interrug

is generated, the processor will charigeFIQ mode and vector to 0x0000001C, the FIQ
vector. You nust place a jum to your ISR rotine at this location irorder to serve the
interrupt.

Leaving An FIQ Interrupt

As we have seen, dedlag a C finction as an FIQ interrupt will &ke the comiler use the
correct return instructions to reseraxecutionof the background coda the point at which
it was interrupted. However, before you exie ttBR code you mst make sure that any
interrupt status flags in thperipheral have been cleared.this is not done you will get
continuous interrupts until the flag cleared. Again, be carefals to clear théag you will
have to write a logic 1 not a logic O.

At the end of an interrupt the interrupt status flag must
Clear — |Peripheral Interrupt Register be cleared . Failure to do this will result in continuous
interrupts
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Example Program: FIQ Interrupt
This function sets up the extailrinterrupt as an FIQ inteupt then sits in a loop.

void main (void)

IODIR1= OxO0FFO000; //Setthe LED pins as outputs
PINSELO = 0x20000000; //Select the EINT1 function in the pin connect block

VICIntSelect =0x00008000; //Enable a Vic Channel as FIQ
VICIntEnable = 0x00008000; //Enable the EINT1 interrupt in the VIC
IOCLR1= 0x00FF0000; /I Clear the LED's

while(1); /ILoop here forever

}

In the $artup code the K interupt routire must be added to the vector table. The address
of the FIQ interruproutine is sufixed with ?A to denote the routine as an ARM ( 32 Bit
instruction st) routine.

EXTERN CODE32 (figint?A)
__startup PROC CODE32

Vectors: LDR PC,=Reset_Addr
LDR PC,Undef_ Addr
LDR PC,SWI_Addr
LDR PC,PAbt_Addr
LDR PC,DAbt_Addr

NOP /* Reserved
Vector */

LDR PC,[PC, #-0xOFFO0]

LDR PC,FIQ_Addr //Load the address of the FIQ

routine into thePC from the constants table

Reset_ Addr: DD  Reset_Handler
Undef_Addr: DD  Undef_Handler
SWI_Addr: DD  SWI_Handler
PAbt_Addr: DD  PAbt_Handler
DAbt_Addr: DD  DAbt_Handler

DD O /* Reserved Address */
IRQ_Addr: DD IRQ_Handler
FIQ_Addr: DD  figint?A /l The address of the FIQ routine is

stored here

When the INT1 button is pressedon the MCB2100 the FIQ interrupt is generated andthe code will
vector to the figint routine. The routine is declared as an interrupt rautine by using the __fiq language
extension. Befare exiting the ISR the peripheral flag is cleared.

void figint (void) _ fiq
{
IOSET1 = 0xO0FF0000; /ISet the LED pins
EXTINT = 0x00000002; /IClear the peripheral interrupt flag

Exercise 11: FIQ interrupt
This exercise sets up the VIC to respond to  an external interrupt line as a

FIQ exception
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Vectored IRQ

If we have one inteupt source dfined as an FIQ intaupt all the emaining interrup
sources mast be connected to the ramng IRQ line. © ensure dicient and tinely
processing of these interrupts, the VIGwydes a programmable hardware lookup table
which delivers the address tife Cfunction to run for a gien interrupt source.he VIC
contains 16 slots for vectored addressing. Eashcsintains a vectaxddress register and a
vector control register.

For a Vectored IRQ the VIC provides a hardware lookup
table for the address of each ISR. The interrupt priority
of each peripheral may also be controlled.

The Vector Control Register contains two digl a clanrel field and an enale bit. By
programning the chand field, any interrupt clannel nay be connected to any given slot
and then activatedsingthe embe bit. The piority of a vectoed irterrupt is gven by its
slot nunber, the lower the slot numar, the nore important the interrupt.

Each vector address “slot” may be assigned
to any peripheral interrupt channel: the
lower the number of the vector address the
higher its priority

The other register in the VIC slot is the Vecfaldress Register. As its nasuggsts, this
regider must be initialied with the addresef the appropriate C function to run when the
interrupt associated with the slot occurs. Iagtice, when a vectoradterrupt is generate
the interrup channel is routed to a specifiosland the address of the ISR in the slot’s
Vector Address Redier is loaed irnto a newregister called the Vectorddlress Register. So
whenever arinterrug configured asa vectorednterru is generded, the addess ofit's ISR
will be loaded into aifxed memory locdion called the Vecto Address Registe
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When an interrupt occurs the vector
address slot associated with the interrupt
channel will transfer its contents to the
vector address register.

While this is happeningn the VIC unit, the ARI7 CPU is going throgh its nornal entry
into the IRQ mode and will vectothe 0x0000018the IRQ interrup vecta. In order to
enterthe appropriae ISR, the addess inthe VIC Vector Address Regter nust be loaded
into the PC. The assdily instruction shown below does this in a single cycle.

LDA PC,[PC,#-0xFFO]

As we are on the IRQ we know the adsiras 0x00000018 + 8 (fohe pipeline). If we
deduct OxFB from this, it wraps the addressura the topof the 32bit address space and
loads the contents of address OxFFFBEF(the Vector Address Register.)

When an IRQ exception occurs the CPU
executes the instruction LDA PC[PC,#-0xFF0]
which loads the contents of the vector address
register into the PC forcing a jump to the ISR
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Leaving An IRQ Interrupt

As in the FIQ interrupt, you uost ensure thathe interrupt status flags are cleared in the
peripheral vhich generated the request. In dduhi, at the end of the interrupt yowshdo a
dumny write to the Vector Address Register. Thignals the end of éhintarupt to the VIC
and any pending IRQ interrupt will be asserted.

At the end of a vectored IRQ interrupt you must
make a dummy write to the Vector Address
Register in addition to clearing the peripheral flag
to clear the interrupt.

Example Program: IRQ interrupt

This exanple isa repeat othe HQ exanple but deronstrateshow toset up the VIC for a
vectored IR) interru.

The vector table should contdime instruction taead tle VIC vector adoess as follws:

Vectors: LDR PC,Reset_Addr

LDR PC,Undef_Addr

LDR PC,SWI_Addr

LDR PC,PAbt_Addr

LDR PC,DAbt_Addr

NOP

LDR PC,[PC, #-0x0FFQ] /* Vector from
VicVectAddr */

LDR PC,FIQ_Addr

The C routires to enale the VIC andsever the interrupt are shown below:

void main (void)

{
IODIR1 = 0x000FFO000; //Set the LED pins as outputs
PINSELO = 0x20000000; /[Enable the EXTINT1 interrupt
VICVectCntl0 = 0x0000002F; /Iselect a priority slot for a
/I given interrupt
VICVectAddr0 = (unsigned)EXTINTVectoredIRQ; /lpass the address
/I of the IRQ into
/ the VIC slot
VICIntEnable = 0x00008000; //enable interrupt
while(1);
}
void EXTINTVectoredIRQ (void) __irq
{
IOSET1= 0x000FFO000; //Set the LED pins
EXTINT = 0x00000002; /IClear the peripheral interrupt flag

VICVectAddr = 0x00000000; //Dummy write to signal end
/lof interrupt

72



Introduction to the LPC2000 3 — System Peripherals

Exercise 1 2: Vectored interrupt
This exercise uses the same interrupt source as in exercise 11 but this time
the VIC is configured to respond to it as a vectored IRQ exception.

Non-Vectored Interrupts

The VIC is capable of handlint6 peripherals as vectored imgpts aml at least oa as an

FIQ interupt. If there are rore than 17 inteupt source on the chipany extra interruis

can be serviced as non-vectoretkrrupts. The non-vectoredt@rrupt sources are served by

a single ISRThe addres of this ISR ist®redin an additional vectoaddess regster called

the default ector addess register. If an inteupt is enabled in the VIC and is not configured
as an FIQ ndoes nbhave a vecteed interrup slot assomted with it,then it will act asa
non-vectored interrupt. When suah interrupt is asserted the address in the default vector
address is loaded into the vector addressstery causg the process to junp to this
routine. On entry the CPU umt read the IRQ status rstgr to see which of the non-
vectored interrupt sourcé®ms generated the exception.

The non-vectored interrupt has one
vector address slot that will jump all
non-vectored interrupt sources to one
default ISR

Leaving A Non-Vectored IRQ Interrupt

As with the vectored IRQ interrupt, yowst clearthe peripheral flag and write to the vector
address register.

Example Program: Nan-Vectored Interrupt

void main (void)

{

IODIR1=  0xO000FF00O0; /ISet the LED pins as outputs
PINSELO = 0x20000000; /[Enable the EXTINTO interrupt
VICDefVectAddr = (unsigned)NonVectoredIRQ; /Ipass the address of the IRQ
/linto the VIC slot

VICIntEnable = 0x8000; /[Enable EXTINTO in the VIC
while(1);

}

Vectors: LDR PC,Reset_Addr

LDR PC,Undef_Addr
LDR PC,SWI_Addr
LDR PC,PAbt_Addr
LDR PC,DAbt_Addr
NOP
LDR PC,[PC, #-0x0FFOQ] * Vector from VicVectAddr */
LDR PC,FIQ_Addr
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void NonVectoredIRQ (void) __irg

{

if(VICIRQStatus&0x00008000) /[Test for the interrupt source
IOSET1 = 0xO0FF0000; //Set the LED pins
EXTINT = 0x00000002; /IClear the peripheral interrupt flag
update++;

}

VICVectAddr = 0x00000000; //Dummy write to signal end of interrupt

}

Exercise 1 3 : Non Vectored Inte rrupt

This final exercise with the VIC demonstrates how to handle a non-vectored
interrupt. It is included for completeness since this mode will not normally be
reauired.

Within the VIC it is possibledr the appli@ation sotware to generatenainterupt on any
given channel through the VIC seftre interruptregisters. These registers are nothing to do
with the sofware irterrupt ingruction (SW), but allow interrupt soures to be teted eitter

for power-on testing orof simulation during developent.

It is possible to simulate an
interrupt source via the software
interrupt set and clear registers in
the VIC

In addition the VIC has a pmtted node which preventsng of the VIC registers from
being accesed in USER mde. f the applicatbn code wishes to aceethe VIC, it has to
enter a privileged wde. This can be in aRIQ or IRQ nterrupt, or by running a SW
instruction.

Typical latencies for interrupt sources using MIC are shown below. In the case of the
non-vectored interrupts use the latency for teetored interrupt plus the tertaken to read
the IRQstatus register anéade which routine to run.

FIQ

Interrupt Sync

+ Worst Case Instructioexecution

+ Entry to frst Instruction

= FIQ Latency = 12 cycles = 200 nS @ 60MHz
IRQ

Interrupt sync

+ worst cae instriction execution

+ Entry to frst instruction

+ Nesting

= IRQ Latency = 25 cycles = 416nS @ 60MHz
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Nested Interrupts

The interrupt structure within the ARMTPU and the VIC does not support nested
interrupts. If your appliation requires interrupts to be aliteinterrupt ISRs then you ust
provide support for this in saflare. Fortunately this is easy do with a couple of acros.
Before discussing how nested interrupts watkis important to reramber that the IRQ
interrupt is disabled when the ARM7 CPUperds to an external interrupt. Also, on entry
to a C function thatds been declared as HRQ interupt rouine, the LR isr is pushed onto
the stack.

Two macros can be used
to allow nested interrupt
processing in the
LPC2000 for a very small
code and time overhead

Once the mcesso has entered the IRQ intept routine, we need to execute a few
instructions to enable nested interrupt harglliFirst of all the SPSR_irqust be preserved
by placing it on the stack. Thislals us to retore the CPSR correctiwhen we raurn to
user node. Next we mast enable the IRQ intenpti to allow rther interrupts and switch to
the systemmode (rerember system wde isuser node but the MSR and MRS instructions
work). In systemmode he new linkregiger must againbe presersd because it ray have
values which are being used by the backgrouseér(aode) code so this register is pushed
onto the systerstack ( also the user stack). Once this is done we can run thed8Raed
then execute a second macro that reverseptbess. The secondacgro restores the state
of the link register, Disables the IRQ intgutsl and switches bacto IRQ node finally
restores the SPSR_irqg and then the interogot be ended. The two macros that penfo
these operations are shown below.

#define IENABLE /* Nested Interrupts Entry */
_asm{MRS LR,SPSR } /[*CopySPSR_irqtoLR *
__asm{STMFD SP!,{LR} } /*Save SPSR_irq */
__asm{MSR CPSR_c, #0x1F} /* Enable IRQ (Sys Mode) */
__asm{STMFD SP!,{LR} } /*SavelR */

#define IDISABLE /* Nested Interrupts Exit */
__asm{LDMFD SP!,{LR} } /*Restore LR */
__asm{MSR CPSR_c, #0x92} /* Disable IRQ (IRQ Mode) */
__asm{LDMFD SP!,{LR} } /*Restore SPSR_irgqtoLR */
_asm{MSR SPSR_cxsf,LR} /*CopyLRtoSPSR_irq */
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The totd code overheads 8 instrutions a 32 Bytes for ARM codand execution of both
macros takes a total &30 nSec. fis schema allows anyinterrupt to interrupt any other
interrupt. If you need to priorge interrupt nestinthen the racros would need to block low
priority interrupts by disding the lover prioiity interrupt souces in the VC.

Exercise 1 4: Nested Interrupts

OK, one last interrupt exercise. This exercise demonstrates setting a timer to
generate a regular periodic interrupt which must run. It also configures an
interrupt which is triggered by Eintl. The external interrupt uses the above
technique to allow the timer interrupt to run even if the external interrupt
routine is active.

Summary

This is the most imortant chapter in this bods it describes the system architecture of the
LPC2000 fanily. You must be familiar with all théopics in this chaptein order to be able

to successfully configure ¢hLPC2000 for its begterformance and to avoid emy of the
common pitfalls which trap peoplenew to this farly of devices.
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Chapter 4: User Peripherals

Outline

This chaper pregnts each othe user peripgralsin tum. The examples show how to
configure ad operate each peripral. Once yowre faniiar with how the periphrals work
the exarple code can be used as bHasis br a st of low-level drivers.

General Purpose 1/0

On reset the pin connect block configurestladl peripheral pins tbe general purpose 1/0
(GPIO) input pins. The GPIO pins are cofigd by four registers, as shown below.

Each GPIO pin is controlled by a bit in each of the four
GPIO registers. These bits are data direction, set and clear
and pin status.

The IODIR pin allows each pito be individually configureds an input (0) or an output
(2). If the pin is an output the IOSET anddCR registers allow you to control the state of
the pin. Witing a ‘1’ to theseregisters will set or cleahe corresponding pin. Resmber
you write a ‘1’ to the I@LR regiser to clear a pin not a ‘0'The state othe GPIO pin can
be read at any timmby reading tb contents of # IOPIN regster. A sinple program to flash
the LED on the evaluation board is shown below.

int main(void)

{

unsigned int delay;

unsigned int flasher = 0x00010000; /I define locals

IODIR1 = 0x00FF0000; /I set all ports to output

while(1)

{
for(delay = 0;delay<0x10000;delay++) /Isimple delay loop
{
IOCLR1 = ~flasher; /lclear output pins
IOSETL1 = flasher; /Iset the state of the ports
flasher = flasher <<1; /Ishift the active led
if(flasher&0x01000000) flasher = 0x00010000; /lincrement flasher

/lled and test for
} /loverflow
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Exercise 15: GPIO
This simple exercise demonstrates using the GPIO as an LED chaser program.

General Purpose Tmers

The LPC2000 have a numer of generalpurpose timers. The exact nuber wil vary
depending on the variant, bueth ae at leat two timers. All of the generd purpacse tinmers
are idetical in strudure but vary slightly inthe nunber of features supported. The &m
are based around a 32-bit antounter with a 3it prescaler. The clock sourcer fall of
the timers is the VLSI peripheral clock PCLK

The two timers and the PWM module
have the same basic timer structure. A
32-bit timer counter with a 32-bit
prescaler

The tick rate of the tier is conrolled by the value ®redin the pesaler regiger. The
prescée cownter will increment on each tick oPclk until it reaches tvalue stord in the
prescaler register. ¥én it hits the prescalgalue the tiner counter is incremnted by one
and the presale couter resetgo zero and starts countingaag. The Tiner control register
contains only two bits uch are used to efle/disable the tier and reset its count.

In addition to the basic counter eacheirhas up to four capture channels. The capture
channels allow you to capture the value @ timer counter when an input signabkes a
transition.

