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What’s Happening in Microcontrollers?

Microcontrollers are getting cheap

= 32-bit ARM Cortex-M3 Microcontrollers @ $1

= Some microcontrollers sell for as little as $0.65
Microcontrollers are getting powerful

= |ots of processing, memory, I/O in one package
= Floating-point is even available in some!
Microcontrollers are getting interactive

= |nternet connectivity, new sensors and actuators
= LCD and display controllers are common

Creates new opportunities for microcontrollers
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ARM Cortex-M3 Processor

NVIC ARM

1-240 Interrupts Cortex-M3
8-256 Priorities Core

(5-pins)
- Trace Port

—P Serial-Wire
Viewer

(1-pin)

Bus Matrix

Code Buses System Bus
to Flash to Stack SRAM
to Code SRAM to Peripherals

The Architecture for the Digital World® ARM



ARM Cortex-M3 Microcontroller

= 18 x 32-bit reqgisters
= Excellent compiler target
= Reduced pin count requirements
= Efficient interrupt handling
= Power management
= Efficient debug and development support features
= Breakpoints, Watchpoints,
= Flash Patch support,
= |nstruction Trace
= Strong OS support
= User/Supervisor model
= OS support features

= Designed to be fully programmed in C (even reset, interrupts and
exceptions)
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ARM Cortex-M3 Microcontroller

= ARMvV7M Architecture
= No Cache - No MMU

= Debug is optimized for microcontroller applications

= Vector table contains addresses, not instructions
= DIV instruction

= Interrupts automatically save/restore state

= Exceptions programmed in C (No Coprocessor 15 - All registers are memory-mapped)
= Interrupt controller is part of Cortex-M3 macrocell

= Fixed memory map

= Bit-banding

= Non-Maskable Interrupt (NMI)

= Only one processor status reg

=  Thumb-2 processing core
= Mix of 16 and 32 bit instructions for very high code density

= Gives complete Thumb compatibility
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ARM and Thumb Performance
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The Thumb-2 instruction set

= Variable-length instructions
= ARM instructions are a fixed length of 32 bits
= Thumb instructions are a fixed length of 16

bits
= Thumb-2 instructions can be either 16-bit or
' ] ARm
32-bit & Thumb-2
DThumb
= Thumb-2 gives approximately 26% Thumb.2 code size 26%

Improvement in code density over ARM

= Thumb-2 gives approximately 25%
Improvement in performance over
Thumb

Thimh. 9 Pacfarmanng IR0
INUMo-2 renormance cJa/o

faster than Thumb
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Cortex-M3 Register Set

Main
= Very compiler friendly 0

= | oad/Store Architecture :;

= 32-bit registers r3
r4
= Flexible register scheme 5

= Linear 32-bit address space -
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Program Status Register

31 28 27 26 2524 23 16 15 10 7 0

yzovierrjrh e ISR hnber

= One Status Register consisting of
= APSR - Application Program Status Register — ALU flags
= |PSR - Interrupt Program Status Register — Interrupt/Exception No.
= EPSR - Execution Program Status Register
= |T field — If/Then block information
= |Cl field — Interruptible-Continuable Instruction information

= XPSR
= Composite of the 3 PSRs
= Stored on the stack on exception entry
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An Example AMBA System
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Memory Map

" Very simple linear 4GB memory map
" The Bus Matrix partitions memory access via the AHB and PPB buses

~
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APB Debug Components | =
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it |
Data
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and Patch
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NXP LPC1311/13/42/43 Block Diagram
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NXP LPC1311/13/42/43 Memory Map
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Processor Privilege

Supervisor
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Thread Mode

ARM Cortex-M3

Interrupts
Reset

A

Privileged { Aborts

oS

System Call (SVCall)
Undefined Instruction

Iﬁfl

A\ 4

Memory

Instructions & Data
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Memory Protection Unit (MPU)

= MPU provides access control for various memory regions

= Zero Latency Memory Protection
= 8 register-stored regions
= Same regions used for instructions and data
= Minimum region size 32 Bytes (max 4GB)
= No address translation or page tables

