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ARM Processors

ARM 1 in 1985
By 2001, more than 1 billion ARM 
processors shippedp pp
Widely used in many successful 32-bit 
embedded s stemsembedded systems
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h l hARM Design Philosophy

Low power 
High code density
Low costLow cost
Small die size (i.e., more for peripherals)
Hardware debug for the time to market
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ARM ISA

Load-store architecture
Fixed 32-bit instructionsFixed 32 bit instructions
Pipelining
Register NumberRegister Number
Not a pure RISC!

Variable cycle instructionsVariable cycle instructions
Complex instructions using inline barrel shifter
Thumb instruction set
Conditional execution
Enhanced instructions (DSP)
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ARM-based Embedded Device

ARM
Proc.

Memory controller
ROM
SRAM
Flash

Interrupt Handler

AHB-external bridge
Flash
DRAM

AHB arbiter

AHB-APB bridge

Ethernet
Real-time clk

Serial UARTs

Ethernet

Counter/Timers

Physical
Driver

Console
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Serial UARTs Counter/Timers

ARM Bus

An on-chip bus technology necessary 
(vs  off chip bus)(vs. off-chip bus)
Advanced Microcontroller Bus 
A hi  i d d i  1996Architecture introduced in 1996.

ARM System Bus (ASB)
ARM Peripheral Bus (APB)
ARM High Performance Bus (AHB)g ( )
Plug-and-Play interface 
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h lARM Peripherals

Memory mapped I/O
Memory controller
Interrupt controllerInterrupt controller

Standard interrupt controller
llVector interrupt controller
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b dd d fEmbedded System Software

Initialization (Boot) Code
Take the processor from the reset state to a 
state where OS can run
Three steps:

Initial H/W configuration/ g
Memory remapping

Diagnostics
Booting
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Memory Remapping

I/O Regs I/O Regs

FAST SRAM Boot ROM

DRAM DRAM

Boot ROM FAST SRAM Exception
Vector

l
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Vector
tableInitialization

Code from ROM

hARM Architecture History
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ARM Instruction Set
ARM V6 (Media)

ARM V5TEJ (Jazelle)
ARM926EJ S ARM1026EJ S

6 ( ed a)
ARM11 Family

ARM V5TE (DSP)

ARM926EJ-S, ARM1026EJ-S

ARM V4T (Thumb)
ARM7TDMI ARM920T

ARM966E-S, ARM1020E, XScale

ARM7TDMI, ARM920T

ARM V4
StrongARMStrongARM
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lARM Nomenclature
{ }{ }{ }{ }{ }{ }{ }{ }{ }{ }{ S}ARM{x}{y}{z}{T}{D}{M}{I}{E}{J}{F}{-S}

x = family, y = MMU/Protection unit, z = cache
T  Th bT = Thumb
D = JTAG debug
M  f t M = fast mpy
I = EmbeddedICE macrocell
E = enhanced instructionsE = enhanced instructions
J = Jazelle
F = vector FP unitF  vector FP unit
S = synthesizible version
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bARM Processor Numbering

x y z Description Example

7/9/10
/11

ARM7/9/10/11 processor core ARM7TDMI

2/3/4 C h +MMU/ ARM920T2/3/4
/6

Cache+MMU/
Cache+MMUw/physical tag
Cache+MPU/No cache (WB)

ARM920T

ARM946E-SCache MPU/No cache (WB) ARM946E S
0 Standard cache size ARM920T

2 Reduced cache size ARM922T

6 TCM ARM946E-S
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6 TCM ARM946E-S

ARM Processor Organization

ARM core

Cache Memory
M tCache Management
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ARM9TDMI PipelineARM9TDMI Pipeline
I h

+4
f t h

next
pc

1. Fetch

ARM7 I-cache

I decode

fetch

pc  + 8

pc + 4

1. Fetch

2. Decode

3. Execute

register read

instruction
decode

immediate
fields

r15

ARM9
ALU

execute
forwarding

reg
shift

post-
index

pre-index

LDM/
STM

+4 shift

mul

1. Fetch

2. Decode byte repl.

g
paths

SUBS pc

mux
B, BL

MOV pc

3. Execute

4. Data/Buffer rot/sgn ex

D-cache buffer/
dataload/store

address

LDR pc
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5. Write Back
write-back

p

register write

l l lIntel XScale Pipeline
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ARM9TDMI 