Each capture channel has a capture
pin. This pin can trigger a capture
event on a rising or falling edge. When
an event occurs the value in the timer
counter is latched into an associated
capture register

Each capture channel has an associated cgmtumhich can be enabled via the pin connect
block. The Capture control regestcan configure if a rising delling edge, or both, on this
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pin will trigger a cafure event. When the cajure evern ocaurs, the carent valee in the tiner

counter will be transferred intthe associated capture regiséed if necessary an interrupt

can be generated. The code below destrateshow to cofigure a cafure channel. This
exanple sets up a capture event on a rising edge on pin 0.2 (Capture 0.0) and generates an
interrupt.

int main(void)

VPBDIV = 0x00000002; /ISet pclk to 30 MHz
PINSELO = 0x00000020; //Enable pin 0.2 as capture channelO
TOPR = 0x00007530; //Load prescaler for 1 Msec tick
TOTCR = 0x00000002; /IReset counter and prescaler
TOCCR = 0x00000005; /ICapture on rising edge of channel0
TOTCR = 0x00000001; /lenable timer
VICVectAddr4 = (unsigned)TOisr; //Set the timer ISR vector address
VICVectCntl4 = 0x00000024; //Set channel
VICIntEnable = 0x00000010; /[Enable the interrupt
while(1);
}
void TOisr (void) _irq
{
static int value;
value = TOCRO; / read the capture value
TOIR |= 0x00000001; /IClear match O interrupt
VICVectAddr = 0x00000000; /IDummy write to signal end of interrupt

Exercise 16: Timer C apture.
This exercise configures a general purpose timer with a capture event to
measure the width of a pulse applied to a capture pin.

Each tiner also has up to four &ch channks. Each natch channel & a natch regiser
which stores a 32-bit number. The current valtithe timer counter is copared against the
match register. \ilen the vales naich anewert is triggered. This event cgmerfam an
actionto the timer (reset, dop or gener irterrupt) andalso affectan external pin €,
clear,toggle).

When the timer counter equals
the value stored in the match
register it can trigger a timer
event and also affect an external
match pin

To configure the tirar for a natch event, ladthe natch register with the desired value. The
internal match event can now beonfiguredthrough the Match Control Register. In this
register each channel has a group of bits Wwhken be sedto enalke the following actiors
on a naich event. generate a t@n interrupt resé the tinmer or stg the tinmer. Any
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combination of these events ay be enabld. In addition, each retch channel has an
associated aich pin which can be modified wh a natch event occursAs with the capture
pins, you nust first use the pin connect blo¢k connect the exteah pin to the ratch
channel. The @ich pins are then controlled lipe irst four bits in the extenal metch
register.

The EMR register defines the action
applied to the match pin when a match is
made on its channel. The CPU can also
directly control the logic level on the
match pin by directly writing to the first
four bits in the register

The exteral match register comins a cafiguration field for each natch channel.
Programning this field decides thaction tabe carried out on the atth pin when a m@ich
event occurs. In adibn, each match pirhasa bit that can beicectly programmed to
change the logic level on the pin.

The exarple below demonstrates how to pmrh simple pulse widh modulation using two
match channels. Match channel zero is used to generate the period of ¥eskWaAl.
When the match eventours the tirer is reset and an inteipt is genaated. The interrupt is
used to set the Match 1 pin high. Match charine used to control the duty cycle. When
the natch 1 event occurthe Mdch 1 pin is cleared to zeroo®y changing the value in the
Match 1 egister it is posible to nodulate the WM signal

int main(void)

{

VPBDIV = 0x00000002; /I Configure the VPB divi

PINSELO |= 0x00000800; /l Matchl as output

TOPR = 0x0000001E; /lLoad  presaler

TOTCR = 0x00000002; //IReset counter and presale

TOMCR = 0x00000003; //On match reset the counter and generate an
/linterrupt

TOMRO = 0x00000010; //Set the cycle time

TOMR1 = 0x00000008; /I Set 50% duty cycle

TOEMR = 0x00000042; //On match clear MAT1 and set MAT1 pin high for
/I first cycle

TOTCR = 0x00000001; /[Enable timer

VICVectAddr4 = (unsigned)TOisr; //Set the timer ISR vector address

VICVectCntl4 = 0x00000024; //Set channel

VICIntEnable |= 0x00000010; //[Enable the interrupt

while(1);
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void TOisr (void) _irg
TOEMR |= 0x00000002; /I Set MAT1 high for beginning of the cycle
TOIR |= 0x00000001; /I Clear match O interrupt
VICVectAddr = 0x00000000; // Dummy write to signal end of interrupt

Exercise 17: Timer M atch
This second timer exercise uses two match channels to generate a PWM signal,

there is some CPU overhead in the timer interrupt routine.

PWM Modulator

At first sight the PV modulator looks a bbmore complicated than the general purpose
timers. However it iseally an extragener&purpose tiner with sone additioral hardware.
The PWM modulator is capablef producing six channels aingle edge controlled PMW

or three channels of dual edge controlled\?W

The PWM module is a third general
purpose time with additional hardware for
dedicated PWM generation

In the genaal purpose tiners when a new value is written to atain register te new natch
value becores effective immadiately. Unless care imken in your software thisay be part
way through a PWM cye. If you are updatingeseral chanels, the new PWM vaés will
take effect at different points indhcyck andmay cause unexpecteasults. Te PWMV
modulator has an additionalatow latch rechanismwhich alows the PV values to be
updated on the fly, but the newlwas will only take effecsimultaneously at the beginning
of a new cycle.

The PWM shadow latches allow the
match registers to be updated thought
the PWM cycle but the new values will
only become effective at the beginning
of a cycle
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The value in a given ach register ray be updated at any tienbut it will not become
effective until the bit correspondirig the natch channel is set in the Latch Enable register
(LER). Once the LER is set, the valin the natch regiser will be tangerred to theshadow
register at the beginning of the next ®&clThis ensures that all updates are done
simultaneously at the beginning of a cyclapart rom the shadwe latchesthe PWM
modulator natch channels function in treame way as the tirar metch registers.

The second hardware ditlon to tre PWM modulata over the basic tiers is in the output
to the deice pins. In face of the rach chanels directlycontrolling the natch output pin
are a sries of SR flip-flops

Additional circuitry on the match output channels allows
the generation of six channels of single edge PWM
modulation or three channels of dual edge PWM
modulation

This arrangment of SR flip-flop and mitiplexers allowsthe PWM modulator to produce
eithea sngle edge o dual ed@ cortrolled PWM channés. The multiplexer is cortrolled by
the PWMSEL register and can configure the jpuit stage in one of twconfigurations. The
first arrangerent is for single edge modulation

The multiplexer can be programmed to use
Match 0 to set the external pin at the
beginning of a cycle the remaining match
channels are used to modulate each PWM
channel
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Here the miltiplexer is connecting Match 0 tbe S input of each flip-flop and each of the
remaining channels & connected to the R input.it¥ this schera Match 0 is seup to
count to total cycle period. At the end of ttyeele it will reset the counter and setaith 0
high. This causes all the flip-flops to be aethe beginning of the cycle. The output Q goes
high raising all the output pins high. Modudat of the PWM signal is done vth the
remaining match channels. Each PW channelhasan associted natch channel whichs
connected to the R input of the flip-flop.H&h the natch is nade theflip-flop is reset and
the PWM pin is set low. This allows adulaion of the PWM signaby changing the value
of the dedicated atich channel.

Match 0 controls the period of the PWM cycle. Two match channels are
used to modulate the pulse rise and fall times for each PWM channel

By reprogramrmg the mltiplexer the outpt stage of the PW modulator can be

configured to dual edge controlledodulatin. In this configuration Match 0 is not
connected to any output and is used soleheset the tirar at the end of each PWperiod.

In this configuration the S and R inputs to efighflop have a dedicated Match channel. At
the begnning of a cycle the PWM output is low. The rising edgef the pulse is controlled

by the Match channel connectémlthe S inptiand the dlling edge is controlled by the
Match chanel connected to the R input. &lexanple below illustrates how to configure
the PWM module for dual edge PWM .

void main(void)

{
PINSELO |= 0x00028000; //[Enable pin 0.7 as PWM2
PWMPR = 0x00000001; //Load prescaler

PWMPCR = 0x0000404; //PWM channel 2 double edge control, output enabled
PWMMCR = 0x00000003; //On match with timer reset the counter

PWMMRO = 0x00000010; //set cycle rate to sixteen ticks

PWMMR1 = 0x00000002; //set rising edge of PWM2 to 2 ticks

PWMMR2 = 0x00000008; //set falling edge of PWM2 to 8 ticks

PWMLER = 0x00000007; //fenable shadow latch for match O - 2

PWMEMR = 0x00000280; //Match 1 and Match 2 outputs set high

PWMTCR = 0x00000002; //Reset counter and prescaler

PWMTCR = 0x00000009; //enable counter and PWM, release counter from reset

while(1) /I main loop
/........ //Modulate PWMMR1 and PWMMR2
}

One inportant line to nte is tha the PAWMMEMR registe is used to esure the output of the
match channel is logic 1 when the match oscifrthis regiser is not prgrammed corredy
the PWM schene will not work. Also the PWM modulator aes not reque any interrupt to
make it work unlike the basic tiers.
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Exercise 18: Centre -Aligned PW M
This exercise configures the PWM unit to produce a centre aligned PWM signal
without any CPU overhead.

Real Time Clock

The LPC2xxx Real tima clock (RTC) is a cldccalendar accurate up to 2099. Like all the
other peripherals the TC runsoff the PCLK so an additioha&xterna oscillaor is not
required. The RTC is designed to be an ulbxa power peripheral ahthrough use of the
LPC2xxx low power modes is suitable farnning off batteries. As well as providing a
clock calendr, the RTC has a set of alamegisters tht canbe used to trigg a particliar
date and time or on a specific valbeld in a time-count register.

The RTC is a clock calendar with
alarm valid up until 2099

The RTC clock runs on a standard 32.7KHz clogjstal frequency. In order to derive this
frequency the Pclk is connected to the referarioek dvider. In effect this is arpscaler
whicht can accurately divide any Pclkdrgeency to produce the reged 32KHz frequency.

The RTC watch crystal frequency may
be derived from any value of Pclk

To ensure tat the RTC clock candmaccuratelyderived fran any Pclk the prescaler isone
conplicatedthan tle general pyose timer prescalers. The prescalés programmad by two
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regiders called PREINT and PREFRAC. Akeir nane implies, thee hold integer and
fractional divisor values. The edi@ns used to caldate the load \aluesfor the® registas
are as follavs:

PREINT = (int)(pclk/32768)-1
PREFRAC = pclk — ((PREINT+1) x 32768)
So for a 30MHz Pclk:

PREINT = (int)( 30,000,000/32768)-1 = 914
Then

PREFRAC = 30,000,000 — ((914+1) x 32768) = 17280

These values can be gramned drectly intothe RTC prescaler regjers and the RTC is
then ready to run. Just enable the clockhia clock control regist and the tira counters
will start.

PREINT = 0x00000392; //Set RTC prescaler for 30.000 MHz Pclk
PREFRAC = 0x00004380;
CCR = 0x00000001; /IStart the RTC

There are eight tiercounter regiters, each of which contaiassingle tine quantity which
can be read at any tenIn additiom there & a &t of consolidation egisters which pesent
the sama time quantitis in three words, allowingll the time information to be rad in just
three operations.

The RTC consolidation registers
allow all the clock calendar
information to be read in three
words

As well as naintaining a clock, the RTC can algenerate alarmevents as interrag There
are two interrupt mchanisrma. You can progranthe RTC to geneta aninterrupt when any
time-counter register is incremted, so you codlgenerate an interrupt every second when
the second counter is updated, or once a wémn the year counter is incrented. The
counter ircrement interrupt register allows ydo enable an increemt interrup for each of
the eight time-counter registers.

The second ethod for generating an RTC interruistwith the alarnregisters. Each tig
counter register has aawhing Alarm register. If the raching Alarm register is unrasked

it is conpared to the tira counter registerlf all the unmasked alarmegisters reich the
time counter registers them interrupt iggenerated. So it is posstbio set an alarrbetween
now and 2099 with one second’s accuracy. Alem Mask register controls which alarm
regiders are used in the cgare. As both ta increnent and alarnevents can generate an
RTC interrupt it is necessary to distinguisatween thenfrom within the interrupt. The
Interrupt location register prodes two flags which caibe interrogted to see what caused
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the RTC interrupt. Again, reember that thes flags nust be cleared to canceletlinterrupt.
An RTC programwhich sets the clock and udasth styles of interrupt is shown below.

int main(void)

{
VPBDIV= 0x00000002;
IODIR1 = 0xO0FF0000; // set LED ports to output
IOSET1= 0x00020000;
PREINT = 0x00000392; //Set RTC prescaler for 30MHz Pclk
PREFRAC = 0x00004380;
CIIR = 0x00000001; //[Enable seconds counter interrupt
ALSEC = 0x00000003; //Set alarm register for 3 seconds
AMR = 0x000000FE; //[Enable seconds Alarm
CCR = 0x00000001; /IStart the RTC
VICVectAddrl3 = (unsigned)RTC_isr; //Set the timer ISR vector address
VICVectCntl13 = 0x0000002D; //Set channel
VICIntEnable = 0x00002000; /[Enable the interrupt
while(1);
}
void RTC_isr(void)
{
unsigned led;
if(ILR&0x00000001) /[Test for RTC counter interrupt
{
led = IOPINZ; /Iread the current state of the 10 pins
IOCLR1 = |ed&0x00030000; /IClear the illuminated LED
IOSET1 = ~led&0x00030000; //Set the idle LED
ILR = 0x00000001; /IClear the interrupt register
}
if(ILR & 0x00000002)
IOSET1= 0x00100000; //Set LED 0.7
ILR = 0x00000002; /[clear the interrupt register
}
VICVectAddr = 0x00000000; //Dummy write to signal end of interrupt
}

Exercise 19: Real Time Clock
This exercise configures the RTC and demonstrates both the alarm and
increment interrupts.
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Watchdog

In comnon with many microcontrollers te LPC2xxx family has a watchdog systeto
provide a nethod of recovering control of a prograimat has crashed.

The on-chip watchdog can force a
processor reset or interrupt. In the case
of a watchdog reset a flag is set so your
code can stop a “soft reset”.

The watchdog has four registers as shabove. The watchdog teout period is set by a
value programmed into the &¢hdog ConstanRegister (WDTCR).The timeout period is
determined by the following famula

Wdperiod = Pclk x WDTC x 4

The minimum value forWDTC is 256 andhe nmaximum is 27°32. Hence the imimum
watchdog period at 60MHz is 17.066us and tla@imum is just under 5 imutes.

Once the wachdog constant is progranehthe operating mode of the watchdog can be
configured.The Waetchdog node register contagthree enale bits controlling whether the
watchdog generates an interrupt, whether it geesra reset and a final bit which is used to
enable operation of theaichdog.

The watchdog mode register allows configuration the
watchdog action on underflow (reset or interrupt).

The Mode register also containsonflags,the WDTOF is set when the watchdog ésrout

and is only cleared after an extdrhard rest This allows wur statup amde to detetcif the
reset event was a power on resefa reset due to a programrag. The Mode registerlso
contains the watchdog interrupt flaghis flag is read-only, but must be read in order to
clear the watchdog interrupt. ybu need to debug code with the watchdog active you should
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not enable the reset option tass will trip up the JTAG deugger when the watchdog &%
out.

Once the watchdog timer constant andden rejisters have been configured, the watchdog
can be kcked intoactionby writing to the feedegister. This needs a feed sequencélaim
to the PLL. To feed the watchdog yowstwrite OXAA followed by 0x55. If this sequence
is not followed, a watchdog feed error occarsd a watchdog tieout event is generated
with its reslting interrupt/reset. It is alsoimportant to née that althoughhe watchdg may

be enabled via the watchdogode register, itloes not start running until the first correct
watchdog feed seeunce is encouared. Once fully started the watchdogust receiwe
regular feed sequencesarder to stp the watchag counter reaching zeemd tining out.

The final Watchdog register is thea@hdog Tmer Value Register which allosvyou to
read tke current vala of the watchdog tirer.
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UART

The LPC2xxx devices currently have two onpclARTS. They are both identical to use,
except UART1 has daitional modem support. Both peripherals comforto the “550
industry sandard” specification. Both hava built-in baud rate gematar and 16 byte
transnit andreceive FIs.

Initialisation of the UARTO is shown below:

void init_serial (void) * Initialize Serial Interface */

. PINSELO = 0x00050000; /* Enable RxD1 and TxD1

*/UlLCR = 0x00000083; /* 8 bits, no Parity, 1 Stop bit

*/UlDLL = 0x000000C2; /* 9600 Baud Rate @ 30MHz VPB Clock
/UlLCR = 0x00000003; I* DLAB =0

*/
}

First the pinselect block must be prograeaanto switch the pocesso pins from GPIO to the
UART functions. Next the UART line control regestis tsed to conigure the format of tle
transnitter data chaader.

UART Line control register: The LCR
configures the format of transmitted data.
Setting the DLAB bit allows programming
of the BAUD rate generators

In our example the character foahis set t@8 bits, no parity and one stop bit. In the LCR
there is an dditional bit called DLAB which isthe divisor latchacces bit. In order to ke
able to progranthe baud rate generator this biishbe set.
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The baud rate generator is a sixteen bit presaahich divides down Pclk to generate the
UART clock which nust run at 16 tiras the baudate. Hege the formula usetb calcuate
the UART baud rate is

Divisor = Pclk/16 x BAUD

In our case at 30MHz:

Divisor = 30,000,000/16 x 9600 = (approx) 194 or OxC2

This gives a true baud rate 65. Often it is not possible get an exact baud rate for the
UARTSs however they will workvith up to around a 5% erram the bit timng. So you have
sone leeway with the UART tnings if you needo adjust the Pclk tget exact tinmgs on
other peripherals such as the CAN bititigs. The divisor value is Hé in two registers,
Divisor latch MSB (DLM) and Divisor latch.SB (DLL). The first eight bits of both
regiders lolds each half of the divis as $iown below. Finally the DLAB bit in ta LCR
register nust be set back to zero to peot the cotents of the divisor regers.