= Configured via memory-mapped control registers

®
The Architecture for the Digital World® ARM




Cortex-M3 Bit Banding

Traditional Method of Atomic Manipulation

Read byte from SRAM

Mask and Modify
Bit Element

Write byte to SRAM
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Cortex-M3 Bit Banding

= \Writes to a word address in the
bit band alias affect a single bit in

the bit band region Memory map
= The write Is translated to an atomic T
read-modify-write by the Cortex-M3
bUS matl‘iX Private peripheral bus
= Bit O of the stored register is written oo o
to the appropriate bit
Il \Word alias 39MB = Alles External RAM 1.0GB
W
31MB
N N N N O e e e Physical bit Peripheral 0.5GB
SIMB Code 0.5GB
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Conditional Execution

= |f — Then (IT) instruction added (16 bit)

= Up to 3 additional “then” or “else” conditions maybe specified (T or E)
= Makes up to 4 following instructions conditional

| TTET EC MOVEC
| nst 1

ADDEC
Inst 2 > U
| nst 3
| nst 4 ORREC

= Any normal ARM condition code can be used

= 16-bit instructions in block do not affect condition code flags
= Apart from comparison instruction
= 32 bit instructions may affect flags (normal rules apply)

= Current “if-then status” stored in CPSR

= Conditional block maybe safely interrupted and returned to
= Must NOT branch into or out of ‘if-then’ block
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Interrupt Handling

= One Non-Maskable Interrupt (INTNMI) supported
= 1-240 prioritizable interrupts supported
= Interrupts can be masked
= |mplementation option selects number of interrupts supported
= Nested Vectored Interrupt Controller (NVIC) is tightly coupled with processor core
= |nterrupt inputs are active HIGH

INTNMI
1-240 Interrupts Cortex-M3
INTISR[239:0] : Processor Core

Cortex-M3
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Exception Handling

= Reset
= NMI

= Faults
= Hard Fault
= Memory Manage
= Bus Fault

= Usage Fault
= SVCall
= Debug Monitor
= PendSV
= SysTick Interrupt

= External Interrupt
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Power Management

= Multiple sleep modes supported
= Controlled by NVIC
= Sleep Now — Wait for Interrupt/Event instructions
= Sleep On Exit — Sleep immediately on return from last ISR

= Deep Sleep
= | ong duration sleep, so PLL can be stopped
= Exports additional output signal SLEEPDEEP

= Cortex-M3 system is clock gated in all sleep modes
= Sleep signal is exported allowing external system to be clock gated also
= NVIC interrupt Interface stays awake

= Wake-Up Interrupt Controller (WIC)
= External wake-up detector allows Cortex-M3 to be fully powered down
= Effective with State-Retention / Power Gating (SRPG) methodology
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Cortex-M3 Debug

Single stepping
ITM (Instrumentation Trace Module)

= Support for instrumented code

= Like “printf” debugging, but single cycle writes to ITM module can be exported via serial
interface

Optional ETM (Embedded Trace Module) which provides instruction trace
Access to all memory and registers via Debug Access Port (DAP)

Profiling Support

= Helps you optimize your code

= A hardware triggered PC-sampler is provided by the Cortex-M3 core
Flash patch / Breakpoints

= 6 instruction comparators, ARMv5T BKPT instruction is supported

= 2 literal comparators

= Allows flash code to be remapped into SRAM or system address space

Data Watchpoint and Trace (DWT) that implements 4 h/w watchpoints

®
The Architecture for the Digital World® ARM




Agenda

Cortex-M3 Overview

v7-M Architecture/Programmers Model
m Data Path and Pipelines

Tools and mbed Platform

The Architecture for the Digital World® ARM



Cortex-M3 Datapath

|_HRDATA { Instruction
Decode
M Write Data D_HWDATA
ACRIESE Register
Incrementer
s Read Data D_HRDATA
Register

Address
Register

\i
AAGCIesS Register
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>
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Cortex-M3 Pipeline

= Cortex-M3 has 3-stage fetch-decode-execute pipeline
= Similar to ARM7

= Cortex-M3 does more in each stage to increase overall
performance

1st Stage - Fetch 2"d Stage - Decode 3'd Stage - Execute

Address Data Phase [ )
Phase & Write Load/Store &
Back Branch
Fetch
(Prefetch)