ARM9TDMI Core
5-stage pipeline 
Separate instruction/data memory portsp / y p
32-bit ARM & 16-bit THUMB instruction 
set supportset support
Coprocessor interfaces for FP and DSP
O hi  d b  tOn-chip debug support
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ARM9TDMI Pipeline

Fetch Decode ExecuteARM7TDMI:

instruction
fetch

Thumb
decompress

ARM
decode

reg
read

reg
writeshift/ALU

Fetch Decode ExecuteARM7TDMI:

ARM9TDMI:
instruction

fetch
reg

writeshift/ALU
r. read

decode

data memory
access

Memory WriteFetch Decode Execute
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ARM 920T

ARM920T
ARM9TDMI core based
Instruction/Data Cache /
MMU, write buffer 
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ARM920T Functional Block 
Diagram
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d h bARM and Thumb
32bit ARM Instruction Sets
16 bit Thumb Instruction Set

Small code size
Low instruction cache energy

All instructions are executed All instructions are executed 
as ARM
Decompressor converts Decompressor converts 
Thumb to equivalent ARM 
instruction
Decompressor present in 
the decode stage of the 
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pipeline.

llJazelle

• Similar to Thumb extension!
• Java mode like Thumb mode
• CPU core reconfigured to support JVM 

(e g Top 4 elements in Java stack mapped to r0 r3)
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(e.g., Top 4 elements in Java stack mapped to r0 – r3)

dData Types Supported

8-bit signed and unsigned bytes
16-bit signed and unsigned half-words 16 bit signed and unsigned half words 
32-bit signed and unsigned words 

Alignment RequiredAlignment Required
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Memory organization

Default: little-endian

20212223 23222120

bit 31 bit 0 bit 31 bit 0

word16

891011

12131415

16171819

half-word14

word16

111098

15141312

19181716

half-word12half-word12 half-word14

half-word4
0123

4567

891011

byte
byte6 half-word6

3210

7654

111098

bytebyte5 addressaddress

word8 word8

0123
byte0byte1byte2byte3

3210
byte3byte2byte1byte0

(a) Little-endian memory (b) Big-endian memory
i tii ti
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Banked registers
20 registers hiddeng
Available only in a particular modeRegisters

31 32-bit registers
User mode:  
R0 R15 (16 )R0~R15 (16 reg.)
FIQ mode:    
R8 fiq R14 fiq (7)R8_fiq~R14_fiq (7)
4 other modes : 2 
each  each, 
R13_xxx~R14_xxx 
(8)( )

6 Program  Status 
Register
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PSR 또는 CPSR

lSpecial Register Usage
Program Counter (r15)

Can be used as an operand
‘pc’ keyword

Link Register (r14)g ( )
Used in BL (branch with link) 
Move current pc to lr before jumpMove current pc to lr before jump
RET == mov pc, lr

Stack Pointer (r13)Stack Pointer (r13)
Software convention, not hard-wired
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ARM Current Status Register
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dProcessor Modes

ARM processor modes in version 4
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ARM Exceptions
IRQ: interrupt request
FIQ: fast interrupt requestFIQ: fast interrupt request

Conceptually same as IRQ
Support a faster dispatch of ISRSupport a faster dispatch of ISR

Software Interrupt
Via SWI instructionVia SWI instruction

Abort
When there is a failed attempt to access memoryWhen there is a failed attempt to access memory
Prefetch Abort & Data Abort

Undefined Instruction Trap.

