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ARM architecture
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ARM

m ARM

m32 RISC (32-bit data & address bus)
m Big and Little Endian operating modes

. ( )

* RISC + CISC

m Enianism (configured by input signal)
m Big Endian

| |

| |

m Little Endian

n

n

Higher Addresss; 2423 1615 7

11 10 9 8
7 6 5 4
3 2 1 0

Lower Address’

Higher Address 2422 1615 7
8 9 10 11
4 5 6 7
0 1 2 3

Lower Address’

Word Address
8

4
0

Word Address
8

4
0
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User mode (usr)
FIQ mode (fig)
IRQ mode (irq)

Supervisor mode (svc)

Abort mode (abt)

Undefined mode (und)




User32 Fiq32 Supervisor32 Abort32 IRQ32 Undefined32

RO RO RO RO RO RO

R1 RL R1 R1 R1 R1

R2 R2 R2 R2 R2 R2

R3 R3 R3 R3 R3 R3

R4 R4 R4 R4 R4 R4

RS RS RS RS RS R5

R6 R6 R6 R6 R6 R6

R7 R7 R7 R7 R7 R7

R8 R8_fiq R8 R8 R8 R8

R9 R9_fiq R9 R9 R9 R9

RI0 R10_fiq R10 R10 R10 R10

RIL R1L_fiq RIL RIL RIL RIL

RI2 R12_fiq R12 RI12 R12 RI12

R13 R13_fiq R13_svc R13_abt R13_irq R13_und

R14 R14 fiq R14_svc R14_abt R14 _irq R14_und

R15(PC) R15(PC) R15(PC) R15(PC) R15(PC) R15(PC)
[_cesr | | cpsr | | cpsr | | cpsr || cpsr | | cpsr |
| | | spsRfig | | sPSRsvc | | sSpsRabt | | SPSRirg | | SPSR und |

R13: ( )

R14:
R15:

37
?31 32
?6
16 2

) IRQ, FIQ,
Supervisor, Abort

RO  RI5
RO to R14
R15 (PC)

CPSR - Current Program Status Register contains
condition code flags and the current mode bits

5 SPSRs (Saved Program Status Registers) which are
loaded with CPSR when an exceptions occurs




. (CPSR/SPSR)
mN,ZC V

* N: Negative. Z: Zero. C: Carry. V : oVerflow
m | F

= MO,M1,M2,M3 M4

31 30 29 28 27 8 Z 6 5 4 3 2 1 0
[nfzfc]v]- “le [ [ -[walus[mefm]w]
I—ModeBits

I—Overflow
Carry/Borrow/Extend FIQ disable

Zero IRQ disable
Negative/Less Than

ARM

MI4:0] | Accessible register set
10000 User PC, RI4.RO CPSR
10001 FIQ PC,R14_fig.R8_fig, R7.R0 CPSR, SPSR _fig
10010 [RQ PCRI g . R13_irq RIZ.RD | CPSR,SPSR_irq
10011 Supervisor | PC.RI14_sve R13_sve, RIZ.R0D | CPSR, SPSR_sve
10111 Abort PC,R14_abt R13_abt, R12Z.R0 | CPSR, SPSR_abt
L0t Undefined | PC.RM_und . R13_und, R1Z.R0 | CPSR, SPSR_und

Table 2: The Mode Bits




ARM

FIQ (Fast Interrupt reQuest)
. nFQ

IRQ(Interrupt ReQuest)
. nIRQ
ABORT
. ABORT

. (Swi)

Address | Exception Mode on entry
Ox00000000 Reset Supervisar
Ox00000004 Undefined instruction Undefined
Ox00000008 Software interrupt Supervisor
Ox0000000C Abort (prefetch) Abort
Ox00000010 Abort (data) Aborl
Ox00000014 - reserved -

Ox00000018 RO IR0
Ox0000001C FIC) F10)
|
n
|




FIQ

When a FIQ isdetected, ARM7 performs the following:

(1) Savesthe address of the next instruction to be executed
plus4in R14 fiq; saves CPSR in SPSR_fiq

(2) Forces M [4:0]=10001 (FIQ mode) and setsthe F and |
bitsin the CPSR

(3) Forcesthe PC to fetch the next instruction from address
0x1C

Toreturn normally from FIQ, use SUBS PC, R14 fiq,#4
which will restore both the PC (from R14) and the

CPSR (from SPSR_fiq) and resume execution of the
interrupted code.

