ARM Microprocessor 1

ARM Processors

@® ARM 1in 1985

@ By 2001, more than 1 billion ARM
processors shipped

® Widely used in many successful 32-bit
embedded systems

ARM Design Philosophy

®Low power
® High code density
®Low cost

®Small die size (i.e., more for peripherals)
® Hardware debug for the time to market

ARM ISA
Pisinbkinh

® Load-store architecture

® Fixed 32-bit instructions

® Pipelining

® Register Number

® Not a pure RISC!

= Variable cycle instructions

= Complex instructions using inline barrel shifter
s Thumb instruction set

= Conditional execution

= Enhanced instructions (DSP)




ARM-based Embedded Device ARM Bus

ARM ESAN,I\A ® An on-chip bus technology necessary
Froc. Flash (vs. off-chip bus)
DRAM ® Advanced Microcontroller Bus
Architecture introduced in 1996.
AHE A = ARM System Bus (ASB)
= ARM Peripheral Bus (APB)

| Ethernet = ARM High Performance Bus (AHB)

pr Ethernet Physical :
Drier » Plug-and-Play interface
Counter/Timers

Console

I

ARM Peripherals Embedded System Software
@ Memory mapped I/O @ Initialization (Boot) Code
OMemory controller = Take the processor from the reset state to a
state where OS can run
® Interrupt controller
= Three steps:

dard int t controll
=-Stanglard ihterrupt controller + Initial H/W configuration

= Vector interrupt controller » Memory remapping
+ Diagnostics
* Booting




Memory Remapping

1/0 Regs 1/0 Regs

FAST SRAM Boot ROM

DRAM DRAM

Boot ROM FAST SRAM
Initialization

Code from ROM

Exception
Vector

table
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ARM Instruction Set

ARM V6 (Media)

ARM11 Family
ARM V5TEJ (Jazelle)

ARM926EJ-S, ARM1026EJ-S
ARM V5TE (DSP)

ARM966E-S, ARM1020E, XScale
ARM VAT (Thumb)
ARM7TDMI, ARM920T

ARM V4
StrongARM

ARM Nomenclature

ARM{xH{yHz{ THDHMHIHEHTHF}{-S}
= x = family, y = MMU/Protection unit, z = cache
s T=Thumb
= D =]JTAG debug

M = fast mpy

I = EmbeddedICE macrocell

s E = enhanced instructions

] =Jazelle

F = vector FP unit

S = synthesizible version




ARM Processor Numbering

ARM Processor Organization

4
X Yy Description Example
% ?/ 10 ARM7/9/10/11 processor core | ARM7TDMI
ARM core
2/3/4 Cache+tMMU/ ARM920T
e Cache+MMUw/ physical tag
Cache+MPU/No cache (WB) | ARM946E-S
Standard cache size ARM920T
Reduced cache size ARM922T
TCM ARM946E-S
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ARM9TDMI Pipeline AR
P Intel XScale Pipeline
_a o —15
ARM7 ) I-cache
1. Fetch [
2. Decode ,
Msmory pipeline
3. Execute = <: =
| Main execution plpehne
ARMO9 | F1 | F2 [ D | RF X2 |st|
né[El MAC p\pelme
1. Fetch B.6L . M1 | M2 Mx
2. Decode SRR
3. Execute D-cache FW'
4. Data/Buffer [orem ]
) wrpe | K .F
5.  Write Back




ARMI9TDMI

€ ARMITDMI Core
= 5-stage pipeline
» Separate instruction/data memory ports

m 32-bit ARM & 16-bit THUMB instruction
set support

= Coprocessor interfaces for FP and DSP
= On-chip debug support

ARMOI9TDMI Pipeline

ARM7TDMI:  Fetch Decode Execute
instruction Thumb ‘I ARM reg ‘I R ‘I reg
fetch decompress ~ decode read | shift/ALU | write
ARMOTDMI: \ A }/)/ Y
instruction :_r read| ) data memory|| reg "
fetch decode shift’ALU access write .
Fetch Decode Execute Memory Write
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ARM 920T