UART baud rate: The UART clock
frequency must be 16 times the
required BAUD rate. This is derived by
dividing Pclk by a 16-bit divisor
register.

Once the UART is initialised, chectes can be trasmitted by writing to the Tansnit
Holding Register. Simtarly, characters ay bereceivedby reading fom the Receive Buffer
Register. In fact both #se registersccupythe sare memory location, writing a chracter
places the character in the tsamt FIFO and reading from this ¢ation loads a chracter
from the Reeive FIFO. The two routines shovbelow demonstrate handling of transm
and receive characters.

int putchar (int ch) /* Write character to Serial Port  */

{

if ch=="\n") {
while (I(U1LSR & 0x20));
U1THR =CR; /* output CR */
}
while (((U1LSR & 0x20));
return (ULTHR = ch);
}

int getchar (void) /* Read character from Serial Port */

while ({(U1LSR & 0x01));

return (ULRBR);
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The putchar() andetclar functiors are sed toreadwrite a sinde character to te UART.
These low level drivers are calleg the Keil I DIO functions such as printf() and scanf().
So, if you want to redirect éhstandard I/O fronthe UARTto say an LCD display and a
keypad, rewrite these migtions to support seling and receiving a sirglcharacter to your
desired 1/O devices. Both the putef)aand géchar() functions read the Link Status Registe
( LSR) to check on ART error conditions red to check the statusf the receive and
transnit FIFOS.

UART Line Status Register: The
LSR contains flags which indicate
events within the UART. It may be
polled or should be read after a
UART interrupt is generated.

The UART has a single interrupt channelthe VIC,but three sources of interrupt. UART
interrupts ca be generated on a change in Rexeive line w@tus. So, if an errocordition
occurs, an interrupt is generated and the L&R e read to see what is the cause of the
error. The renaining two interrup sourcesare receive andransnit interrupts. The receive
interrupt is triggered by characters being reegivmto the RX FIFO. The depth at which the
interrupt is triggeed is st in the UART FIFO control register.

UART RX FIFO: Each UART has a sixteen byte
receive FIFO which can be programmed to
generate an UART interrupt at various trigger
levels. The character timeout interrupt can be used
to read bytes which do not reach a trigger level.

The receive interrupt can betge trigger after ithas received 1,4,8 or 14 characters. §0, i
the interupt is set to trigger wheright chareters a&e in the bufer and a total of34
charaters are sem, then four interupts will be generged with two daraders let in the
FIFO. These remining characterswill cause a “character tira out indication” (CTI)
interrupt. The CTI interrupt @curswhen thereare o or more charaersin the FIFO and
no FIFO activity has occurred for 3.5- 4.5 characteesim
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The tansnit FIFO will also gnerae interupts when the trasmit holding regste is enpty
and when the trangtrshift registe is enpty.

UART Transmit FIFO: Like the RX FIFO, the TX
FIFO is 16 bytes deep and can generate an
interrupt when empty and when it has finished
transmitting

UART1 has the saenbasic strature asUARTO, however it has additiah support for
modan control. This casists of adiional external pins to gpport the @ll modem interface
(CTS,DCD,DSR,DTR,RI,RTS), there are twadditional registers the edem control
regider and the mdemstatusregster and amadditional interrupt soure to proude amodem
status interrupt.

UART1 Modem registers:

UART1 has additional support
for modem interfacing. The
DTR and RTS signals may be
directly controlled. Changes in
modem status can also
generate a UART interrupt

These additional features allow op@ihtonnetion to a nodemwith an interupt generated
each tine there is a chage in the mdemstatus register.

Exercise 20: UAR T
In Exercise 4 we saw how to use the STDIO library with the UARTS. In this
example we look at how the UARTS are initialised to run at a specific baud rate.
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I12C Interface

As Philips were the original invéors ofthe 122 bus standard, it is not surprisingfiod the
LPC2000 quipped with a fully fatured 12C interface. Eh12C interhce can operate in
master or slave mde up to 400K bits per send and in master ade it will autometically
arbitrate in amulti-maste system

Typical I2C bus confi guration.
The bus consists of separate clock
and data lines with a pull up resistor
on each line. The two external
devices used in the example are
port expander chips

A typical 12C systenis shown above whered¢h.PC2000 is connected two external port
expander chips. As with thehar peripherals the Serial Clek (SCL) am Data (SDA) line
must be converted froi@P1O pins td2C pins via the pin connect block.

12C peripheral registers.

The programmers’ interface includes two
timing registers, set and clear registers for
the control register, an address register to
hold the node address when in slave mode
and a data register to send and receive
bytes of data

The 12C peripheral interface is mposed of seven regjers.The cottrol regster has two
separate ragters whichare used teet andclear bits in tre contrd regista (I2CONSET,
[2CONCLR). The bit rate is sb deterrmed by two registex (I2SCLH, 12SCLL). The status
regider retuns contrd codes which rel@ to dfferent exents on the bus. The dataisgr is
used tosuppy each byteto betrangnitted, or & datais received it will ke transerred to this
register. Fally, when the LPC2000 is configad as a slave device its network address is
set by programing the I2ADR register.

In order to initialise the IZ interface we need tan the following lines of code:

VICVectCntll = 0x00000029; /Iselect a priority slot for a given interrupt

VICVectAddrl = (unsigned)I2CISR /Ipass the address of the IRQ into the VIC slot
VICIntEnable = 0x00000200; /lenable interrupt

PINSELO = 0x50; /ISwitch GPIO to 12C pins

12SCLH = 0x08; //Set bit rate to 57.6KHz

12SCLL =0x08
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The 12C peripheral st be progammed to respond to each event whiatccurs on the bus.
This mekes it a very interrupt-driven peripher&@onsequently the first thing weust do is
to configure the VIC to respond to an 12C int@truNext the pinselect btk is configured to
connect the 12C data drtlock lines to the exteal pns. Lastly we nust set the ib rate by
programning I2SCLH and 12SCLL. In both of ¢ése regstersonly the first 16 bits are used
to hold the tinng values. The fonulafor the 12Cbit rate is given as:

Bit Rate = Pclk/(12SCLH+I2CSLL)

In the above exapte the PLL is not enablezhd the external crystal is 14.7456MHz. Hence
the 12C bit ete is:

Bit Rate = 14.7456/B ( 8 + 8) = 937500

Once configured, the RC2100 caninitiate communicatin with other bus devices to read
and write dta as a bis master, or receiveand reply to requests from bus raster. The
contents of the 12C control register are shdwetow. Renember this registe is cortrolled
by the CONSET and CONCLR registers.

12C control registers:

The control registers are used to
enable the 12C peripheral and interrupt
as well as controlling the 12C bus start,
stop and ack conditions.

We will first look at tle bus naster mode. Tenter ths mode the 12C peripheral must be
enabledand the acknwledge bit must be sdb zero. his prevents the 12C peripheral
acknowledging any potential aster and enteringhe slave mode. In the aster mode the
LPC2000 device is responsible for initiatinggyagommunication. During 12C bus transfer
a nunber of bus events must occur.

Typical I12C transaction :A
12C bus transaction is
characterised by a start
condition, slave address
data exchange and stop
condition with acknowledge
handshaking

The bus master nust first signala start condition.To do thisén2C clock line is pulled high
and the data is pulled low. The address of theesivhich the raster wants to talko is then
written onto the bus, followed bylat which gatesif a real or write is being requested. If
the dave las received this predsfe correctly, itwill reply with an acknowledge.hen data
can be trarferred asa series of higs andacknowledges, until the ester teminates the
transaction with a stop condifi. The 12C peripheral on the CR000 sries is really a 12C
engine. It controls all the bus events bus m intelligerce. This neans that ta ARM7
CPU has to ncro-manage the 12C busof each transdion. Fortunatly this is eay to do
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and is centred around the 12C interrupt. Oncd2izperipheral is initibssed in naster node
we can std a write dita transér as dllows:

void I2CTransferByte(unsigned Addr,unsigned Data)
{

12CAddress = Addr; /IPlace address and data in Globals to be used by
/lthe interrupt
12CData = Data,

12CONCLR = 0x000000FF; /IClear all 12C settings
I2CONSET = 0x00000040; /[Enable the 12C interface
I2CONSET = 0x00000020; //Start condition

}

The slave address and data to be aes placedn global variables sthat they can be used
by the 12C interruproutine. The adress is aseven-bit addess with theLSB set or write
and cleared for read. The routine next cleagsI2C control flags, enables the 12C peripheral
and asserts a start comoh. Once the startondition has been written onto the bus an
interrupt is generated and a result codelwanead fronthe 12C status register.

12C status Register: For each bus
event an interrupt is generated, a
condition code is returned in the status
register. This code is used to
determine the next action to perform
within the 12C peripheral

If the start condition has beesuccessful, this code wilbe 0x08. Nxt the application
software nust write the slave addss and the RV bit into the I12Cdataegister. Thiswill be
written on to the bus and wilbe acknowledged by the stavWhen the acknowledge is
received, aather irterrupt is generated and tisgatus regiter will cortain the code X118 if
the transfer was succésk Now that the kave has beeaddressedandis readyto receive
data, we can write a string bytes into the 12C data resge. As each byte is written it will
be transritted and acknowledged. When it iskaowledged an interrupt is generated and
0x28 will be in the statusegister if the trasfer was succefd. If it failed and had a NACK
the code will be 0x20 and the byte must bet sgain. So, as each byte is transferred an
interrupt is generated, ¢hstatus ade can b checked andhe next byte can be sent. Once all
the bytes hee been sdnthe stop condition canbe aseted by writing to thel2C ntrd
regider andthe trasaction is finiskd. Thel2C interrupt isreally a state mchine which
exanines the status register on each interar perforrms the necessa action. This is easy
to implement as a switcBtatenent as shown below.
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void I2CISR (void)

{

//12C interrupt routine

switch (I2STAT) //IRead result code and switch to next action
{
case ( 0x08): //Start bit
I2CONCLR = 0x20; /[Clear start bit
I2DAT = I12CAddress; //Send address and
/Iwrite bit
break;
case (0x18): //Slave address+W, ACK
I2DAT = 12Cdata; //\Write data to tx register
break;
case (0x20): //Slave address +W, Not ACK
I2DAT = 12CAddress; //[Resend address and write bit
break;
case (0x28): //Data sent, Ack
I2CONSET = 0x10; //Stop condition
break;
default :
break;
}
I2CONCLR = 0x08; /IClear 12C interrupt flag
VICVectAddr = 0x00000000; /[Clear interrupt in

}

This exanple sends aisgle byte b could be egly modified to send nitiple bytes.

Additional case stateemts nay be added to handle aaster request for data.

In the case of a aster receie, the start condition will be treane but this tine the address
written on to the bus will have the\R/bit cleared. Wen the acknowledgis received after
the slave adress is sent, it will be followed kipe first byte ofdata fom the slave so the
master does not have to do anything. Howeuva the case statemt we can set the
acknowledge bit so that an ACK generated as soon as thde has been transferred. As
each byte idransferredthe data can be redcbm I2CDAT. When all the bytesdve been

12C master TX: This bus
transaction demonstrates a
master to slave write

transaction

received, the stop condition can beexsed and the transaction ends.
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The sam 12CtransferByte() function can lusedto start a read traastion and the
additional case statamts requiredn the irterupt are showrbelow

case (0x40) : //Slave Address +R, ACK
I2CONSET = 0x04; /[Enable ACK for data byte

break;

case (0x48) : //Slave Address +R, Not Ack
I2CONSET = 0x20; /IResend Start condition

break;

case (0x50) : //IData Received, ACK
message = I2DAT,;
I2CONSET = 0x10; //Stop condition

lock = 0; //Signal end of 12C activity

break;

case (0x58): //IData Received, Not Ack
I2CONSET = 0x20; /l Resend Start condition

break;

Exercise 21: 12 C
This exercise demonstrates how to use the 12C interface to communicate to an 12C
EEROM.
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SPI Interface

Like the IZC interface the SPI interface is anple peripheral “enge” which can write and
read data to the SPI bus, but is not ligeht enough to enage the bus. It is up to your
code to iitialise the SPI interface drthen nanage the bus transfers.

The SPI peripheral has four external pins: @aselock pin, slave select pin and two data
pins nester in/slave out and amter out/slave inThe serial clock pin prides a clak source

of up to 400Kbits/sec when inaster node, orwill accept an extem clock source when in
slave node. The SPI bus is purely a serial dedanection for high-sgel data transfer an
unlike 12C does not h& any add¥ssing scéme built into the sdal transer. An exterral
peripheral is selected by a slave select pin wiia separate pin. Typically, if the LPC2000
is acting in naster node, it could use a GPIOpto act aslave select (chip enable) for the
desired SPI peripheral. Wheret®Pl peripher is in slave node, it has its own slave select
input which must be pulled low to allow an SRaster to communicateith it. The two data
transfer pingmaster in / slave out ahmesterout / slave in are connected to the otenSPI
device and their orientation deps on whether the device is ogieng in master or dave
mode. The diagranibelow shows a typical ofiguration or connecting to an EROM
device.

SPI EEROM peripheral:

This diagram shows how to interface
an external EEROM onto the SPI bus
of the LPC2000. It should be noted
that pins P0.7 and P0.20 must be
pulled high to enable the SPI
peripheral as a master

The programmers’ interface for the SPI pbdaml has five registersThe clock counter
register deterimes the baud rate. Pclk is gily divided by the value in the clock counter to
give theSPIbit rate.This regster must hold a miniom valueof eight. The control register
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is usedto configure tle operationof the SPI ba. Because of thémple natue of the SPI
data transfer and the wide range of SPI perglseavailable, the SPI clock and data lines
can be configured toperate in several diffent configurations. Firstly the polarity and
phase of the clock ust be déned. The polarity can be acéwigh or active low as shown
below and the clock phase dam edge or centre aligned.

Finally the data orientationay also be defined as theost spgnificant hit transkemed first o
the least sgnificant bt transkerred frst.

The SPI data transmission can be
configured to match the
characteristics of any SPI device

Each of these configuration feaes has a configuration bit the control register and you
must program these bits toatoh the SPI papheral you are trying to communicate with.
Once the bit rate has been set and the clorggister configured, then communication can
begin. To communicate with the SPemory shown above, first set the GPIO pin to enable
the nemory for communication. Then writing tine SPI data regter will send a byte of
data and reading fromie registr will collect ary data senfrom the external peripheral. The
actual data formt used in the transactiamll depend on the SPI device you are trying to
communicate with.

Exercise 22: SPI
This exercise demonstrates how to configure the SPI peripheral and
communicate with an external EEROM on the SPI bus
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Analog To Digital Converter

The A/D converter present on sedPC2000 va@nts is a 10-bit sucssive approxiration
converter, \vith a conversion tim of 2.44 uSec gust shy of 410 KSps. The A/D converter
has either 4r 8 multiplexed inputsdependiag on the variant. The progranmg interface
for the A/D converter is shown below.

A/D Analogue to digital converter: The converter is
available with 4 or 8 channels of 10-bit resolution

The A/D control register estabiies the configuration of therverter and controls the start
of conversion. The first step in configuring tb@nverter is to set uilne peripheral clock. As
with all the other pepherals,the A/D clock is derived fronthe PCLK. This PCLK must be
divided dow to equal 4.5MHz. This is aaximum value and if PCLK cannot be divided
down to equal 4.5MHz then the nearest vddakw 4.5MHz which can be achieved should
be selected.

AD Control register:

The control register determines the
conversion mode, channel and
resolution

PCLK is divided by the value stored in t8&KDIV field plus one. Hence the equation for
the A/D clok is as bllows:

CLKDIV = ( PCLK/Adclk) - 1

As well as being able to stop the clock to the A/D converter in the peripheral power down
regider, the A/D has the ability to dlly power down. This reducethe overall power
consunption and the on-chip noise created by &/D. On reset, the A/D is in power down
mode, so as well as setting the clock rateAfD nust be switched on. This is controlled by
the PDN bit in ADCR. Logic one in thiseld erables the corerter. Unlike other periperals

the A/D converter can makeeasurerants of theexternal pins when they are configured as
GPIO pins. However, by using the pinselect blarkneke the external pins dedicated to the
A/D converter the oerall convesionaccuracy is increased.

Prior to a caversion tke resolution & theresult may be defined by programimg theCLKS
field. The A/D has a aximum resolution of 10bits but can be prograned to give any
resolution down to 3 bits. The conversion retioluis eqal to the number of clak cycles
per conversion imus one. Hence for a 10-lbésult the A/D requires 11 ADCLK cles and
four for a 3-bit result. Once you have configdrthe A/D resolutiona conversion can be
made. The A/D has tw conversion rmades, hedware and software. The hardwareda
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allows you to select a nuer of channels and then set tAéD running. In this mode a
conversionis mede for each charmhin turn until the conerter is stoped. At the end of each
conversion the result is availgbih the A/D data register.