IRQ

When an IRQ isdetected, ARM 7 performsthe following:

(1) Savesthe address of the next instruction to be executed
plus4in R14 irq; savesCPSR in SPSR_irq

(2) Forces M[4:0]=10010 (IRQ mode) and setsthel bit in the
CPSR

(3) Forcesthe PC to fetch the next instruction from address
0x18

Toreturn normally from IRQ, use SUBS PC,R14 irq,#4
which will restore both the PC and the CPSR and

resume execution of theinterrupted code.




¢ When the ARM comesacrossan instruction which it cannot handleit
offersit to any coprocessor swhich may be present

* If acoprocessor can perform thisinstruction but isbusy at that time,
ARM will wait until the coprocessor isready or until an interru pt occurs

* If no coprocessor can handletheinstruction then ARM will takethe
undefined instruction trap

m Exception Priorities
¢ (1) Reset (highest priority)
¢ (2) Dataabort
- ®FIQ
* 4IRQ
e (5) Prefetch abort
¢ (6) Undefined Instruction, Softwareinterrupt (lowest priority)




*3
« ARM

f bits n bits n bits n bits

| 1unclion| op 1 addr. | op 2 addr, ldest. addr, I

2
« ARM THUMB

f bits n bits n bits
function l op 1 addr. l dest. addr. I

ARM

ARM
CPSR N,Zz,C V
THUMB ‘Always
31 | 27

Cond

0000 =EQ - Z set (equal)

0001=NE - Z clear (not equal)

0010 = CS-C et (unsigned higher or same)

0011 =CC - C dlear (unsgned lower)

0100 = MI - N set (negative)

0101 = PL -N clear (positive or zero)

0110=VS-V st (overflow)

0111 =VC - V dear (no overflow)

1000 = HI - C set and Z clear (unsigned higher)

1001=LS - Cclear or Z set (unsigned lower or same)

1010 = GE - N set and V set, or N clear and V clear (greater or equal)
1011=LT-Nsetand V clear, or N clear and V set (lessthan)

1100 = GT - Z clear, and either N set and V set, or N clear and V clear (greater than)
1101=LE-Z set,or Nset and V clear, or N clear and V set (lessthan or equal)
1110=AL - always

1111 =NV -never




= B

= BL
m BLX
m BX

31 2827 25 2423

| cond |101 |L|

24-bit signed word offset

n
[ ]
« Rm[0] == 1: THUMB
« Rm[0] == 0: ARM
31 2827 6543
[ cond | 00010010111111111121100 [L[1] Rm




IF ConditionalPassed(cond) then
if L==1then
~ LR=addressof theinstruction after the branch
Instruction
PC=PC+(SignExtend(signimm24)<<2)

31 28 2726 25 24 21 20 19 16 15 12 11 0

| cond IOO |# I opcode IS I Rn I Rd I operand 2 r
destination register i
first operand register \
set condition codes :
arithmetic/logic function ;

11 8 7 0
______________ > [ ot | sbitimmediate |
immediate alignment —I ;
11 7 6 54 3 0
P mmmmm o - | #shift ISh |o|| Rm f

o< Eav----

|
|
! immediate shift length 4
'
-— shift type
1

a
1 ’

| second operand register
|

1

register shift length
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Opcode Mnemonic Meaning Effect

[24:21]

0000 AND Logicd bit-wise AND Rd:=Rn AND Op2
0001 EOR Logicd bit-wiseexd lsiveOR  Rd:=Rn EOR Op2
0010 UB Subtract Rd:=Rn - Op2