€ ARM920T
» ARMITDMI core based
» Instruction/Data Cache
s MMU, write buffer

ARM920T Functional Block

.
Diagram
External ) . : IPA[31:0]
hyiebereonl cache MMU : I
...... t... "'W'ﬂt YT
R13
1Df31:0]
..... T i
b b - -
o= Rl B PN B T N
s : PR .
+=- DVAIRHOJ] - -"'umf._i:q I
H buffer E
goeasees * 1 ......... : I
JTAG é Data Data | wite ack
: cacha MMU PATAG RAM [ weraE1n)
........ l"""""""51‘*5'551'5:51'"" '
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ARM and Thumb

€ 32bit ARM Instruction Sets i
€ 16 bit Thumb Instruction Set | %% bemeton

= Small code size

= Low instruction cache energy

® All instructions are executed =
as ARM
Thumb
® Decompressor converts DcRe g0
Thumb to equivalent ARM
instruction Jowmx N\ —
€ Decompressor present in

the decode stage of the

32 bit word from fetch stage

Select
Half-word

& Thumb
decode
Instruction . ARM . Izecution
stream decode unit
- Java —

decode

e Similar to Thumb extension!
e Java mode like Thumb mode
e CPU core reconfigured to support JVM
(e.g., Top 4 elements in Java stack mapped to r0 — r3)

pipeline.
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Data Types Supported Memory organization
@ Default: little-endian
@ 8-bit signed and unsigned bytes T bit 3L bLOy: bl Loy
23 [ 22 [ 22 ] 20 20 [ 21 | 22 | 23
®16-bit signed and unsigned half-words R O WO
Wor Wwort
®32-bit signed and unsigned words hatwordi4 hanwordiz hafwordiz  haitwordia
11 | 10 9 | 8 8 | 9 10 [ 11
—— word§ ———— —— word§ —
i i " Liytes! haitworda e I bytes haltwords ovte
® Alignment Required 512 [ 1] 0 |=— o1 11 2 ] 5 <
byte3 byte2 bytel byteO byteO bytel byte2 byte3
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(a) Little-endian memory (b) Big-endian memory
organization organization

24




Banked registers
20 registers hidden

Registers

Available only in a particular mode

General Registers and Program Counter Modes

31 32-bit registers

Special Register Usage

UsedZ P03 Supervisori2  Abortiz  IRGIZ  Undefined3Z @ Program Counter (r15)
= User mode: s | e | B 5L : = Can be used as an operand
RO~R15 (16 reg.) - - . - B = ‘pc’ keyword
s FIQ mode: - @1 !
! . | | r— | — - Link Register (r14
R8_fiq~R14 _fiq (7) | — = 8 ( )
| . . .
w [ » Used in BL (branch with link
» 4 other modes : 2 w | [ ( )
an B L S .S LS 1
each, C Fe = = Move current pc to Ir before jump
) | miie | [ B Fe o
R13_xxx~R14_xxx s | i | = E ..... IR = RET == mov pc, Ir
(8) i @ Stack Pointer (r13)
6 Prpgram Status o= | Com | [ | [om | [ow ‘ » Software convention, not hard-wired
Reglstel‘ | Bussaee | hosema | | sesRen | [ 5PSRww
[, = Bt regessar
s PSR L£= CPSR
25 26
Ci Ci Ci i 1 M
ondition Code Flags | (Reserved) | | ontrol Bits ‘ @ARM processor modes in VerSIOn 4
31 30 29 28 27 26 25 24 23 8 7 6 5 4 3 2 1 0
vz o v ][ ]-T-] o - ]r]r]m]w]me][w]m]
Overfion * ‘—m‘m Processor mode Description
Carry/Bormow/Extend —— Statebit User usr  Normal program execution mode
Zero FIQ disable
NegativeilL.ess Than IRQ disable FIQ fig Supports a high-speed data transfer or channel process
IR() irq Used for general-purpose interrupt handling
M[4:0] Supervisor — sve A protected mode for the operating system
10000 ‘ PC, R14.R0 CPSR Abort abt Implements virtual memory and/or memory protection
000: PC.R14_fiq..R8_fiq, R7..R0 CPSR. SPSR_fi
o m — ¢ 10 q Undefined und  Supports software emulation of hardware coprocessors
10010 IRQ PC.R14_irq..R13_irq,R12.R0 CPSR, SPSR_irq
10011 Supervisor | PC,R14_sve.R13_sve, R12.R0 CPSR, SPSR_sve System syS Runs privileged operating system tasks (ARM architecture version 4 and above)
10111 Abort PC,R14_abt..R13_abt,R12.R0 CPSR, SPSR_aht
11011 Undefined PC,R14_und..R13_und,R12.R0 | CPSR, SPSR_und
27 28