AD data register:The data register
contains the conversion result,
channel overrun error and
conversion done flag.

At the end of a conversion the Done bit is @ed an interrupt ay also be generated. The
conversion result is stored the V/Vdda field as a ratiof the voltage on the analogue
channel divided by the voltage on the agale power supply pin. The niber of the
channel for which the conversion wasda is aso stored alongside the result. This value is
stored in the CHN field. Finallyif the result of a conversiois not read before the next
result isdue,it will be overwritten bythe fedh resllt andthe OVERUN bit is seto one. The
exanple below denonstrates use of the A/D converter in hardwaoslen

int main(void)

{

VPBDIV = 0x00000002; /ISet the Pclk to 30 MHz

IODIR1 = 0x00FF0000; // P1.16..23 defined as Outputs

ADCR = 0x00270607; /I Setup A/D: 10-bit AINO @ 3MHz

VICVectCntl0 = 0x00000032; /lconnect A/D to slot 0

VICVectAddr0O = (unsigned)AD_ISR; /Ipass the address of the IRQ into the VIC
IIslot

VICIntEnable = 0x00040000; /lenable interrupt

while(1)

{

}

void AD_ISR (void)
{

unsigned val,chan;
static unsigned result[4];

val = ADCR;

val = ((val >> 6) & Ox03FF); I/Extract the A/D result
chan = ((ADCR >>0x18) & 0x07);

result[chan] = val;

}

The A/D has a second software conversioodenIn this case, a clael is selected for
conversion using the SEL bits and the conwerds started under software control by
writing OxOL to the SART field. This caues the A/D toperforma single conversion and
store the rsults in theADDR in the sara fashion as the hardware mode. The end of
conversion can be signalled by an intetrug by polling the done bit in the ADDR. In the
software conversion ate it is possible to att a conversion whenraatch event occurs on
timer zero or tiner one. Or when a selectedge occurs on(16 or P0.22, the edge can be
rising or falling, as selectday the EDGE field in the ADCR.
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The A/D may be started by a software event
or it may be started by several hardware
triggers

The sinplest method of using thé\/D converter is shown below.

VPBDIV = 0x02; //Set the Pclk to 30 MHz
IODIR1 = Ox00FF0000; // P1.16..23 defined as Outputs
ADCR = 0x00270601; /I Setup A/D: 10-bit AINO @ 3MHz
ADCR |=0x01000000; /I Start A/D Conversion
while(1)

do

val = ADDR; // Read A/D Data Register

Exercise 2 3 : Analog To Digital Converter
This exercise uses the A/D to convert an external voltage source and modulate a
bank of LEDs with the result.
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Digital To Analog Converter

The LPC2132/2138 variants have a 10-bit DigiteAnalogue converter. This is an easy-to-
use peripheral as it onhas a single register.

The DAC is enabled by writing to bits 18 ah@l of PINSEL1 and conviéng pin 0.25 fom
GPIO to the AOUT function. It should also beewthat a channel of the analogue to digital
converter also shares this pin.

The DAC iscontolled by a singleregister.
The value to be corerted is writterhere
along with the bias value

Once enabled a conversion can be startedviigng to the VALUE bits in the control
register. The conversion teris depadant on the value of the BIASt. If it is set to one the
conversion tine is 2.5uSec but it cagirive 700 UA. Ifit is zero the conveion timeis 1 uSec
but it is only able to deliver 350 uA. Howevéhe total settling tira is also dependent on
the external imedance. Figures for the jredance of the DAC have not yet been released.

Exercise 24: Digital to Analog converter

This exercise simulates a sine wave which is sampled by the Analogue to digital
converter. These values are loaded straight into the Digital to Analogue converter
to regenerate the sine wave. The two sine waves can be compared in the logic
analyser window.
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CAN Controller

Variants of the LPC2000 are available with to 4 independent CANoatrollers on board
the chip. Tle CAN controllers are one of timeore conplicated peripherals on the LPC2000.
In this sectio we will havea look at the CAN protocolnal the LPC2000 CAN peripherals.

The Controller Area Network (CAN) Protocalvas developed by Robert Bosch for
Automotive Networking in 1982. Over the lag82 Years CAN has becara standard for
Automotive Networking and has had a wide alpe in nm-autonotive systers where it is
required to network together a few keddednodes. CAN has amy attractive features for
the entbedded developer. It is a low-cost, ya&s-implement, peer to peer network with
powerful error chedkg and a hgh transmnssion rate of up td Mbit/sec. Each CAN packet
is quite short and ay hold a naximum of eight bytes of data. Thisakes CAN suitable for
small embedded networks which have to relialihansfer srall amouns of critical data
between nodes.

ISO 7 Layer Model

In the ISO seven layer model the CAN protocavers the layer two ata link layer’, i.e.
forming the nessage packet, error comaient, acknowledgeemt and arbitration.

CAN does not rigidly define the layer 1 ‘Phyaidayer’ so CAN nessage nay be run over
many different physical nediums. However, th nost common physicdhyer is a twisted
pair and s$andard linedrivers ae availabde. The other layers ithe IOS model are &fctively
enmpty and the application code directly adde=s tle registers of ta CAN peripheral.ln
effect, the CAN peripheral can be used aglorified UART withoutthe need for an
expensive and copiex protocol stack. SIncCEAN is also used in Industrial thomation
there are a nuber of software statards tlat define how the CAN sssages are used to
transfer data between differe manufacturers’ equipemt. The most popular of these
application layer standardare CANopen and Device net. The sole purpose of these
standards is to provide imtgperability betwee different OEM equiprant. If you are
developing your own closed systgrau do not eed these applicatidayer protocols and
are free to implemnt you own proprietaryprotocol, which is what wst people do.
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CAN Node Design

A typical CAN node is shown below. Each nodmsists of a mcrocontrdler and a separate
CAN controller. The CAN controller ay, as inthe case of the LPC2000, be fabricated on
the same silicon as the merocontrdler or it may be a stand-alone cwaller in a s@arate
chip to the ncrocontrdler. The CAN controlleris interfaced to the twisted pair by a line
driver and the twisted pair ierminated at either endy a 120 Ohm resistor.h€ nost
common nistake witha first CAN network is to érget theterminating resistos ard then
nothing works.

CAN node hardware: A typical CAN node has
a microcontroller, CAN controller, physical
layer and is connected to a twisted pair
terminated by 120 Ohm resistors.

One mportant feature about the CAN node desgthat the CAN combller has separate
transnit and receiwe paths to and fronthe phygcal layer @vice. So, as the node is writing
on to the bis it is dso listening lack at tle ssme time. This is tlke basis ofthe nessage
arbitration and for somof the error detection.

The two logic levis arewritten onto the twisi pair as dllows, a logic one is repsented
by bus idle with both wires held halfay betwee® and Vcc. A logic Zero is represented by
both wires being differentially driven.

CAN Physical layer signals:

On the CAN bus, logic zero is represented
by a maximum voltage difference called
“Dominant” and logic one by a bus idle state
called “recessive”. A dominant bit will
overwrite a recessive bit.
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In “CAN speak” a logc one iscdled a recesive bit and a log zero is called a domant ht.

In all cases doninant kit will overwrite a recesive ht. So, if ten no@s write recessive and
one writes domnant, then eachade will rea back a dminant bit. The CAN bus can
achieve bit rates up @ maximum of 1 Mbit/sec. Typicallythis can be dueved over about
40 netres of cable. By dropping the bit ratenger cable runs ay be achieved. In practice
you can get at least 150@etres withthe standardirivers at D Kbit/sec.

CAN Message Objects

The CAN bus has two essage objects whichay be generated by theplication software.
The message object is used tmansfer data aund the network. The easage packet is
shown below.

CAN message packet : The message packet is formed by the CAN controller, the application software
provides the data bytes, the message identifier and the RTR bit

Tne Iessage pdacketl stdrts witll a Jadrit DILLO Imdark e siart ol irdgie. next cones the
message identifier which ay be up to 29 bitsohg. The message identifier is used to label
the data being sent the nessage packet. CAN is a pro@ud consurar protocol. Agiven
message is produced fromne unigue node and therayrbe consured by any number of
nodes on the network simultaneously. It is gdessible to do point-to-point comumication

by making only one node interestad a gvenidentifier. Then a mssage candbsent from
the producer node to one given consamodeon the network. In the essage packet the
RTR bit is always set to zero. (Thield will be discuss# shortly.) The DLCikld is the
data length code and contains an integer &etw) and 8 which indicates the raenof data
bytes being sent in thisessage packet.

So, although you can send aximum of 8 bytesin the message paylahit is possible to
truncate the mssage packet in order to sebandwidth on the CAN bus. After the 8 bytes of
data there is a 15-bit cyclredundancy check. This providesardetection and correction
from the start of frara up to the beginningf the CRC field. After the CRC there is an
acknowledg slot. The transniting node epgects the receimg nales to assert an
acknowledg in this dot within the transniting CAN packet. In practice the tremitter
sends a recessive bit and any node which lesved the BN messageup to this point will
assert a domant bit on the bus, thus geatng the acknowledge. Thiseansthat the
transnitter will be happy if just one nodeacknowledgests message, or if 10 nodes
generate the acknowledge. So when developiug application layer care ust be taken to
treat the ackhowledge as weak ackowledge, rtherthanconfirmation that the ressage has
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reachedall its destination nods. After the acknowledge sldhere is an end foframe
message delinter.

It is also possible to operate the CAN busiimester / slave modeA CAN node may rake

a renote request onto the network by sendingessage packet which contains no data, but
has the RTR bit set. The rete frame is requésg a message packet to be tranged with

a metching identifier. On receing a renote frame, the node which generates the matching
message will tansnit the corespomling messagerane.

Remote Transmit request: The RTR frame is
used to request message packets from the
network as a master / slave transaction

As previously nentioned, the CAN mssage idntifier can be up to 29 bits long. There are
two standards of CAN protocol, the onlyffdrence being the length of theessage
identifier.

2.0A Has an 11-bit identifier
2.0B Passive Has an 11-bit identifier
2.0B Active Has a 29-bit identifier

It is possible to mx the twoprotocol standards on the satvus but you must not send a 29-
bit message to an 2.0A device
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CAN Bus Arbitration

If a message is scheduled to bensaitted on to the bus and the bissidle, it will be
transnitted and nay be picked up by any interest node. If a mssage is scheduled ancth
bus is activeit will have to wait uriil the bus isidle bebre it can be trasmitted. If severa
messages are scheduled while the Imiative, they will gart trarsmission sinultaneously
once the bus becamidle, being synchronised by the start of fealit. When this happens,
the CAN bus arbitidon will take dace to deermine which nessage wins the Isuand is
transnitted.

CAN arbitration:

Message arbitration guarantees
that the most important message
will win the bus and be sent
without any delay. Stalled
messages will then be sent in
order of priority, lowest value
identifier first.

CAN arbitrates its ressages by a ehod called hon-destructive bit wisarbitration”. In the
diagramabove, three sssages are pending trarisgion. Once the bus is idle and they are
synchronisd by the start bit, #y will stat to write their identifers oo the bus. For the
first two bts, all three messages vie the sme logic and hence read back the sdogic so
each node continues transsion. However on #hthird bit, node A ad C write dornmant
bits and nde B writes recessive. At thigoint, node B wrote recessive but readskbac
dominant. Inthis cae it will back of thebus andstat listening. Node A ad C will cantinue
transmssion until node C writeecessive and node A write®mnant. Now node C stops
transnissionand starts listeng. Now nodeA has won the bus and will send itessage.
Once A has finished, des B and Qvill transmit and node C will wirard send its ressage.
Finally node B will sendts message. If node A is scheddlagain, it will wh the bus even
though the nde B and Gnessages have bee@raiting. In practice tle CAN bus will transnit
the message with the lowest ke identifier.

109



Introduction to the LPC2000 4 — User Peripherals

Bit Timin g

Unlike many other serial protocols, the CADIt rate is not just defined by a baud rate
prescaler. e CAN peripheral contains a Baudte pes@ler but it is used to gemte a
time quanta.e. a tine slie@. A number otthe® time quanta are added together to get the
overall bit timng.

CAN bit timing:

Unlike other serial protocols the
CAN bit period is constructed as
a number of segments that allow
you to tune the CAN data
transmission to the channel being
used.

The bit perod is split into thee segments. Figt is the syncsegnent, which is fixed at one
time quanta long. The next two segmts are Taegl and Tseg2 where the user defines the
nunber of time quanta in each regio The nminimum nunber of time quanta in aibperiod

is 8 and the mximum is 25. The reeiving sanple point is at the end of Tsegl so changing
the itio of Tsegl to Teg2 adjuts the sarmle point. This allows te CAN protocol to be
tuned to the transission channel. If you angsing long transission lines, the sapie point
can be mved backwards. If you have drifgnoscillators you can brg the sarple point
forward. In addition, the recess can adjust thebit rate to lock ord the transntter. This
allows the recévers to conmpensate dr small variations in the transitter bit rate. The
amount that each bit came adjusted is caliiethe “synchronosi jump width” and nay be set

to between 1 — 4 timquanta and is again user definable.

To calculate the bit timg, the formula is given by

Bit rate = Pclk/(BRP x (1 + Tsegl + Tseg2))
Where: BRP = Baud rate prescaler

This calculation has a lot of unkwaos. If we assumthat we want to reach a bit rate of
125K with a 60 MHz Pclk and a rsple pont of about 70%, here is how the BRP
calculation is perforred.

The totd number oftime quantan a bit period is given by (14Segl+Tseg?2) . If we call this
term QUANTA and rearrangthe eaiation in tems ofthe baud rate prescaler:

BRP = Pclk/(Bit rate x QUANTA)

110



Introduction to the LPC2000 4 — User Peripherals

Using our known values:

BRP = 60 MHz/(125K x QUANTA)

Now we know that we can have betweemn@ @5 time quanta in théit period, so using a
spreadsheet we can substititenteger values betweéhand 25 for QUANTA until we get
an integr value for BRP.

In this case when QUANTA = 16H = 30;

Then 16 = Quanta = ( 1+Tsegl+Tseg2)

So we can adjust the ratio betweesed1l andl'seg?2 to give us the desired saepoint.
Sample point = (QUANTA x 70)/100

Hence 16 *0.7 = 11.2. This gives Tseg 1 =10, Tseg2 = 5 and tiplegaomt = 68.8%

The value for the synchronous jump widthayrbe calculated via the following rule of
thumb.

Tseg2 >= 5 Tq then program SJW to 4
Tseg2 < 5 Tq then program SJW to (Tseg2 - 1) Tq

In this case SJW 4.
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CAN Message Trarsmission

In the LPC2000, eachAN controller has a maberof status and control regjers plus tree
transnit buffers and a receive buffer.

In order to configure CAN cortller we nust programthe bit timng register. However the
bit timing register is a protected registand nay only be written to when the CAN
contrdler is in reset. Bit zer@f the mode register is edto place the CAN controller into
reset.

The CAN bit timing is defined by 5
separate parameters

We can use the values calculated aboventtalise one of the CAN controllers to
125Kbit/sec.lt is important to nte that the @ues stored in the régfer are tie calculated
values ninus 1. This ensures that no Mg sgment is set to zero. Once the CAN controller
has been itialised, it is possible to transtha message by writing to a transtouffer. Each
transmit buffer is made up of four words.
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Two words are used to hold the 8 bytes of @atd one word holds theaessage identifier.
The final registe is the fame information register.

The parameters of each CAN message
are defined in each message buffer

This register holds the values of the DL@dathe RTR bit. In addition, there is arfra
format (FF) bit that defines whether theessagehas an 11-bit or 29-bit identifier. As there
are three TX buffers it is possible to defineigternal priority for each TX buffer. If sevdra
buffers are scheduledirsultaneously, the CAN antroller will use inernal abitration to
decide which is transitted first. This can beone in one of two ways; if the TPM bit in the
MODE register is Zm, the transmt buffer with the lowest vaue identifier will be sent first.

If TPM is high, then arbitratiowill use the values stored indlPRIO field in the Tx Fram
Information regiser and the bdiér with the lowest PRIO value is senir§t. Once thebuffer
has been filled with a message, sarssioncan be started by setting the Traftsraquest
bit (TR) in the COMMAND register. The ade below shows saencode fragrents D
initialise theCAN peripheral and &nsmit a message.