29

p

dExceptions & Modes

30Source: ARM System Developer’s Guide

ARM Exception Processing

Vector Table at 0x00

Jump to Exception handler in the vector 
table entry
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blException Vector Table
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Exception Vector Table 
(h d )(head.s)
0 00 b t h dl0x00: b reset_handler
0x04: b vector_undefinstr
0x08: b vector_swi
0x0c: b vector_prefetch
0x10: b vector_data
0x14: b vector_addrexcptnp
0x18: b vector_IRQ
0x1c: b _unexp_fiq
0x20: reset handler: mov r0, #(MODE IRQ)0x20: reset_handler: mov r0, #(MODE_IRQ)
0x24: msr cpsr, r0
0x28: ldr r13, =IRQ_STACK
0x2c: mov r0  #(MODE SVC|I BIT|F BIT)0x2c: mov r0, #(MODE_SVC|I_BIT|F_BIT)
0x30: msr cpsr, r0
0x34: ldr r13, =SVC_STACK
0 38 f  #0
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0x38: mov fp, #0
0x3c: b start_kernel

dProcessor Mode vs. Registers

Registers are remapped depending on the 
processor modeprocessor mode

Reducing the  o erhead of sa ing and Reducing the  overhead of saving and 
restoring registers
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Registers
31 32-bit registers

User mode:  
R0 R15 (16 )R0~R15 (16 reg.)
FIQ mode:    
R8 fiq R14 fiq (7)R8_fiq~R14_fiq (7)
4 other modes : 2 
each  each, 
R13_xxx~R14_xxx 
(8)( )

6 Program  Status 
Register
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PSR 또는 CPSR

l dExample: IRQ Mode 

In User mode, r0~r15 used
If there is an interrupt request, 

Processor mode = IRQ
r13_irq & r14_irq available (instead of r13 & 
r14))
A separate stack pointer
PC in r14(r14 irq)PC in r14(r14_irq)
If necessary, r0~r12 must be saved before used

36



dProcessor Mode vs. PSR

CPSR is saved into a corresponding 
SPSRSPSR
Example: SPSR irq CPSR when IRQp _ q Q

Both CPSR & SPSR_irq accessible in IRQ
MRS r1 cpsrMRS  r1, cpsr
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Exception Priority

1) Reset (The Highest)
2) Data abort2) Data abort
3) FIQ
4) IRQ4) IRQ
5) Prefetch abort
6) U d fi d I t ti  S ft  6) Undefined Instruction, Software 

Interrupt
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ARM Instruction Set: Overview
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ARM Instruction Set Overview 
- Condition Codes
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ARM Instruction Set Overview 
- Data processing Instructions
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ARM instruction
Conditional instruction

BEQ jmp 1 ; Branch to BEQ jmp_1 ; Branch to 
jmp_1 if Z flag set 
MOVEQ r0 r1 ; r0 := r1 if Z flag MOVEQ r0,r1 ; r0 := r1 if Z flag 
set 

S fl  d t i  if th  fl  fi ld   S flag: determines if the flag fields are 
affected or not

SUBS r2, r2, #1 ; dec r2 and set cc
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lARM instruction examples
MOV r0, r1 ; r0:=r1
MOV r0, #0x30 ; r0:=0x30
MOV 0  1  LSL #1  0  1 1  LSL( l i l Shif  MOV r0, r1, LSL #1 ; r0:= r1 <<1, LSL(=logical Shift 
Left)
MOV r0, r1, LSR r2 ; r0:=r1 >> r2 , LSR(=Logical Shift 
Right)Right)
MOV r0, r0, ASR #24 ; r0:=r0 >> 24, ASR(=Arithmetic 
Shift Right) 
MOVS r0  r1  LSR #1 ; C(flag) := r1[0]MOVS r0, r1, LSR #1 ; C(flag) := r1[0]
MOVCC r0, #10 ; if C=0 then r0:=10
MOVCS r0, #11 ; if C=1 then r0:=11

43

Data Processing Instructions
Data processing instruction typesData processing instruction types

Arithmetic operations
Bit-wise logical operationsg p
Register-movement operations
Comparison operations p p
Multiply instructions

3-address format
32-bit operands:

registerg
constant (immediate) ( in the second operand)
shifted register
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g
32-bit results, stored in a register

64-bit results for long multiplies



Data Processing Instructions (cont’d)Data Processing Instructions (cont’d)