ARM Exceptions

® [RQ: interrupt request

@ FIQ: fast interrupt request
= Conceptually same as IRQ

= Support a faster dispatch of ISR

@ Software Interrupt
s Via SWI instruction

@& Abort

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

® Undefined Instruction Trap.

29

Exceptions & Modes

T

Cm
[T ey —
SWI

' " " v Yy
e (Undefined)( RQ J(_ FIQ J(_ Abort J(_ svc )

Modes

Figure 9.1  Exceptions and associated modes.

Source: ARM System Developer’s Guide 3

ARM Exception Processing
@ Vector Table at 0x00

# Jump to Exception handler in the vector
table entry

Exception Vector Table

Address Exception Mode on entry
0x00000000 Reset Supervisor
0x00000004 Undefined instruction Undefined
0x00000008 Software interrupt Supervisor
0x0000000C Abort (prefetch) Abort
0x00000010 Abort (data) Abort
0x00000014 Reserved Reserved
0x00000018 IRQ IRQ
0x0000001C FIQ FiQ

32




Exception Vector Table

(head.s)

Processor Mode vs. Registers

0x00: b
8X8§1 E Vector—undefimfr @ Registers are remapped depending on the
XUo: vector_swi
0x0c: b vector_prefetch PIocesso1 mode
0x10: b vector_data
8?};; E Ziﬁigﬁj‘ggre’“pm ® Reducing the overhead of saving and
Oxlc: b _unexp._fiq restoring registers
0x20: : mov 10, # MODE_IRQ)
0x24: msr cpsr, 10
0x28: ldr 113, =IRQ STACK
0x2c: mov 10, #(MODE_SVC |I_BIT | F_BIT)
0x30: msr  cpsr, 10
0x34: 1dr r13, =SVC_STACK
0x38: mov  fp, #0
0x3c: b start_kernel
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Registers Example: IRQ Mode

31 32-bit registers

s User mode:
RO~R15 (16 reg.)
s FIQ mode:
R8_fig~R14_fiq (7)
s 4 other modes : 2
each,
R13 xxx~R14 xxx
8)
® 6 Program Status
Register
s PSR &£ = CPSR

General Registers and Program Counter Modes

Userdz FIa32 Supervisorl2 AbortdZ RQ32

Undefined 32

) L L] o "

g|lE(E(2(@

B|lE|E(E|E (B2

E|E|E|E (8
z

2 b;?;
HAH
|
[
g

2 a1 Az Az
Rt Sy My Arawe | [mrae |y Aam 1
wm

Rt S Rt4 v R4 st

Program Status Registers

[ow J[owm ([ o= ][ o= ][ == ]

hoowe | hwew | hone | b ona |

[ ——

® In User mode, rO~r15 used

® If there is an interrupt request,
m Processor mode = IRQ

» 113_irq & r14_irq available (instead of 113 &
r14)

= A separate stack pointer
= PCin r14(r14_irq)

m If necessary, r0~r12 must be saved before used
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Processor Mode vs. PSR

@ CPSR is saved into a corresponding
SPSR

®Example: SPSR_irq € CPSR when IRQ
= Both CPSR & SPSR _irq accessible in IRQ
= MRS rl, cpsr