C2MOD = 0x00000001; /ISet CAN controller into reset

C2BTR = 0x001C001D; //Set bit timing to 125k

C2MOD = 0x00000000; /IRelease CAN controller

if(C2SR & 0x00000004) /[See if Tx Buffer 1 is free

{
C2TFI1 = 0x00040000; //Set DLC to 4 bytes
C2TID1= 0x00000022; //Set address to 0x22 Standard Frame
C2TDA1 = NetworkData; //ICopy some data into first four bytes
C2CMR = 0x00000001; /[Transmit the message
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Exercise 2 5: CAN Transmit
This exercise configures the second CAN channel for 125K bits\second and
repeatedly transmits a CAN message frame.
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CAN Error Containment

The CAN protocol has five athods of error cotainment built into the silicon. If any error
is ddected, it will causehe tarsmitter to resendhe nmessag so tte CPU does not need to
intervene unless there &gross error on the bus. There #mee error detdon methods at
the packet level; forntheck, CRC,and acknowldge plus two at the bit level; bit check
error and bit stdfng error. Wthin the CAN measage there are a nber of fields that are
added to the basicemsage. On recéipn, the nessaye telegranis checked to see if all these
fields are pesent. If not, the essage is liected and an error fragnis generated. This
ensures that a full, correctly foatied nessage has been received.

Frame Check:

The frame check tests that a
correctly formatted CAN
message has been received.

Each nessaye nust be acknowledged by havinglamnant bit inserted in the acknowledge
field. If no acknowledge is receivethe transntter will continue to sendhe nessage until
an acknowledge is received.

Acknowledge:

All CAN frames must be
acknowledged. If there is no
handshake, the message will
be re-sent

The CAN message packet also contains Bitt&6RC which is automtically generated by
the transritter and checked by the receiver. TRIRC can detect and correct 4 bits of error
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in the region fron the start-of-frara to the beginning of the CRC field. If the CRC fails and
the nessage is rejected, an error frams placed ato the bus.

CRC: A 15 bit CRC is
automatically generated which
is a weighted polynomial
checksum that provides error
detection and correction across
the message packet

Once a node has won arbitration it will startwrite its message onto the bus. As during
arbitration as eachit is written orio the busthe CAN controller iseading back the lel/
written ontothe bus. As the node has won arbitration imgtlelse should be transtting so
each bit level written onto the bus musdtah the level read back. If the wrong level is read
back, thetransmitter gererates areror frame and resaiules the nessaje. The mssage is
sent in the next Bssage slot but ost still go through the arbitratioprocess with any other
scheduled mssage.

Bit check error:

Once the arbitration has
finished the write and read
back mechanism is use for
bitwise error checking

This leads to one of the golden rulesdieveloping a CAN network. In a CAN network,
every identifier nust be uniquely generated. $ou nust not have the samdentifier sent
from two different nodes. If this happens, itpgssible that two essages with the saaD
are shedula togetter, both nessages will ight for arbitration and bothwill win asthey
have the sae ID. Once they &e won arbitation they will bothstat to write their data
onto the bus. At soepoint thisdata will be different and thiwill cause a kit check erre.
Both nessages will be rescheldd, win arbitraion and go into ernoagain. Potetially this
‘deadly enbbrace’ can lock up the network, so beware!
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At the bit level, CAN also inplements a bit stffing schene. For every five donmant bits in
a row, a recessive bit is inserted.

Bit Stuffing:

For every five bits of one logic
in a row a stuff bit of the
opposite logic is inserted. The
error frame breaks this rule by
being six dominant bits in a
row

This helps to break up DC levels on the bud provides plenty of edges in the bit stream
which are used for resynchronisation. An erromfeain the CAN protocol is siply six
dominant bits in a row. This allows any CAdontroller to assert an error onto the bus as
soon as the error is detectedthout having to wi until the end of anessage. Internally
each CAN controller & two counters.

Error counters:

The CAN controller moves between a
number of error states that allow a node to
fail in an elegant fashion, without blocking
the bus

These are a receive error coaemand a transinerror counter These counters will count up
when receiing or tranmitting an error frama. If either counter reachd®8, then the CAN
contrdler will enter an‘error passve’ mode. In this mde it sill responds to erro frames
but if it generates an error framit writes lecessive bits iplace of dormant bits. If the
transmit error counter reaches 255 then th&NCcontroller will go intoa bus-off conditia
and take no further part @BAN communication. To restacommunication, the GFP must
intervene toreinitidise the controlle and putit back onto te bus. Both these echanisms
are toensure that if a node goes faultywill fail gracetilly and na block the bus by
continually generating error frags.

The LPC2000 CAN controllers have a nomnof error detection mechanisns. First of all,
the current count of the trangmand receive error counters cha read in the Global Status
Register.

Also in thisregider are two erro flags, tle Bus Statusflag will be sé when the raximum
error counh is reached and the CAN conteallis renoved from the bus. The second error
flag is the Error Status flag, which is setemthe CAN error counters reach a warningtlim
This warnirg limit is an arbitary vdue thatis se by writing a value into the Error ¥hing
limit register. The default value in this regists 96. Like the bit thing registersthe EWL
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register nay only be nodified when the CAN contfier is inresé. In addition, the hterrupgt
Capture Register providextensive diagnosticeif managing events on the CAN bus.

The CAN controller bs thefollowing interrupt sources,

Transnit interrupt (one ér each buffer)
Receivanterrupt

ErrorWarning

Dataoverrun

Wakeup

ErrorPass/e

Arbitrationlost

Buserror

ID ready

CoNoOOGrWNE

CAN Message Reception

Once initialised, the CAN controller is ablereceive nessages into streceive buffer. This
is similar in layout to the transinbuffers

The Rx Fram Status register is analogoughe Tx Frane information register. However it
has two additionavalues These & the ID Ind& and the BP bit and ésewill be explained
in the next section.

The code below deamdrates how to receive a CAN message:

int main(void)

{

VPBDIV = 0x00000001; /ISet PCIk to 60MHz

IODIR1= 0x00FFO0000; /I set all ports to output

PINSEL1|= 0x00040000; /[Enable Pin 0.25 as CAN1 RX
C1MOD = 0x00000001; /ISet CAN controller into reset

C1BTR = 0x001C001D; //Set bit timing to 125k

C1IER =0x00000001; //[Enable the Receive interrupt
VICVectCntlO = 0x0000003A,; /Iselect a priority slot for a given interrupt

VICVectAddr0 = (unsigned)CAN1IRQ; //pass the address of the IRQ
/linto the VIC slot

VICIntEnable = 0x04000000; /lenable interrupt

AFMR = 0x00000001; /IDisable the Acceptance filters
C1MOD = 0x00000000; /IRelease CAN controller
while(1){;}

118



Introduction to the LPC2000 4 — User Peripherals

void CAN1IRQ (void) __irq

{
IOCLR1 = ~C1RDA, /lclear output pins
IOSET1 = C1RDA, /Iset output pins
C1CMR = 0x00000004; /Irelease the receive buffer
VICVectAddr = 0x00000000; //Signal the end of interrupt

}
Acceptance Filtering

While the receive example shown above wibrk perfectly well, it suffers fromtwo
problens. Firstly, it reeives evey message transitted on the bus. In aully loaded CAN
bus this could man a message would be rieed every 72us. As the LPC2000 has up to 4
CAN controllers, the CPU wouldave to spend a lot of temust managing the CAN busses.
Secondly, once the essage has been recetvthe CAN controller would have to read and
decode th message identiér in oder to ekcide what to @ with the message. In order to
overcone these problems, the LPC2000 CAN colrs have a sophisticated acceptance
filtering scleme. The acceptarcfilter is used tascreen ressages as ¢ cone in from the
CAN bus. The acceptae filter can be progrenmed to pass or block essage identifiers
before they enter the CAMNontroller for processing. his prevents unwanted essage
entering the CAN receive buffer and consequegtiatly redices the ogrhead on th CPU.
The accetance filter has 2K oRAM (512 x &), which nay be allocated ito tables of
identifiers. This allows ranges of messages iadi/idual messages to be able to entetoin
the CAN receive buffer.

Acceptance filters:

The CAN modules one 2K block of RAM
which is used to set up filter tables to
efficiently handle high bus loadings
without overloading the CPU

As a nessage passesrtiugh the acceptae filter, it is assigned an ID Index. This is an
intege number thareates to the message ID&ffset in tle acce@mnce filter tade. This
number is stored inhe RX Frame Statugegster. So rather than decode the raessage ID,

it is eager and faster to use the indevalueto decide what @ssage has been received.
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Full CAN mode:

In full can mode the CAN
RAM may also be
configured as additional
receive buffers which
store incoming data for
the CPU to read as
required

The acceptace filter al has a full CAN mode. Ithis node the nessages are ceived and
scanned against the table of messible identifers. If a naich is made, the essage is
stored not in the CANantroller receive buffiebut in a dedicated essage buffer whin the

acceptanceilfer memory. In this mode, each easage has its own uniqueessage buffer at
a fixed location, raking all the CAN dataasily accessib from the CPU.

Configuring The Acceptance Filter

The acceptace filter is configured by seven gesters. Control of the filte is via the node
register. The various IDables are configured by the ndkte registers and the seventh
register is an error reporting register.

Before configuration of the accemce filter can stait must be disaled. This is done by
setting the AccOfbit and clearingthe AccBP bit in the aeptance filter mde register. If
the CAN controller is run with 1B configuration, then all mssajes on the bus will be
received.

The Acceptance filter mode register
provides global control of the
acceptance filter
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Once the aweptane filter is dsabled, each othe four filter tables ray be configuredThe
four tables are as follows:

Individual standard ientifiers (11 bit ID)
Groups of standard identifiers (11 bit ID)
Individual Extended idetifiers (29 bit ID)
Groups of extended idéfiers (29 bit ID)

The acceptance filter RAM starts at 0OXEO03800@&ctEof the tables must be defined and
fixed at absolute locatiss in the filter RAM.The start adakss of eaclable should then be
written into the releant acceptare filter register. Th tables should staat the begning of
RAM and use the emory contiguously. Finall the address of thediused location of
RAM should be writterinto the End of Table gister. To enable the Acceptanfilter, set
the ACCoff bit to logic one and AccBP bits to zero.

Each of the tables mongructed as dllows;

The Individual Standard idefigr table allows you to definedividual 11-bit identifiers
that will pas through tle acceptance filter. Eaatefinition takes two ytes, the firs 11 bits
contains the mssage identifier to be passedisTis followed by a bit to gnamically enable
or disable thisifter ertry. Finally, the top thee bits assoates this ifter entry with a
particular CAN controller.

The group standard identifier t@blises the sasformat but two entries are used to define
the upper and lower identifieddress range for essages thatre allowed to pass through
the aceptarce flter

The individual extended identifieable uses four bytes per entry, as shown above. The first
29 bits define the sssage identifier to be psed through the acceptz filter and the top
three lits asociates ta filter eriry with a particular CAN contiger. The group etended
identifier teble uses two words in ¢hsane format as the indvidual extended table to build

up a start and end identifier vakiin the samfashion as th standard essage group table

121



Introduction to the LPC2000 4 — User Peripherals

The following code shows how the acceptance filteag be configured for the basic QA
mode.

unsigned int StandardFilter[2] _at_ OxE0038000; //Declare the standard
/lacceptance filter table
unsigned int GroupStdFilter[2] _at_OxE0038008; //Next the standard Group

/ffilter table
unsigned int IndividualExtFilter[2] _at_ 0xE0038010; //Now the extended filter
/ltable
unsigned int GroupExtFilter[2] _at_ 0xE0038018; //Finally the Group extended
[ffilter table

AFMR = 0x00000001; /IDisable the Acceptance filters
StandardFilter[0] = 0x20012002; //Setup the standard filter table
StandardFilter[1] = 0x20032004; /IAllow Ids 1,2,3 & 4

SFF_sa = 0x00000000; //Set start address of Standard table
SFF_GRP_sa = 0x00000008; //Set start address of Standard group table
EFF_sa= 0x00000008; //Set start address of Extended table
EFF_GRP_sa = 0x00000008; //Set start address of Extended group table
ENDofTable = 0x00000008; //Set end of table address

AFMR = 0x00000000; //Enable Acceptance filters

C1MOD = 0x00000000; /IRelease CAN controller

Exercise 26 CAN Receive
Like the last exercise iiexanple confgures the CAN peripheral for 125Kbits/sec and
sets tle acceptance filters to race one of three essage frares.

Summary

This chapter is a bit of aawing target! The LP@000 is a raglly growing family with new
variants being releasexh a regular basis. @bk the CD that caenwith this book for a .PDF
update to this chapter or keep an epehe web at http://www.hitex.co.uk/aitptbook

If you have worked thnagh this andhe proceedig chapters, you should now have arfir
grasp of the LPC2000 raly the ARM7 CRJ and the necessary develogmh tools.
Appendix B lists further reading and websoerces for the ARM7 and the LPC2000 in
particular.
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Chapter 5: Keil Tutorial

This chaper contains wrksheets for the pracat exanplesthat are asilade on the CD.
There are two sets of exaias ore for the Keil corpiler and one for the GNUampiler.
This chapter is written for the Keil cquirer. If you want to use the GNU owiler you
should start with Appendix Avhich details the non-ANSI addins to the GCC copiler.
Appendix A also cotains examle worksheets fothe firg six exerciss that deal with the
specifically with GNU tools. Afteexercise six you can rejoinishchapter andse either the
GNU or Kel exanples for the rerning exanples.

Installation

All the necessary sdivare br the pratical exanmples is on the CD that ca with ths
book. If you place the CD in the dewn yourPC the following window will appear.

1. Firstitis neessary to istall the Kd uVISION sotware, thiswill also ingall the
Keil conpiler.

2. If you wish to use the SU conpiler you will need to ingall this se@rately once
uVISION is instdled.

Next install the exapie set fo the conpiler you plan to use
Finally instdl the PhilipsISP flash programimg tool

Once the s@tware has been installed youra ready to stat the tutorial exercises
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Using the Keil UVISION IDE

This sectionwill cover the develoment tools that can be used to dep code or the
LPC2000. In this book all the example areitten for the Keil ARM toolset. The Keil
toolset comprises of the UVISION IDE whiclordairs an editor andproject manager, an
ARM7 Compiler and linker and &oftware sinulator. The simolator will simulate the
ARM7 core and the L@2000 peripherals so i$ possible to see the full operation of the
chip by jus using the snulator. Anevaluation version of the toolset

is avalable free fom the Keil webge a& www.keil.comor on the CD supplied with this
book. It is also possible to purchase a staiewhich contains arevaluation board and
JTAG debugger that allows you to de@code on a real target device.

The Keil ARM conpiler allows us to write ithe C language and cge code to run on the
LPC2000 devices. In order to cope with themcontroller architecte the comiler has a
number of non ANSI extensions that allow us handle features such as interrupts
ARM/Thumb interworking and aessing device peripherals. fldee we star its worth
looking at a sirplified memory mep of anLPC2000 so we can understand how to build a
project.

The memory map of the LPC21xx is a linear 40 GB
address space with regions for on chip flash, static
ram and peripherals

Since the reset and exception vedtble ae located fromzero upward the on chip flash
memory is located from zero for up to 256K. The on chip SRAM starts at 0x40000000 for
up to 64K and the on chip peripherals maoped fromOxEO0000000 to the top ofemory.

Before we begin to look at the cpiter in detal | will run through a stefoy step tutdal on
how to set up a UVISION project, cqite the code and run the debugger. This does not
cover all the features of UBION but once you have a basinderstanding of the Bfeel
free to explore. If you copy ¢hexanple fromthe CD onto yothard disk the source files
referred to below can be found @:\exanples\ex1-first projec Ok lets build our first
project.
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Exercise 1: Using the Keil Toolset
This exanple is based on the source code that can be found in
C:\Work\EX1 first program

In this first exercse we will spend@ne time defining a frst projed, building the cale and
downloadimg it into the sinulator for debuggig. We will then cover the basic debugging
functions ofthe Keil simulato.

Double click on the Keil Uvien3 icon to start the IDE.

The Keil UVISION (a.k.a “uVISION”) IDE $ designed to support several qolars, the
Gnu C compiler, The ARM develomnt suiteand tke Keil ARM conpiler. Before

conpiling make sure you have the GNU ropiler selected. This is d@ by activating the
project worlspace, righclicking andselecting mnage componentslin this dalogselect the
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Folders/extensions tab andie surethe “Keil ARM tools” box is selected.

Next click on the “Books” tab.

Highlight the UserManual entrynd press the “Change Book” button.

Now change the path to point to the LEOO user ranual, which can be found on the CD
in the “User Manuds” directory. You can now add any lwr docurentation you wish

through these emus.

Once the project hasebn fully configured the on-len docunentation can be access
through the Books tab in the project wsplace window. The full Keil docuentation for
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uVISION and the CARM copiler is found under “Complete Users Guide Selection”
Once you have added the datasheet click thd@ton to continue defining the project.

Fromthe rmenu bar select Project\neiroject.

In the New project dialog navigate your desired project directory.

In the new project dialog namtheproject “first.uv2”and select Save.

A ‘select new device for targetialog will appear. Navigate through theuwice database
and select t PhilipdLPC2129 folder and thenkQ
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In the project browser highlight the ‘Targétdot folder and select the localamu by
pressing the right ouse button. In thimenu select ‘optionsadr target’.

In the ‘Target’ tab, set the sutation frequecy to 12.000 MHz. Also ake sure the “Use on
chip Ronmi and “Use On chip Raiboxes are ticked.

In the LA Locate tab, make sure that the “Wsenory layout fromtarget dialog” box is
ticked.