Write i

Branch forwarding & speculation Shift H ALU & Branch ]"\ y

Instruction
Decode &
Register Read

Multiply & Divide

Execute stage branch (ALU branch & Load Store Branch)

®
The Architecture for the Digital World® ARM




Optimal Pipelining

Cycle 1 2 3 4 5 6 7 8 9
Operation
ADD
SUB
ORR
AND
ORR
EOR

F - Fetch D-Decode E-Execute

= All operations here are on registers (single cycle execution)
= |n this example it takes 6 clock cycles to execute 6 instructions
= Clock cycles per Instruction (CPI) =1
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Branch Pipeline Example

Cycle 1 2 3 4 5 6 7 8 9
Address Operation

0x8000 BX r5
0x8002 SuUB
0x8004 ORR
Ox8FEC AND F
Ox8FEE ORR

Ox8FFO0 EOR

F-Fetch D-Decode E - Execute

= |t takes 3 cycles to complete the branch
= Worst case scenario — indirect branch taken
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LDR Pipeline Example

Cycle 1 2 3 4 5 6 7 8 9
Operation
ADD
SUB
LDR
AND
ORR
EOR

F-Fetch D-Decode E-Execute S - Stall
Ea — LDR address phase Ed — LDR data phase

= In this example it takes 7 clock cycles to execute 6 instructions
= Clock cycles per Instruction (CPI) = 1.2

= The read cycle must complete on the bus before the LDR
instruction can complete since there is only one writeback port in
the register file
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STR-STR Pipeline Example

Cycle 1 2 3 4 5 6 7 8 9
Operation
ADD
SUB
STR
STR
ORR
EOR

F - Fetch D-Decode E - Execute S - Stall
Ea — Execute / STR address phase Ed — STR data phase

= Store buffer allows STR instruction to finish before store
cycle completes on the bus

= Back-to-back STR instructions pipeline on the AHB-Lite bus
- Also works for LDR-STR-LDR-STR
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RVMDK Software Development Tools

>

KEIL

An ARME Company

= |Includes ARM macro assembler, compilers (ARM RealView C/C++
Compiler, Keil CARM Compiler, or GNU compiler), ARM linker, Keil uVision

Debugger and Kelil uVision IDE

= Keil uVision Debugger accurately simulates on-chip peripherals (I1°C, CAN,
UART, SPI, Interrupts, 1/0O Ports, A/D and D/A converters, PWM, etc.)

® Evaluation Version

= 16K byte object code + 16K data limitation
= Some linker restrictions such as base addresses for code/constants
= GNU tools provided are not restricted in any way

®
The Architecture for the Digital World® ARM



RVMDK Software Development Tools

KZ Hello - pVision3 - [C:1KeilARMIExamplesiHello\Hello.c]