Exception Priority

Reset (The Highest)
Data abort
FIQ

IRQ
Prefetch abort

Ul WD
— N N

Interrupt

Undefined Instruction, Software
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ARM Inst t1 Set: Overvi it
Nnstruction oet. erview - Condition Codes
3130292827 26 2524 2322212019 1817 161514131211 109876 543210
Cond |0[0|1| Opcode [s| Rn Rd Operand2 Data/Processing/ Code Suffix Flags Meaning
PSR Transfer 0000 EQ Z set equal
Cond |0|O|O|0O|OfO|A|S Rd Rn Rs 1(0{0f1 Rm Multiply
0001 NE Zclear not equal
Cond |0|0|0|0|1|U|A|S| RdHi RdlLo Rn 1|o|o| 1| Rm Multiply Long
cond |o|o|o|1]|o[B|ojo] Rn Rd |o|o|o|o[1]|o|o[1] Rm | single Data Swap G &3 Chest (e e iR EnD
cond_oofoftJofalt[o[+[+[1[a[s]1[1]1]1[1]1]1]o]e]o[1] mn | sranchand Exchange 0011 ce C clear unsigned lower
Cond |0|0|0|P|UlO|wW[L Rn Rd o|ofo|of1|S|H|1 Rm Halfword Data Transfer: 0100 MI N set negative
register offset
0101 PL N clear positive or zero
Cond |0|0|0|P|U[1|W[L Rn Rd Offset |1|S|H| 1| Offset | Halfword Data Transfer:
immendiate offset 0110 Vs V set overflow
Cond |0|1]1|P|U|BW[L Ri Rd Oifset Single Data Transf
on i e ingle Data Transter o111 vC V clear no overflow
Cond [Of1]1 Undefined
1000 HI C setand Z clear unsigned higher
Cond |1(0|0|P B L Rn Register List Block Data Transfer
cona 11 lol1lL Offset Branch 1001 Ls C clear or Z set unsigned lower or same
Cond [1[1]0|P U|E‘W L Rn CRd CPi# Offset Coprocessor Data Transfer 1010 GE N equals V/ greater or equal
1011 LT N not equal to \V less than
Cond |1]|1|1|0| CPOpc CRn CRd CP# CP |g| CRm | Coprocessor Data Operation
1100 GT Z clear AND (N equals V) greater than
Cond |1]|1(1|0 gpF; L CRn Rd CP# CcP 1 CRm Coprocessor Register Transfer 1101 LE Z set OR (N not equal to V) less than or equal
Cond |1[1]1[1 Ignored by processor Software Interrupt 1110 AL (ignored) always
3130292827 26 2524 23222120191817 1615 1413121110987 6 543210
39 40




ARM Instruction Set Overview
- Data processing Instructions

ARM instruction

4 e
Mnamonic_| Opcode | Acon @ Conditional instruction
AND 0000 operand1 AND operand2
EOR 0001 operand1 EOR aperand2 - BEQ jmp_l ; Branch to
SuB 0010 operand1 - operand2 - -
Rse |00 | oporantz-oporaat jmp_1if Z flag set
ADD 0100 operand1 + operand2 .
ADC 0101 o:erand1+nzerand2+carry L MOVEQ rO’rl ; I'O := I']. lf Z flag
SBC 0110 operand1 - operand2 + carry - 1
RsC o1 operand2 - operand1 + carry - 1 Set
I oot e @S flag: determines if the flag fields are
CMP 1010 asSUB,huIresulti'snnlwn-nen affected or not
CMN 1011 as ADD, but result is not written
ORR 1100 operand1 OR operand2 N - SUBS r2’ r2’ #1 ; deC rz and Set CC
MoV 1101 operand2 (operand1 is ignored)
BIC 1110 operand1 AND NOT operand2 (Bit clear)
MVN 111 NOT operand2 (operand1 is ignored)
Table 4-3: ARM Data processing instructions
41 42
ARM instruction examples Data Processing Instructions
& “@®Datap ing i i
ata processing instruction types
€ MOV 10, r1 ; 10:=r1 = Arithmetic operations
& MOV r0, #0x30 ; 10:=0x30 Bi . . .
’ ’ it-wise logical operations
€ MOV r0, 11, LSL #1 ; r0:=11 <<1, LSL(=logical Shift " i & p .
Left) = Register-movement operations
@ MO}Y) 10, 11, LSRr2  ; r0:=r1 >> 2, LSR(=Logical Shift » Comparison operations
Right . . .
@ MOV r0, 10, ASR #24 ; r0:=r0 >> 24, ASR(=Arithmetic » Multiply instructions
Shift Right) i
® MOVS 10,11, LSR#1 ;Cfflag):=rl[0] ®5 ad'dress format
® MOVCC 10, #10 ; if C=0 then r0:=10 ® 32-bit operands:
& MOVCS 10, #11 ; if C=1 then r0:=11 - register
= constant (immediate) ( in the second operand)
» shifted register
@ 32-bit results, stored in a register
43 44