129



Introduction to the LPC2000 5 — Tutorial With Keil Tools

In the debug tab selectale sure the usersulator radio button ishecked along with the
“Load application at startup” and ‘@Xill main”.

Select OK to complete the target options.

In the project browser expand the ‘targetlotraode to show the source group 1 folder.
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Highlight the ‘source group 1’ folder, open tleeal menu with a rightclick and select ‘Add
files to source group source groupl”.

In the ‘Add files to group’ dialogdd the file blinky.c and serial.c.

Change theType offile’ filter to ASM and add thdlé startyp.s
These are all the source filesaesary for the prgect so select “Close” .
Notes:

(i) You can view the source code containeaifile by double clicking on the file n@ in
the project browser window.

(i) The “manage components/project coponens” option also allows you to custosa your
project by adding extra sourceogips and different build omins such as build for RAM
debugging or Flash, debug in the simulator or with th&@T

Build the cale by seleting the Projet\build target menu or the F7 key. Build Icons are also
available on the tdbar.

131



Introduction to the LPC2000 5 — Tutorial With Keil Tools

For the rest othe tutorid, the prgects will ke defined but releant bits of code will be
missing. A corplete copy of the exercise can Bmund in the solution directory. All the
exanple code is included on your CD.
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Using The Debugger

Launch the debugger by selecting the ‘delautggart/stop debuggesession renu or the
button on the toolbar.

The code will be loaded into the silator and executedrbm the reset vector until it rehes
main().

The project browser is replaced ayegister widow that allows you to view the ctamts of
the CPU registers. Here you can:

- View the registers in eadf the different operating atdes

- Open the BSR and CPSR registers to view tteg$

- View the internal mde to thesimulated cycle count and testanp

- Change the contents of a register bylériglicking on its value and then entering a
new value.
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Frommain(), single step the code:
Use F11 to step a line of code
Use F10 to block step lines of code and functions
Use F5 to run the code at full speed
Use Esc to dt the code

Note: For the single step commands to workparce code window ust be the active
window

To set a breakpoint:

Select a lie of code, ript click for the lochmenu and select “irext/renove breakpoint”.
Now press F5 to run to the breakpoint.

Run to a point in the code:
This is a quick way of getting &m arbitrary pointing your code.

Select a line of code, open the locatmm, “sekct run to cursor”. Tis will execute code

until this line isreached. You can also selecet$rogam counter”. This forces the PC to
the current position without running any code.
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Select vew/disasselly to see the nderlying asenbler code:

Examine progranvariables:

In the C code window placedhcusor on tle “counter” \ariable. Open the local window
and select “Add counter to watehndow” in the sub renu select #1

In the “Watch and call stack wined, selectthe Watch #1 tab to view the contents of
counter
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Examine memory locatians:
Open the ramory window with “viewnemory window”

Set the start of the @mory window to0x40000060, the address oétbounter variable.

View the device peripherals:
Open sore of the windows under the Peripheralem.
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The debugger hasamy mode functions but #nabove debugging toolslirallow you to run
the course exercises. The slator can alsde replaced by a &G debugger and the same
front end can be used to debug real hardware.
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Using The ULINK Hardware Debugger
The JTAG debugger included withetlstarter kit is the &l ULINK. This connects to the

JTAG port on MCB2100 (P5) and then connectshto PC via USB. To switch from using
the sinulator to using tle ULINK, follow the $eps below.

Setting up the ULINK JTAG hardware debugger:

Connect the ULINK to the MCB2100 as sholelow and plug the USB connection into the
PC. Power should also be connected to the (6.5V).

Configure UVISION to use the ULINK in place of the siator:
First open the utilities emu in the “Options fo target” dialogue . Select the “use target

device for FFash programming” radio buttomnd select the ULINK ARM7 debugger from
the drop down renu. Also tick theupdate target before debugging box
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Configure the flash algorithm
Next click the setting button. Set the stardi@ss for the RM at 0x40000000 with a size of

0x400. Click the add button and set the flash algorithrfor the device you are using then
click OK to quit.

Switch from the siralator to the JAG debugger:
Again open the options for target dialogue aetéct the debuggeremu. On the right hand

side of the ranu select the ULINK ARMDebugger fronthe dropdown renu and tick the
Use radio button.

UVISION is now ready to use thelUNK JTAG in place of the sinlator.

If you are in the JTAG debugger or silator you nust halt any running code and quit the
debugger before you can rebuilétbode or quit the project.
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Important Note for the following exercigs:

All the following exercises have builds to debugged in either the Keil Sutator or to be
downloaded onto the MCB2100 target hsack and debugged via the ULINK JTAG
debugger. Te root folder of the project Wibe naned “Simulator” for the simulation
version or “Flash” for the version built tbe debugged on the haraw. Only the debug
options in the project are changed. To swibétween the two versionsake the “project
workspace” the active windovight click and select amage corponents.

In the project components tab select the projeéatget you want ( either Simulation or Flash)
and click the “Set as current target” button.

In a real project this feature of uVISIONIavs you to setup several different builds of a
project or have several difient programs in a project witch are part of one larger
application.
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Exercise 2: Startup code

In this execise we will conigure tre conpiler startup code to comjure the stack dr each
operating mode of the Arin we will also enste that the interuptsare switched on and that
our programis correctly locatd on the interrupt vector.

Open the project in C:\work\EX2 startup

Open the file Startup.s and using the graphecktor configure the opating node stacks as
follows.

Now:
Conpile thecode

Start the snulator andwhen the PC reachamain exanine the contents of each R13
register.

Examine the fags in the CPSR to detema the operating mde and nistruction set being
used

At last entry in the register window is thentérnal Mode” this gives additional infoation
including timng information (if you are in the simlator).

Each stack is aticated a pace of0x80. The
user stack is 0x400 bytes so user data willtstar
at 0x4003d80 — k400
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Exercise 3: Using THUM B code

In this exarple we will build a ery simple programto run in the ARA 32-bit instrudion se
and call a 16-bit thumfunction and tan reurn to tre 32-bit ARM node.

Open the project in C:\ work\ EX3 Thimtode

In main.c conplete thefunction delaratiors for the nmain function and thuirn fundion as
follows.

void main (void) __arm

void thumb_function(void) __thumb /INb use double underscore

Again in tre file browser sdec the root targt (Flash)and in the lodamenu “options or
target”. In the C tab you can select the glabsatruction set by checking or unchecking the
“use thunib mode” box. It is also possible to dedithe instructions set to be used & C
module by checking or unchecking the safiag in the local C options enu for the C
module.

Conpile and download the code into the debugger

Open the disasséy window and single sp through the code using the F11 key
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Observe the switch fror@2-bit to 16-bitcode andhe THUMB flag in the CPSR

32-bit ARM ode

.

The processor is running in ARM (32-bitjode,the T bit is clear and the instructions are 4
bytes long. A call to the THUMBuUnction is nade which executea BXinstruction forcing
the processor into THUMB ade (16-bit).
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Exercise 4: Using STDIO libraries

In this exercise we will look at tailoring ¢h Rintf function towork with the LRC2100
UART. We will look at the regiers ofthe UART’s in nore detail later.

Open the project in EX4 printf\work

In main.c add a ressage for Binsnission to the printEtatenent

while(1)
{

printf("Your Messag Here \rY); //Call the grinfF function
}

Add the fle serid.c in thework directory to the project

In serialc conplete the putchd) function so it writes a sirg character to theesial port.

int putchar (int ch)
{
if (ch =="\n")
while (I(UOLSR & 0x20));
UOTHR =CR;
}

while (I(UOLSR & 0x20));

return (UOTHR = ch);
}

Convile thecode and danload it tothe developrant board or simiator

Connect COMO on the board to PC comRat 1 ard stat hyperteminal with the
configuration file inthe exercise directory.

If you are using the simulator select viegrial window #1. This opes a terrmal window
within the simulator thtdisplays the UARTO oput

Run the code and check that thessage appears on the tarad window.
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Exercise 5: Simple interrupt
In this exercise we will setup ada FIQ interupt and see itaviced.
Open the project in C:\work\EX5-Interrupt

In main.c conplete thedefnition of the FIQ_Handler function to define it as the FIQ
interrupt sevice rouine

void FIQ_Handler (void) __fiq

In startup.s comlete the vector constantzble to define EXTIntFIQ as the FIQ ISR.

__startup PROC CODE32

Vectors: LDR PC,=Reset_Addr
LDR PC,Undef Addr
LDR PC,SWI_Addr
LDR PC,PAbt_Addr
LDR PC,DAbt_Addr
NOP /* Reserved Vector */
LDR PC,[PC, #--OxOFF0]
LDR PC,FIQ_Addr
\ The FIQ interrupt vector, tle instruction loads the

Reset Addr: DD  Reset_Handler L
Undef Addr: DD  Undef Handler address of tec rautine into the PC

SWI_Addr: DD  SWI_Handler
PAbt_Addr: DD  PAbt_Handler
DAbt_Addr: DD  DAbt_Handler

DD O /* Reserved Address */
IRQ_Addr: DD IRQ_Handler
FIQ_Addr: DD  FIQ_Handler?A <—____ The onstantsable holds theddreswf the

FIQ Croutine
Conmpile the code and download it onto the board.

Step throup the code util you reach the while loop
Set a breakpoint in 6AQ_Handler function
Press F5 to set the program running

On the MCB2100 board press the INT button to generate the interrupt.
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If you want to see the entry and exiechanisnis to the exception it is best to use the
simulator and single step in the disas®dyrwindow. This way you can watch the progra
flow and the actions on the CPU registers.cootrol theinterrupt inthe simulator open the
peripherals/GPIO port O window. If you set fmgramrunning unchecking the Pinl1.4 box
will generate the iterrupt. You nmust rase the pin high againo stop inerrupts.

These tick bees contol the logic level the simulato
sees onhe exernal phnsof the LPC2100

T

Alternatively in the toolbox theris a “Generate EINT1” buttofithis button will gene rate a
simulated pulse onto the interrupt pin.

Toolbox with user
Toolbox button configurable scripts

Within uVISION there is a full scripting laguage that allows you to sitate external
events. These scripts based on the C language arsoaed in text files. The script used t
simulate the pulse is sk below.

signal void Toggle(void)
{

PORTO = (PORTO ~ 0x4000);
twatch (200);
PORTO = (PORTO ~ 0x4000);

}

KILL BUTTON *
DEFINE BUTTON "GenerateEINT1","Toggle()"

This script is stored in the file signal.iand is added to the project in the debug window.
For nore ddails on the scripting lan@ge see the uVISION docentation.
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Exercise 6: Software Interrupt

In this exerdse we will deiine an itine asenbler function to call a sdivare interupt and
place the value 0x02 in the callingstruction. In the Softwarmterrupt SW we will decode
the instruction to see mich SW function hasbeen calledand theruse a cas datenent to
run the appropriate code.

Open the project in C:\work\EX6 S\W
Add the fle SWM_VEC.S to the prjzct

In Main.c declare the two funoim as SWfunctions as follows

void SWI_Call1(int pattern) __ swi(8)
{

}
void SWI_Call2(void) __swi(9)
{

}
Conmpile and download the code into the debugger
Step the code and observe thel®&ing serviced
In the dsasembly window we can see thedkt to the first fundion. This pases the

parangeter and generates an $Which is packedvith the integer 8. Ithe register window
we can read the CPSR whishows we are in userade.

?

Branch to function is replaced by an
< User node swi instruction

Once we have generated the software intetthpthip will change wdes run the code in
vectorss ard then enteour nunber 8 SW function .

<4— Superviso r mode
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Exercise 7: M emory Accelerato r Module

This exercise deonstrates the iportance ofthe nemory accelerato module. Initially the
PLL is set to 60MHz operation but the MAMdssabled. A snple LED flashing routine is
used toilluminate the LEDs on the riget ard in sequence. This shows the sort of
performance you can expect from and ARMunning directly from on chip FLAS
memory. When the vlue of the potetiometer ischanged the MAM is enabled and the code
will run faster naking the LEDs ffash &ster. Ths inaease in pedrmance caused $ely by
the MAM which is why it is so irportart to this kind ofsmall single chip nicrocontroller.

In this example we will ug the lootloade to load the cde intothe flash in pace of the
JTAG.

Open the project in exercigEX7-MAM

In main.c complete the code to enable the MAM

In Options for target/outpuick the generate hex box

Build the cale

Connect the PC serial pagc COMO on the target board

Apply power to the board.

Start the Philips ISP Utility toeg the screen shan below

Make sure the “Use DTR/RTS” box is ticked.

Press the “Read Device ID” button, If the bo#adconnected ok the part ID number and
bootload vesion will be displagd.

Make a notef these numbers as we will userthm the nex exercise.
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Next selet the MAM.hex file from the prgect directory and press “Upload to Flash” this
will program the target LPC2100.

You can also use the tnpare” button the vely that the flash has programmed correctly.

If you select the buffer option the samperatims can be perfored along with calculation
of the progransignature and lineed debugging options.

Once the Target LPC2100 has been progradtine chip will autonatically be rebooted and
start to run your code.

Turn the potentiorter fully clockwise
Reset the abe and the ED’s will start to sequere

If you turn the potentimeter anticlockwiseéhe mam will be enabled and you can see the
LPC2000 “turbo” kick in.

In the ISP utility under the buffer option you caew a HEX durp of you program. In this
view the calculated prograsignature is also shown.
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If you reconnect the AG and start the debuggwithout downloading the prograyou can
exanine the interrupvector tabe. As we hae programred the flashwith the Philips ISP
tool the progransignature has been addadocation 0x00000014 which exists as a NOP in

the startup code.
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Exercise 8: In-Application programming
This exanple denonstrates how to call the btioader API fromwithin your application

prograns. The code wkes a call into the booader functions toun the “Read\Part ID”
function. This example has only beehuilt to work with the MCB2100 evaluation bad.

Open the project in C:\work\ EX8 IAP

Add the following lines of code to main.c

command[0] = 0x36;
iap(command,result,0x7FFFFFFO);

Add the bllowing lines to API.c

#pragma asm
mov r15,r2; /Imove entry address into PC

#pragma endasm
Now make sure that nain is conpiled as ARM code and API is built aiidmb code

Build the code and start the debugger

Run the code up to the firsall to thelAP function.

Set a breakpoint on the liroé code after this function

Step into thdAP function

Look at the contents of RO-R2, These regssstrould contain the adshses of the comand
table, the results table and the entry adslref the bootloader functions. Also R1bsld

contain the return address to thaimfunction.

Step the lie of assemly code whichwill jump you to Ox7FFFFFFF. This is thetgnto the
bootloader code.

Now run the code at full speed, it will exeeuhe bootloader functiocalled and returto
the address held in R14 ( the next line @mrc).

When the ode hits the breakpoint exame the CPSR toe® which instruction set is now
being used.

Take a look at the result table and rebd RartID number retuned by the bootloader.
Conmpare this to thealue retuned inthe prevous exanple.

Run the next call to the Bootloader APl ancedh that tle correct botloader version is
returred.
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Exercise 9: External Bus Interface

This exercie denonstrates how tould a prgect to use the external ult is recesary to

link the coe so it is lo@ted in an eternd flash device, configure any giselect tlat is used.
Because the MCB2100 evaluatiorabw uses a trusingle chip device this exaole uses the
simulator to denonstrate the external bus in@ce.The project is buitb place code in flash

at 0x80000000 which is the boot chipselect and RAM at 0x81000000 which is chipselec
one. On real hardware the booéthod is detamined by the state of the two external boot
pins, in tke simulator we use a scrifile to st the correct condition. Heever we will also

look at configuring the JTAG to prograexternalflash memory so this exapie can be used

on real hardware.

Open the project in C:\work\ebi\
In the “Options for target” ®nu selecthe device tab and select the LPC2294.

Next, selet the Targetab and fll in two regions ofexternal nemory and uncheck &'‘Use
on chip ROM” as showbelow.

Next highlight the startup.s file right clicknd slect “Options for file” and seletthe ASM
tab.
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Enter the “XTERNAL_MODE” symbol in thecontrol directives box as shown below.

This will ersure the staup code icorredly built for an extenal bod.

Next in the graphical display of the stgytcode add the paraers necessary for the
chipséect mnfiguration

Build the cale and std the simulator
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In the disassebly window the PC is s&b address 0x00000000 and no meaningful code has
been loaded.

Open the peripherals/systarantrd block/ memory mepping control

Switch from “User Flash Mode” to “Ext Flash Mode”

This will map the first 64 bytes of chipselect Zamio addres®x00000000 upwards. This is
our vecto table that is loated in the exteat flash.

If you single step off the reset vector ysill jump to 0x80000040 and start running code
from the external Rash device.
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The ULINK JTAG can also be used to progrexternal flash devices. This can be achieved
as bllows.

Open the options for target/utilities wind@amd add the file flash.ini as shown below

This is a sript file that is used by tWULINK JTAG to configure the ecessary chipselects

to allow code to be prograned into the extew flash and as suclasuld reflect the values
used in the startup code.

Next select the settings thon and you can add the flaslgalithm to metch the external
device used.