Bl Bl= Edit Wiew Project Debug Flash Peripherals Tools SYCS Window Help _ &5 X
SRR =N e | =1 ¢ 3 | & o 177 g
s ELO ® T > 22 0f (B3 v w0 =E >
| =
Project workspace - x e T e R L —
Fegister |\-"a|ue IL 024 = This £ile is part of the uVisionsARM development tools =4 =1
= Cumrent 03 | #/* Copyright KEIL ELEKTRONIE GmbH 2002-2004 =5
04 K****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁx
05 | ~= =
06 | /= HELLO.C: Hello World Example * 4
o7 | o= -
DHDDDDDDDD DB X****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ****ﬁﬁx
0x00000000 08
000000000 10 | #include <stdio.h> A% prototype declarations for IS0 Ffunctions =7
Dx00000000 11 | #include <LPCZ1xx.H: A% LPC21ixx definitions =4
0x00000000 12
(0x00000000 13
nknnnnnnnn - 14 X****ﬁﬁﬁﬁ****ﬁﬁﬁﬁ/
2 = 16 | /% main program *.
= m UL @T = L Ly
Syrboh — ::;L:Jint main (roid) 1 S * execution starts here =4
Mask: |” I Case Sensitive 19 A% imitialize the serial interface =
Mame Tope I; 20 PINSELO = CO=xO0050000; A% Enable RxD1 and TaD1 =
T BT VTRED — 21 T1LCR = 0Ox83; S* 8 bits, no Parity, 1 Stop bit 5
+ F'Z:i;;;?;ISFR 22 U1DLL = 97; F* 9600 Baud Rate & 15MHz VDB Clock = (-
T UiLCR = 0x03; -
= ALDOM uchar ;i ® /% DLAB o o
=i ALDOW uchar : £ "Hello Worldin™i: r ; ’ ;
o ALDOY ushort ;g print ("Hello Worldin'™): S* the "printf' function c=211 * 4
=@ ALHOUR uchar > while (11 | A#% An embhedded neooram does nob shon S and = JL‘
=g ALMIM uchar 4 2
wprigp Al MOMN uchar
=i ALSEC uchar - Hello.c Startup.s @ Dizassembly .Q’ Serial #2
": MISSING DEVICE (R0O03: SECURITY EEY MNOT FOLIND) ﬂ ": Address: |UH4UUU -~
Funning in Ewal Mode
Load "C:~~Keil~&ARM~~Ezamples~~H=ello~~0kbj~~Hella ELF" Oz00004000: 00 OO0 OO OO0 OO0 OO OO OO0 OO OO OO o0 oo
Oxz0000400D: OO OO0 OO0 OO0 00 OO0 00 OO0 OO0 00 oo oo oo
*#%¥% RHestricted Version with 16384 Bvwte Code Zize Limi Oxz0000401A: OO OO OO OO OO0 OO0 OO0 OO0 OO0 00 0o oOo oo
*#x% Currently used: 1980 Bytes (12X) O0z00004027: 00 OO0 OO OO0 OO OO OO OO0 OO OO OO OO0 oo
z Oxz00004034: 00 00 OO0 OO OO0 OO0 OO0 OO0 OO0 OO0 oo oo oo
2 . Oxz00004041: 00O OO0 OO0 OO OO OO OO OO0 OO0 OO0 00 Oo0 oo
= : x = _|0z0000404E: 00 OO0 00 00O 00 OO OO OO OO OO OO 00 00
5 ASSIGH BreaklDisahle BreakEnable BreakKill BreakLlist EDXDDUD4UEB: oo OO0 OO0 OO0 00 OO0 OO0 00 00 00 OO0 0o oo ﬂ
g A » = Memory #1 ."{. Memory #2 .}'\ Memaory #3 .}'\ Memory #4 l.-'r
Ready Simulation tl: 0.72642057 sec  L:29 C:d
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Cortex-M3 Development Platforms
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Rapid Prototyping

= Rapid Prototyping helps industries create new products
= Control, communication and interaction increasingly define products
= Development cycles for microelectronics have not kept pace

django

RAILS

prototype

3D Moulding 3D Printing 2D/3D Design Web Frameworks
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mbed

Getting Started and Rapid Prototyping with ARM MCUs
Complete Targeted Hardware, Software and Web 2.0 Platform

@ Getting Started

Get an mbed!

[rap—r——

Dedicated Developer
Web Platform

mbed

http://mbed.org

SPI

Rapid Prototyping
for Microcontrollers

Cortex-M3MCU in a
Prototyping Form-Factor
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mbed Motor Controller Example

#i ncl ude "nbed. h*
Digital Qut |eftfwd(pl6);
Digital Qut |eftrev(pl?);
PwnQut pwnr( p21) ;
Anal ogl n pot (p20);
int main(){
pwm period_ns(1);
whi |l e(1){
float potnod = pot - 0.5;
i f (potnod >= 0){

leftfwd = 1;

|l eftrev = O;

pwre( (1.8 * potnod) + 0.1);
} else {

leftfwd = O;

leftrev = 1;

pwm = fabs((1.8 * potnod) - 0.1);
}
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Documentation

= ARM v7-M Architecture Reference Manual (ARM v7-M
ARM)

= Cortex-M3 Technical Reference Manual (TRM)

= ARM Debug Interface V5 Architecture Spec (ADIv5)

= “The Definitive Guide To The ARM Cortex-M3” by Joseph
Yiu (Elsevier)
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University Resources

mhttp://\www.arm.com/support/university/

myniversity@arm.com

mhitp://www.mbed.orq/

mhttp://www.keil.com/
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