» 64-bit results for long multiplies




Data Processing Instructions (cont’d)

Arithmetic Operations

Bit-wise Logical Operations

Data Processing Instructions
(cont’d)

€ Immediate operands:

ADDrO,rl,r2 [rO:=rl+r2 ANDrO,r1,r2 | rO:=rlandr2
ADCrO,rl,r2 [rO:=rl+r2+C ORRrO,r1,r2 |rO:=rlorr2 ADD r3 r3 #3 r3:=r3+3
SUBrO,ri,r2 [rO:=rl-r2 EORrO,r1,r2 |r0O:=rlxorr2 AND r8, 7, #&ff r8 = 170y, & for hex
SBCrO,rl,r2 [rO:=r1-r2+C-1 BICrO,rl, r2 r0 := rl and (not) r2
RSBrO,rl,r2 [rO:=r2-ri
RSCrO,r1,r2 |rO:zr2-ri+C-1 @ Shifted register operands
Register Movement Comparison Operations
MOV r0, r2 rO:=r2 CMP rl, r2 setcconrl -r2
MVN r0, r2 r0 := not r2 CMN r1, r2 setcconrl+r2 ADD r3,r2,rl, LSL #3 r3:=r2+8xrl

T&T-pl;-r2 set cconrlandr2 ADD rb, rb, r3,LSL r2 r5:=rb+ 22 x r3

TEQTrL, r2 set cc on rl xor r2

45 46
NV 31 0 31 0 -

@ LSL - Logical Shift

Left

@ LSR - Logical Shift

Right

& ASR — Arithmetic
Shift Right

€ ROR — Rotate Right

€ RRX — Rotate Right
Extended by 1 place

77

NI

[ 00000]

[00000

LSL #5

31 0

LSR #5

31 0

lo |

[

NN

NN

[00000 0 |

[1am11

ASR #5, positive operand

ASR #5, negative operand

31 0
I

[k

31 0
I g I I
|

ROR #5

RRX
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® Data processing instructions can change condition
codes (N, Z, V, C) using ‘S’ suffix
= Except for comparison instructions
= Example (r3-12 := r1-r0 + r3-12)

ADDS r2,r2,r0 ; carry out to C
ADCr3,r3,rl1 ;... add into the high word

@ Logical & move instructions update, C, N & Z flags.
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Multiplies

MUL r4, r3, r2 r4 = [r3 x r2lsio,
MLAr4,r3,r2,rl rd = [r3 xr2 +rl] ;.0

@ Example (r0 = r0 x 35)

= ADDrO, r0O, rO, LSL #2 ; r0' = r0 x 5 (=4+1)
RSB rO, r0, rO, LSL #3 ; r0" = r0' x 7 (=8-1)
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MUL vs. ADD and SUB

T I S
€ Multiply by 5
= MOV 12, #5
MUL 101112
s-ADD 10, 11-11;-1s1-#2
@ Multiply by 105
s 105=128-16 +3

ADD r0, 11, r1, Isl #1; r0 =r1*3
SUB 10, 10, 11, 1sl #4; r0 =r1*3 - r1*16
ADD 10, r0, r1, Isl #7; 10 =r1*3 - r1*16 + r1*128
s 105=15*7=(16-1)*(8-1)
RSB 12,11, 11, 1sl #4; r2 =r1*15
RSB 10, r2, 12, Isl #3; 10 = r2*7
€ Multiply by 85
= ADD 10, r1, rl, Is] #4; 10 =r1*17

ADD 10, r0, r0, Is] #2; 10 = r0*5 => *85
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