With this configuration using the debugger with the GrAnd external flash becas
seantess.
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Exercise 10 Phase L ocked Loo p

In this exercise we will configure the ap#on of the PLL to give mximum Speed of
operation for the ARM 7 core for a 12.00MHz dis¢or. We will also configure the VLSI
bus to run at half the speed of the ARM7 core.

Using Cclk = M x OSC calcuta the naximum integer vale for M given that OSC = 12.00
MHz and Cclk =< 60 MHz

Using Fcco = cclk x 2 x P calculate a suigatdue for P using the resufor Cclk
calculated above and werE56 MHz <Fcco< 320MHz

Using the reults br M and P calculte the aue for PLLCFG
(answerM =5and P =2)

Calculae the value or VPBDIV to set Plk at half the frequency of Cclk
Open the project in C:\work\ EX7 PLL

Conmplete the code in rein as bllows

Set multiplier and divder of PLLin PLLCFG to give 60.00 MHz
PLLCFG = 0x00000024;
Enable the BL in PLLCON

PLLCON = 0x00000001,

Update the internal PLL registers with the feed sequence

PLLFEED = 0xO00000AA,
PLLFEED = 0x00000055;

Test the Lok bit in PLLSTAT until the PLL is stable

while (((PLLSTAT & 0x00000400))

Connect the PLL as theamn clock source

PLLCON = 0x00000003;
Set the VLSI peripheral bus to 30.00MHz

VPBDIV = 0x00000002;

Conpile the code and load it into the board.
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Run the initPLL routine and observe the tesin the PeripheralBLL window. This will
show the true bus frequency.

Configuration of the PLL can be done via theilkartup code but for this exercise this
code is disabled. The equivalent settifysthe startup code are shown below.
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Exercise 11: Fast Interrupt

In this exercise we will confjure a the extenal interrupt to be fandled as an FIQ. This
code was used in exercise 5dfoow the C handling of anterrupt function. This tira we
will see how to confjurethe hardwee for an FIQ interupt.

Open the project in EX1terrupt vectored\work

Configure tke external iterrugt as ar-IQ by programring the IntSdect regiser

VICIntSelect = 0x00008000;
Conmpile the code and start the debugger aretkhhe interrupt works as in exercise 5.

The name of the FIQ ISR must mach the name in the vecto constahtable in steups. The
default name given by Keil is FIQ_Handler.

If you are using the siofator the interrupt came triggered by sehg pin 0.14 low in the
peripherals/GPIO window or by using tf@enerate EINT1” button in the toolbox
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Exercise 12: Vectored Interrupt

In this exercise we will corgure a IRQ source to be handled as a vectored interrupt by the
VIC. We will use the smne exterral interrupt as exerise 9 It this time it will have its own
dedicated IR to give faster sgicing of the interrupt request.

Open the project in C:\wkYEX11 Interrupt vectored
Configure slot 0 in the VIC to service the EINT1 interrupt
VICVectCntl0 = 0x0000002F;

Place the address ofeldedicatecexterral interrupt rotine in the correct vector address
register.

VICVectAddr0 = (unsigned)EXTINTVectoredIRQ);

Conmplete the code in th&XTINTVectored to cancel thinterrupt

EXTINT = 0x00000002;
VICVectAddr = 0x00000000;

Conmpile the code and stadibwnload it into the debugger.

Run the code and chedhat the interrupt is etered correctly and that it only runs once for
each pressfahe EINT1 button pin.Q4.

If you are using the siatator open the GPI®ort O peripheral windowThe interrupt can
be triggered by bringing pin 0.14 low or use tiGenerate ENT1” button in the toolbox.

Open the VIC peripheral window in the debugged get farntiar with its layou ard how
the VIC is configured.

Each VIC slot is shown here

Details of the selected slot
are shown here

Global registers are shown
here
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In the simulator use the cycle counter in thegister window calculate how long the device
takes to enter to theréit line of your code ithe interrupt routine
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Exercise 13 : Non Vectored Interrupt

In this exerase we will e theVecta interrupt unit to geneate the dowest brm of interrug
response aan vectored interruptWe will use External irerrupt one ENT1 to gemrate an
interrupt. Tke VIC will respond to tis interrug event by preiding theaddress of a general
purpose ISRor the processor to jupito. On enty to this rouine the ISR must caltate the
source of the interrupt, take appropriate @ctand then corectly ext the ISR and resuen
normal processing.

Open the project in EX9-tarrupt Non Vectored\work
In Startup.s add the correct assincode to the IRQ interrupt vector
LDR PC,[PC, #-0xFF0]

In main.c configure the Pin Connect Blotkenable P0.14 as an External interrupt.
PINSELO = 0x20000000;

Place the adiess of the NonVectored ISR intetbefault vector adéss regiser. Note in C
this can be done as follows:

VICDefVectAddr = (unsigned)<Name of ISR routine>;

Enable the kternd interrupt chanel in the VIC

VICIntEnable = 0x8000;

In the interrupt routine chedke IRQ status register tanfil the source ahe interrupt

if(VICIRQStatus&0x00008000)

At the end 6the ISR clear the interrupt flag EINTO register and perforrdummy write to
the correct register in ¢hVIC to clexr the interupt source

EXTINT= 0x00000002;

VICVectAddr = 0x00000000;
Conmpile the code and start the debugger

Run the code and chedhat the interrupt is etered correctly and that it only runs once for
each pressfahe EINT1 button pin.Q4.

If you are using the siakator open the GPIO Port O peripheréndow. The interrupt can be
triggered by bringing pin 0.14 low. Altertiegely open the toolbox and use the “Generate
EINT1” button.

In the simulator use the cycle counter in thegister window calculate how long the device
takes to enter to theréit line of your code ithe interrupt routine
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Exercise 14: Nested Interrupts

In this execise we will setup two errug souces. First tirerO which sets a porimp high
for the duration of the interrugind secondly external interruphe which also sets a second
port pin high for the duration of the interruiinder nornal operation both interrupts waal
block each other while thegre running. However by addingettappropriate @cros to the
Externad interrupt rodine we can kdow the tirrer interrupt to interupt the extenal interrup
routine so it will be garanteed to un every 1éns. This can be obseed on the [EDS on
theMCB2100 or in the logic atyser of the simlator.

Open the project in EX14-tarrupt Non Vectored\work

In Main.c canplete the tw IENABLE and IDISABLE nacros

#define IENABLE // Nested Interrupts Entry
_asm{MRS LR,SPSR } /I Copy SPSR_irg to LR
__asm{STMFD SP!,{LR} } /I Save SPSR_irq
_asm{MSR CPSR_c, #0x1F } /l Enable IRQ (Sys Mode)
__asm{STMFD SP!, {LR} } /I Save LR

#define IDISABLE // Nested Interrupts Exit
__asm{LDMFD SP! {LR} } /I Restore LR
_asm{MSR CPSR_c, #0x92 } // Disable IRQ (IRQ Mode)
__asm{LDMFD SP!,{LR} } /l Restore SPSR_irg to LR
__asm{MSR SPSR cxsf, LR} /l Copy LR to SPSR_irq

Add the two nacros to the Exterhanterrug sevice roudine

void EXINT1_ISR (void) __irq

EXTINT =2; /I Clear EINT1 interrupt flag

IENABLE; /I allow nested interrupts

IOSET1 = 0x00010000; /I Switch on an LED
delay (0x500000); /I wait a long time

IOCLR1 = 0x00010000; /I Switch off the LED
IDISABLE; /I disable interrupt nesting

VICVectAddr = 0; /I Acknowledge Interrupt

}

Build the project and denload it to the debugger

If you are using the MCB2100 run the codduditspeed. One LED will flash for the period
it is in the timer interrug. Press the INT1 kton and the second led will illumate for the
longer perid it is in the External interruptautine. However the tirr led will continue @
flash becauwsthe irterrupt is not bocked.

If you are using the siohator the samabehaviourcan be observed using the logic analyser.

Remove the IDISABLE and IENABLE mcios and observe the new behaviour.
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Exercise 15: General purpose 10 pins

In this exercise we will use the GPIO pisgroup of pins will be set as outputs and then
each will be flashed segqutially.

Open the project in EX12 GPIO\work

Add the include file for the LPC21xx SFR’s

#include <LPC21xx.H>

Programthe data direction registér enable pins 1.16 — 1.23 as output

IODIR1 = 0xO0FF0000;

Conmplete the ChangeGPIOPiInStatmétionto clear and set the relevant pins

IOCLR1 = ~state;
IOSETL1 = state;

Conmpile the code and download it into the debugger
Run the code on the MB2100 to see the LED chaser.

If you are using the simulator step througk tode and check it works by examg the
state of the 10 pins vitne GPIO peripheral window
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Exercise 16: Timer C apture

In this exercise we will use tien O in a snple conpare node to neasure the tie between
starting the timr and getting a risingdge on pin 0.02. Because the MCB2100 does not
have a button on a capture channel to gendtretepuse this execise is baad on the

Simulator. A target version is included byou would need to odify the M(B2100
hardware and observe tbatput on an oscilloscope.

Pclk = 30 MHz Pclock tick = 0.033MHz
Open the project in EX18 Tien capture\work
In main.c complete the code as follows

Enable pin 0.2 as capture channel O:
PINSELO = 0x00000020;

Load prescaler with 1 micro second tick value:
TOPR = 0x0000001E;

Reset tiner counter and presiler counter registers:
TOTCR = 0x00000002;

Configure capture channel 0 to caigt on the rising edge: TOCCR0x00000005;

Enable the tirar:
TOTCR = 0x00000001;

In the interrupt routineopy the capture valuetma dummy variable:
Value = TCCRO;

Convpile and load the code into the debugger
Run the progranmand check the following

Test the capture interrupt is working by s®jta breakpoint on thémer ISR, and running
the code.

In the sinulator a script has been addedhe toolbox to generate a pulse on 0.02. If you are
using the MCB2100 you need to pull §hert pin up to Vcc via a 10K resistor.
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In the smulator check that the tirar is incementing at the requirethte by single stepping
until the timer increments and easuring tlke time interva with the dock in the regiter

window.

Timer count

'

Timer value at >

capture event
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Exercise 17: Timer M atch

In this execise wewill configure tre timer togenerate a single edge PWM signal using two
match channels. Match zero will be used togaate the t@al PWM period. On match it will
be used to reset the timer agdnerate an interrupt. Match omadl be used to crae the
duty cycle. On ratch it will clear the extera match one pin. At the lggnning ofthe cycle
the irterrupt will set the exteal match one pin hgh.

Open the project in EX18 Tien Match\work

In Main.c canplete the tirer initialising code asdlows

Configure the pin connectdatk with P0.5 as MAT1

PINSELO |= 0x00000800;

Set natch zero to reset the co@ntand generate an interrupt

TOMCR = 0x00000003;

Set the PWM period to 163ec

TOMRO =0x00000010;

Set the Match 1 to give a 50% duty cycle

TOMR1 =0x00000008;

Configure natch 1 pin to clear on Match.is dso set igh for the irst cycle

TOEMR = 0x00000042;

In the interrupt set Match 1 output pin High

TOEMR |= 0x00000002;

Conmpile and download the code into the debugger

Run the code and observe the actioityGPIO pin 0.5 with an oscilloscope.
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Again we can see the miiguration of the tirer inthe peripherals window

Match on 0x10
> Match on 0x08
—>

Generate interrupt and reset

The simulator also includes a logic analr window that can didpy a grapical trace of
activity on a pin over tim The logt analysr isused as follows

Open the logic analyser windomith view\logic analyser
In the top left hand coer press the setup button

Add an new signal called PORTO, set thasknto 0x00000020 and setetldisplay type to
bit.

Clear the matchl pin

< Add new signal
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Now as you run the code any activity on thetchl pin will be recader irto the logic
analyser window.
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Exercise 18: Dual-Edge (Symmetrical) PW M Generation.

In this exercise we will use the PWMorlule togenerate a single chaal of symmetrically
modulated PWM signal. This will use the MATOarimel togenerate tdotal sigral period

and will be conjured to resethe timer. MAT1 will be use to geneate the turron df and

MAT2 will generate tle turn off point. Thé?WM duty cycle can theneimodulated by the
+- keys in serial window 2.

Open the project in C:\work\ EX20 APMModule

In main.c complete the code as follows

Enable pin 0.7 as PM2

PINSELO |= 0x00008000;

Configure PWM channel two to dogbédge control, output enabled

PWMPCR =0x0000404;

Configure Tiner O reset to the counter

PWMMCR = 0x00000003;

Set the relad valuesof matl and nat2 to give an iitial “spike” which is gadually
broadened in the an loop as the code runs.

PWMMRO = 0xO00000FF;

PWMMR1 = 0x00000080;

PWMMR2 = 0x00000080;

enable shadow latch foranch O - 2

PWMLER = 0x00000007;

Reset counter and prescaler and enabl®RWode
PWMTCR = 0x00000002;

enable tiner with PVWM enabled

PWMTCR = 0x000000089;

In the main while loop enable the shadowdh to update the ach registers when a new
values are availaeé.

PWMLER = 0x0000006;
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Conpile and download the code into the debugger
Run the cod and check that it corect with the siralator

Again the peripheral window can be usevi@w the configuration of the PMW module

The logic amlyser can also be usém exanmne the activity a the PWM 1 pin. Thistime the
mask should be set to 0x00000080.
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Exercise 19: Real Time Clock

In this execise we will use all th ngjor featues ofthe reatime clock. Theifst step is to
configure the reference clock to giv82.768 KHz. We an then configure the counter
increment registers to give an interrupteey second and the alarmegisters to give an
interrupt at 10 seconds.

External oscillator = 12.00MHz, Cclk = 60.000MHz, Pclk = 30.000MHz

Calculate the value of PREINTing PREINT =(int)(pclk/32768)-1

(Answer 0x392)

Calculate te value of PREFAC using PREFRAC = PclkREINT+1)x32768)

(Answer 0x4380)

Open the project in exdIRTC\work

In main.c enter the values for PREINT and PREFAC

Next enable the Seconds incremhinterrupt

CIIR = 0x00000001;

Set the Seconds alamagister for 3 secondsid enable the secondsah in the alarm sk
register

ALSEC =0x00000003;
Programthe Clock control regist to start the RT running
CCR = 0x00000001;

In the interupt routine test the intarpt location regiter to cetermne thecause othe RTC
interrupt (seconds incregnt or alarm

if(ILR&0x00000001) increnent
if(ILR & 0x00000002) Alarm

In either case ake sure the interruptdb is cleared before iixg the irterrupt
ILR  =0x00000001; incresmt
ILR = 0x00000002; Alarm

Using either the siolator or the MCB2100 hardware provime code works correctly.
Remember the sinulator is not realtire and yolthave to use the IntegthSec counter in the
register window to get timg information.
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Exercise 2 0: UART

In this exercise we will configure UARTL1 teansnit at 19200 baud 8 bits no parity stop
bit. We will use the UART to echo charactesent to it from the simulator terminal window.

Open the project in EX13 UART\work

Configure the UART for 9600 Baud 8/N/1 witiclk = 30MHz (The actual achievable baud
rate is 9664)

UART1_LCR = 0x00000083
UART1_DLL = 0x000000C2;
UART1_LCR = 0x00000003;

In getchar and putchar add the caoal@onitor the line stas regider

a For Putchar while ({(UART1_LSR & 0x20));(This line is used twice)
b For Getchar while ({(UART1_LSR & 0x01));

Conpile and download the code into the debugger

If you are ushg the MCB2100 hardware connect UARTto the serial porvf a PC ad start
Hyperterninal. When you run the code enteharacters in Hyperterimal and see them
echoed back to the screen.

If you are using the siatator us the built in serial window tgimulate a terrmal (serial
window #2).
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Exercise 21: 12C interface

This exerese will demonstrae usirg the 12C iterface to wite and red back from a serla
EEPROM of the type (see the CD for the fidtasheet). Bcause th MCB2100 evaluation
board is nofitted with such a mmory a scipt file is used to simate the EEPROM so we
can test our routines and have thesaly as soon as the hardware becomes ready.

Open the project in C:\work\I2C

The script file is in 12C.ini and this is aditieo the project in “Options for Target/Debug”
Add the bllowing lines to the C caal

Build the cale and std the sinulator

Open the peripherals/I2C window.

The 12C Hardware tab shows the configwatofthe peripheral and the 12C coranication
tab will show all the bus transactions.

In this coce the 12Ctrasfer() function stas the 12C bus trasaction wiich is then handled
by the 12C interrupt function. The interrupt furostiis a state achine in the form of a case

statenent. By setting a breakpoint on the init@alitch staterant we @n run the code and
observe the activity on the 12C bus

After running the code the traastions on the 1€ bus will look as follavs.
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The Sinulated EEPROM remory is mepped intoan unused section of the processor address
range. In this case 0x00030000 to OxO00300FF. AsdHde is run you camew data as it is
written and read fronthe memory, this canbe a great aid tdebugging your drivers.
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Exercise 22: SPI

Like the 12T exanple this eanple uses th SPI interface to cormumicate to a serial
EEPROM ad denonstates how to write andead data to such a devicein& the
MCB2100 is not fitted with suchmemory this exarple uses the siatator with a script file
to sinulate the EEPROM.