ADD r0, r1, r2 r0 := r1 + r2
ADC r0  r1  r2 r0 := r1 + r2 + C

Arithmetic Operations Bit-wise Logical Operations
AND r0, r1, r2 r0 := r1 and r2
ORR r0  r1  r2 r0 := r1 or r2ADC r0, r1, r2 r0 := r1 + r2 + C

SUB r0, r1, r2 r0 := r1 - r2
SBC r0, r1, r2 r0 := r1 - r2 + C - 1

ORR r0, r1, r2 r0 := r1 or r2
EOR r0, r1, r2 r0 := r1 xor r2
BIC r0, r1, r2 r0 := r1 and (not) r2

RSB r0, r1, r2 r0 := r2 – r1
RSC r0, r1, r2 r0 := r2 – r1 + C - 1

R i t M tRegister Movement
MOV r0, r2 r0 := r2
MVN r0, r2 r0 := not r2

Comparison Operations
CMP r1, r2 set cc on r1 - r2
CMN r1  r2 set cc on r1 + r2MVN r0, r2 r0  not r2 CMN r1, r2 set cc on r1 + r2

TST r1, r2 set cc on r1 and r2

TEQ r1, r2 set cc on r1 xor r2
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Data Processing Instructions 
( ’d)(cont’d)

Immediate operands:

       ADD r3, r3, #3 r3 := r3 + 3
AND r8, r7, #&ff r8 := r7[7:0], & for hex

Shifted register operands

ADD r3  r2  r1  LSL #3 r3 := r2 + 8 x r1ADD r3, r2, r1, LSL #3 r3 := r2 + 8 x r1
ADD r5, r5, r3, LSL r2 r5 := r5 + 2r2 x r3
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h fARM shift operations
031 031

LSL – Logical Shift 
Left
LSR L i l Shif  

00000  00000

LSR – Logical Shift 
Right
ASR Arithmetic 

LSL #5 LSR #5

031031

 0  1ASR – Arithmetic 
Shift Right
ROR – Rotate Right

 11111 1 00000 0

ROR – Rotate Right
RRX – Rotate Right 
Extended by 1 place

ASR #5, negative operandASR #5, positive operand

031 031

C

Extended by 1 place

ROR #5 RRX

C  C
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h d dSetting the condition codes

Data processing instructions can change condition 
codes (N, Z, V, C) using ‘S’ suffix( , , , ) g

Except for comparison instructions
Example (r3-r2 := r1-r0 + r3-r2)

ADDS r2, r2, r0
ADC r3, r3, r1

; carry out to C
; ... add into the high word

Logical & move instructions update, C, N & Z flags.
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l lMultiplies
MUL r4, r3, r2 r4 := [r3 x r2]<31:0>

MLA r4, r3, r2, r1 r4 := [r3 x r2  + r1] <31:0>

Example (r0 = r0 x 35)
ADD r0, r0, r0, LSL #2 ; r0’ = r0 x 5 (=4+1)
RSB  r0, r0, r0, LSL #3 ; r0’’ = r0’ x 7 (=8-1)
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dMUL vs. ADD and SUB
M lti l  b  5Multiply by 5

MOV r2, #5
MUL r0, r1, r2
ADD r0, r1, r1, lsl #2

Multiply by 105
105 = 128 -16 +3105 = 128 -16 +3
ADD r0, r1, r1, lsl #1; r0 = r1*3
SUB r0, r0, r1, lsl #4; r0 = r1*3 – r1*16
ADD 0  0  1  l l #7 0  1*3 1*16 + 1*128ADD r0, r0, r1, lsl #7; r0 = r1*3 – r1*16 + r1*128
105 = 15 * 7 = (16 -1 ) * (8 -1 )
RSB r2, r1, r1, lsl #4; r2 = r1*15

S 0 2 2 l l 3 0 2RSB r0, r2, r2, lsl #3; r0 = r2*7
Multiply by 85

ADD r0, r1, r1, lsl #4; r0 = r1*17
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, , , ;
ADD r0, r0, r0, lsl #2; r0 = r0*5 => *85