Open the project in C:\work\EX16-SPI
The script file is in SPLini and this is adti® the project in “Options for Target/Debug”
The script maps soamenory for the SPI EEPROM at 0x700000-0x7000FF

In Main.c add the following lines of Code

Configure the operation mode and bit timing.

SOSPCCR = 0x000000FF;
SOSPCR = 0x000000AO0;

Kick off an SPI transfer

SPI_write(output_buffer,8);

Use a casdatenent for each state ¢ihe transaction

case (0x01): /ISend Write opcode

SOSPDR= 0x00000005;

status = 0x02; /Iset next state
break;

Conmile thecode and start the sitator

Set a breakpoint on the switstaterant in the SPI ISR

Run the code and exame the state of the tual EEPROM remory and the debug output in
the nmessage window.
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Exercise 23: Analog To Digital Converter

In this exercise we will configure ¢hA/D in hardware made and do an 8 bit conversion on
channel 0. The results are ndulated onto the LIE pins.

Open the A to D project in C:\work\EX20-AtoD

Programthe ADCR to give hardware conversion channel zero, 8 bits resolution, Adjust
the A/D clock for a Pclk of 30 MHz

ADCR = 0x00270601;

Test the done bit in ADDR to find a finished conversion
while ((val & 0x80000000) == 0);

Conmpile the code and load it into the debugger

If you are @ing the target board toing thepatentioneter will chang the analoge value
analogue channel 0.

If you are using the simulator the periphenahdow will allow you to sinulate external
voltages.

A new smulation script has been added tla#lbws youto change the A-D voltageiar
buttons in the toolbox.
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Exercise 24: Digital to Analogu e Converter

In this exercise we will setup the A-D toake a conversion every 50uSec (20 KHz) by
using a tiner metch channel tdrigger the conversion. As soont® conversion is agle the
converted value is fed into the Digital to #ogue converter. If yohave access to a signal
generator and a scope you @ampare the input and output waforms or use the simulator
and the Logic analyzer.

Open the AtoD project in C:\work¥20-AtoD

Configure the A/D so it is triggered by tar0 netch channel

Copy the A/D result into the DAC register

Build the project and start the debugger

If you are using the MB2100 connect a signgkenerator to the A/D input channel and an
oscilloscope to the output.

Run the cod and cormpare the two wavefors
Vary the input frequency and find tfrequency at which aliasing occurs

If you are using the siofator an input scripis provided in the todlox and the input /output
signals can be cgpared inthe logic analyser wdow.
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Exercise 2 5: Transmitting CAN Data

In the next two exercises we are goingdoH at transntting and receiving CAN mssages.
In order for a CAN network to work weeed a rmimum of two nodes. Fortunately the
LPC2194 has two independent CAN contradlevhich are brought out to two D-Type
connectos on the evaluation badr For our examples we will conect the twochannels
together and send data frane channel to the other.

Setup the evaluation board witie JTAG debugger and conneat Ri( CAN low) of socket
P3 to pin 2 of socket P4.

Do the sara with pin7 (CAN High)

Open the project in c:\exaies\work\EX22- TXCAN

Calculde the bit timing values ér 125 Mbit/sec withPclk = 60 MHz
Conmplete tre lines of code in the exaple

Programthe bit timng register

C2BTR =0x001C001D

To transnit the data set the Data length code to four bytes
C2TFI1 = 0x00040000;

Set the address toassage 22rad a standard 11 bit identifier
C2TID1 =0x000M022;

Copy the A/D result into thirst byte of the TX buffer

C2TDA1 =val;

Schedule the Bssage for transission

C2CMR = 0x00000001;

Build the code and start the debugger

Once the cde is runimg the A/D conversion W be transnitted from the CAN2 module
and receied by CAN1. The received data iseth writtento the GPO to modulate the
LED’s

In the sinulator the two CAN channels&looped back by a script file and the GlAraffic
may be obseved in the Bripherals/CAN/comnunication window.
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Exercise 2 6: Receiving CAN Data

This is the sam code as in th pevious exaple but ths time it is preseited from the
receive point of view.

Open the project in C:\work\EX24-CANRX
In main.c add the following lines to configeithe acceptance filtéo receive ressages

Declare a arrayin thefilter memory
unsigned int StandardFilter[2] _at_ OxE0038000;

Configure the stardard messaefilter table

AFMR = 0x00000001;
StandardFilter[0] = 0x20012002;
StandardFilter[1] = 0x20032004;
SFF_sa = 0x00000000;
SFF_GRP_sa = 0x00000008;

Release the receive buffer before leaving the ISR
CICMR = 0x00000004;

Build the code and start the debugger.

Run the cod as far as inialising the CAN peripherals.

Examine the Acceptanciiter memory in periphealsd CAN/Acceptare filter

This view shows you which essages @y be received by the CAN peripherals.
Continue to run the code and receiveesage.

Check that the mssage ID ratches thdndex asgyned in the Acceptance filter.
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Chapter 6: Tutorial With GNU T ools

Intoduction

The following tutorial deranstrates how tcsetup a project in uVI®N for the GNU
conmpiler. Exercises 1 — 6 are repeated to show the non-ANSI aspects of the GNU compiler.
Once you are faitiar with these exerces, yai can rejon the nain tutorial but use the
exercise examples in the GCC directory.

GCC Startup Code

The startup code used in the GNU projectdifferent in that the Keil Asseder has
different directives and namg conventions. blvever, it is perforrmg the sam operations.

It is up to the programen to edit the vectotable as discussed in the section on the Keil
convpiler startup code. fie graphical editor alles you to configure the processor stacks and
systemperipherals in tle sane way as the Keil compiler startup code.

Interworking ARM/THUM B Code

The GCC corpiler also supports the ARMprocedure calling standard and allows
interworking between the ARM and THUMBsmuction sets. However, unlike the Kell
convpiler, it is not possible to select individufunctions as ARM or THUMB. In the GCC
conpiler all ARM code must be in oneaduleor modules and the THUMB code must be in
separate wdules. These odules are copiled as ARM or THUMB agequired and then
linked together. This process is delsed in example 3 in this section.

Accessing Peripherals

The Keil and GNU compilers camse the saminclude files to access the on-chip SFR
registers.

Interrupt Service Routines

The GCC ompiler has a set of non-ANSI extenss which allow functions to be declared
as interrupt routines. The general foofnthe declaration is shown below

void IRQ_Routine (void) __attribute__ ((interrupt("IRQ")));

The following keywords are available tofule the exceptiosource requed:

FIQ,IRQ,SWI,UNDEF.

This function declaration isnly required on the function ptpe and should not be used
on the nain body of the function. An interrugervice routine is shown in exaita 5.
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Software Interrupt

There is no real software interrupt supportiie GCC compiler. To generate a software
interrupt you nust use inlinéAssenbler as shown below:

#define Softwarelnterrupt2 asm (" swi #02")

This will place a SWinstruction encoded witthe value 2 in your code. Next it i®gsible
to declare a pointer to a CREqgister using the non-ANSI resger keyword as shawbelow:

register unsigned * link_ptr asm ("r14");

This allowsus to read the contenof the link regiser when we enter the ISR. Wah the
SW instrudion is exeated, the CPU will eler superisor mode and jurp to the SW

vector. The address dfie SW instruction plusfour will be storel in the link register. On
entry to the sdfvare interrupt ISR t following line of code is executed:

temp = *(link_ptr-1) & OXOOFFFFFF;

The addresstored in tle link regiger is roled back by one instruon (word-wide pointer
i.e. four bytes) so that it is pointing at thedress of the SWhnstruction which generated the
exception. The top eight bits of the $Wstructon are nasked off andbits 0-23 are copied
into the temp variable. This infett lcadsthe nunber 2 irto thetenp variabde. A switch
statenent can now be used to run the dedicode. This ethod of handling software
interrupts is shown in exgpte 6.

Inline Functions

Within the GNU conpiler functions ray be declared as inline functions as follows:

inline int fast_function(char param1)
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Exercise 1: Using The Keil Toolset With The GNU Compiler
This exanple is based on the source code which can be found in:
C:\Exergse\Work\EX1 first program

In this first exerese we will spend@ne time defining a frst projec, building tre cale and
downloadimg it into the Sinulator for debuggig. We will then cover the basic debugging
functions ofthe Keil simulato

The Keil uVISION IDE is designed to suppaeveral comilers: the GNU C comiler, the
ARM developnent suite and the Keil ARM aoapiler. Before corpiling, make sure you
have the GNU cwmpiler selected. This is dongy activating the project workspace, right-
clicking and selecting ‘enage cmponents’. In this dialog, selettte Folders/extensions tab
and nake sue the GNU tools box is selected.

Double-click on the Keil Uvien3 icon to start the IDE.
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Fromthe rmenu bar select Project\New Project.

In the New Project dialog navigatie your desired project directory.

In the New Project dialog nasthe project first.uv2 and select Save.

A ‘select new devicedr target’ dialog willappear. Navigate through the device data base
and select t PhilipdLPC2129 folder and select OK.
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In the project browser highlight the ‘Targetbot folder and select the local menu by
pressing the right ouse button. In thimenu select ‘Options for Target'.

In the ‘Target’ tab set the siaation frequency to 12.000 MHz.

In the Linker tab selet the linler file flash.tl and tick the “Garbage collection” and do not
use “standard startup files” boxes
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Note: To build the project so it will run with the on-chip RAM ofthe LPC2100 device,
configure the Text start as salethe linke file RAM.Id

In the debug tab ake sure the “Use 8Biulator” radio button is active. Also make sure
“Load Application at Stdaup” and ‘Go till main()” are cheked.

Select OK to complete the target options.

In the project browser expand theafgetl'root node to show the Source group 1 folder.

Highlight the ‘Source Group Ifolder, open the local emu with a right clikk and select
‘Add Files to group Source Groupl’.
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In the ‘Add files to Group’ dialogdd the file blinky.c and serial.c.

Change theType offile’ filter to ASM and add thdlé startyp.s
These are all the source filesaesary for the prgect so select close.
You can view the source code contained fileaby double-clicking on the file nagnin the

project broveer window.

Once you have added all the source files tlogept can be built vithe progranmenu or by
the build button on the toolbar.

Once the code is built, you can start theusator by pressing the debugger button. The use
of the sinulator and JAG debugger are detailed Exercise One in the Tutorial and are the
sarmre for the GNU conpiler.
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Exercise 2: Startup C ode

In this execise we will conigure the conpiler startup code to comjure the stack dr each
operating mode aofhe ARM7. We will éso ensure thathe interupts are switchedn and
that ou programis coriectly located on the interrupt vector.

Open the project in EX2 Startwpork

Open the file Startup.s and using the graphecktor configure the opating node stacks as
follows:

Conpile thecode

Start tte simulator andvhen the PC reacheasain, exanine the contents of each R13
register.

Each stack is allocated a space of 0x80. The user stack is 0x400
bytes so user data will start at 0x40003d80 — 0x400

Start of stack space at the top of on-chip memory
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Exercise 3: Using THUM B Code

In this exanple we will build a ery simple programto run in the ARA 32-bit instrudion se
and call a 16-bit THUMB function andeh reurn to the 32bit ARM mode.

Open the project in EX3 THUMB code\work

In the files browser select thime open the lcd menu (right-click) and seletc“options for
thumb.c”

Select tle CC tab and in theist controls dd —nthumb or ick the “compile thumb code
box and click OK

Again in thefile browser seldcthe oot targt (FLASH) and in the lodamenu “options or
targe”
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In the CC tab tick the “enable APCS aptiand the “support callsetween THUMB and
ARM”

Conpile and download the code into the debugger

Open the disasséy window and single sp through the code using the F11 key

Observe the switch fror@2-bit to 16-bittode andhe THUMB flag in the CPSR

The processor is running in ARM (32-bit Jode,the T-bit is clear anthe instructions are 4
bytes long. A call to the THUMBuUNction is nade which executea BXinstruction forcing
the processor into THUMB ade (16-bit).

The THUMB bit is set and on enttg the THUMB function a PUSHristruction is used to
preserve registers on to the stack.
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Exercise 4: Using The GNU Libraries

In this exercise we will lookt tailoring the GNU Printf furtion to work with the LPC21®
UART. We will look at the regigrs ofthe UARTS in nore detail later.

Open the project in EX4 printfilwork

In main.c add a ressage for Bnsnission to the printEtatenent

while(1)
{

printf("Your Message Here \n"); //Call the prinfF function

}

Add the fle syscalls.c irthework directory to the project.

In syscalls.c add odify the write function as follows:

Conmplete the for loop stateamt so it rungor the length of the jmtf string (len )
Inside the for loop add the putnhdatenent to write a sigle claracter to the sid channel (
putchar (*ptr))

Increnent tre pointer to the character strintgr

int write (int file, char * ptr, int len)
{
inti;
for (i = 0; i <len; i++) putchar (*ptr++);

return len;

}

Convile the code and download it to the develemtiboard
Run the code and observe thgput within hyper terinal

If you are using the simulator, select viegrial window #1. This opens a teimal window
within the simulator which displays the UARTO output.
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Exercise 5: Simple Interrupt
1. In this exercise we will setup adi@FIQ interrupt and see it serviced.
2. Open the project inXE-Interrupt\work

3. In main.c conplete the definition of the EXTtFIQ function prototype to define it as the
FIQ interupt senice rouine

void EXTintFIQ (void) __attribute__ ((interrupt("FIQ")));

In startup.s comlete the vector constartible to define ETintFIQ as the FIQ IB.

.global EXTintFIQ Declare the name of the C ISR function as a
global

.global _startup

func _startup
_startup:

Vectors: LDR PC, Reset_Addr
LDR PC, Undef_Addr
LDR PC, SWI_Addr
LDR PC, PAbt_Addr Vector Table
LDR PC, DAbt_Addr
.long 0OXB8AO6F58
LDR PC, [PC, #-0xFF0]
LDR PC, FIQ_Addr

Reset_Addr: .word Reset Handler
Undef_Addr: .word Undef_Handler
SWI_Addr: .word SWI_Handler Constants table
PAbt_Addr:  .word PAbt_Handler
DAbt_Addr:  .word DAbt_Handler
.word 0O
IRQ_Addr: .word IRQ_Handler
FIQ_Addr: .word EXTintFIQ

Inset the rame of the C ISR f@inction in the costants table

5. Conpile the code andownload it onto the board.

6. Step through the code and observe the followisimg the disassemblywindow and
the registers window.

Step throup the code util you reach the while loop

c. Set a breakpoint ithe EXTintFIQ function

Press F5 to set the program running

On the MCB2100 board press the INT button to generate the interrupt.

If you want to see the entry and exiechaniss to the exception, it is best to use the

simulator and single step in the disas®d&yrwindow. This way you can watch the progra
flow and the actions on the CPU registers.
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To control the interrupt in the sufator, open the peripherals/GPlport 0 window. Pin 0.14
is set high by the ap.ini startup script. If you set thprogramrunning unchecking, the
Pinl1.4 box will generate theterrupt. You nustraise tle pin high againo stop inerrupts.

Alternatively in the toolbox theris a “Generate EINT1” buttoithis button will generate a
simulated pulse on to the interrupt pin.

Toolbox button Toolbox with user
configurable scripts

Within uVISION there is a full scripting fyuage which allows you to sitate external
events. These scripts are based on the C languagara stored in text files. The script used
to sirrulate the pulse is shown below:

signal void Toggle(void)
PORTO = (PORTO ~ 0x4000);
twatch (200);

PORTO = (PORTO ~ 0x4000);
}

KILL BUTTON *
DEFINE BUTTON "GenerateEINT1","Toggle()"

This script is stored in the file signal.iand is added to the project in the debug window.
For nore ddails on the scripting langge see the uVISION docentation.
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Exercise 6: Software Interrupt
In this execise we will deine an inline Assebter function to call a sdfvare interupt and
place te value 0x02 in the calling struction. Inthe software interrupt\8! we will decode

the instruction to seelmch SW function hasbeen calledand theruse a cas gatenent to
run the appropriate code.

Open the project in EX6 SWvork

In main.c add the following code
As the frst instrution in main add tle assmbler defne whid calls the wi instruction

#define Softwarelnterrupt2 asm (" swi #02")

In the SW ISR conplete the regier definition to access R1

register unsigned * link_ptr asm ("r14");

Conmplete the code to pass value of tBW ordinal into the terp variable

temp = *(link_ptr-1) & OXxOOFFFFFF;
Conpile and download the code into the debugger
Step the code and observe thel®&ing serviced

In the dsasenbly window the frst SW instruction has been encoded with the value 1 at
location 0x0000015C

On entry to the ISR the supervisatliregister contains the value 0x00000160

The calculation for temis tenp = *(link_ptr-1) & OXOOFFFFFF or 0x84 — 4 ( word-wide
pointer renember) which is 0x15C which points tbe instruction which generated the BW
The top 8bits are masked off which yieldsx value of 1. Thisis usedn the cag gatenent to
run the required code.
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