0011 RSB Reverse subtract Rd:=0p2-Rn

0100 ADD Add Rd:=Rn+Op2

0101 ADC Addwith carry Rd:=Rn+0Op2+C
0110 BC Subtract wi th carry Rd:=Rn-0Op2+C-1
0111 RSC Reverse subtract with carry Rd:=0p2-Rn+C-1
1000 TST Test Scc on Rn AND Op2
1001 TEQ Test equivalence Scc on Rn EOR Op2
1010 CMP Compare Sccon Rn - Op2

1011 CMN Compare negated Sccon Rn + Op2
1100 ORR Logicd bit-wise OR Rd:=Rn OR Op2
1101 MOV Move Rd:=0p2

1110 BIC Bit dear Rd:=Rn AND NOT Op2
1111 MVN Move negated Rd:=NQOT Op2

()

31 0 31 0

e LSL: 0 31
. 0

* LSR: 0 31




AN 0

u 3 | L ]
. () NN NN
Jo0o00 0 | | EEERER |
o ASR #5, posilive operand ASR #5, negalive operand
e« ASL: =LSL
* ASR: Arithmetic shift left
« Sign extend the shifting bits
n 0
\ —
SN\
]
ROR #35 RRX
* Rotation: ROR, RRX
|
n 32
[ ]
e EX)Yb=a*5:b=a+a<<2
31 28 27 2423 212019 1615 1211 8 7 4 3 0
[ cond [ooo0o] mul [s|ra/RaHiRn/RdLy Rs [1001] Rm |
Opcode Mnemonic Meaning Effect
[23:21]
000 MUL Mutiply (32-bitresult) Rd:= (Rm* Rs) [31:0]
001 MLA Mutiply-accumu ae (32-bit resut)  Rd:= (Rm* Rs+Rn) [31:0]
100 UMULL Unsigned multiply long RdHi:RdLo :=Rm * Rs
101 UMLAL Unsigned multiply-accumulatelong  RdHi:RdLo +=Rm* Rs
110 SMULL Signedmutiply long RdHi:RdLo :=Rm * Rs
11 SMLAL Signed mu ti pl y-accumu aelong RdHi: RdLo +=Rm* Rs




- (LDR, STR)
(32bit), (16 bit)

(8 bit)

. (LDM, STM)
(LDM) (STM)

* PSR




m (SWAP)

. ‘LOCK’

m PSR (MRS MSR)

s MRS MSR
" CPSR SPSR
* MRS CPSR SPSR_<mode>
* MSR CPSR

SPSR_<mode>
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[ ]
. . MMU & cache FPU
[ ]
* ARM
m (CDP)
[
. ARM, ARM
31 28 27 2423 20 19 1615 1211 8 7 54 3 0
[ cond [1110] copt [ crRn [ crd [ cp# [cop2]o] crm |
]

- (LDC, STC)
. Load (LDC) store(STC)

*« ARM
- (MRC, MCR)
*« ARM
|

cond 1111 24-bit (interpreted) immediate




m Jazelle™ : ARM Java (J )
. (Java
« ARM

Jazelle logic turned ON

Bytecode ALU
Instruction Control
Stream \ Signals

ompute um/Accumulat
k aturation
Write.

AR

FETCH DECODE EXECUTE MEMORY WRITEBACK

ARM

s ARM
m ARM version 6

. (LDREX, STREX)

* PSR bit

ARM SIMD

«+ (16bit 2 way and 8 bit 4 way)
e FFT, MPEG4
e Saturation, ...




m ARM7 ot

control @

address register
[ ] >
. (rOtor15) L c
. A- b u g instruction
B- bus II::>_ decode
. ALU-bus [
n . . \
ri5 : 5
. Barre shifter / 2
ALU
" / —2
¢ A i data out register | | data in register |
. PC (with increment) v
D[31:0]
s ARM7( )
n : 3 Stage pipeline

e Fetch : fetch instruction code from memory into the

instruction pipeline

« Decode: instruction decoded to obtain control signalsfor the

datapath ready for the next stage

« Execute: instruction“ owns” the datapath - register read,;

shifting; ALU results generated and write- back

1 fetch | decode |execute |
PC— PC+4 > R15
2 | fetchu decode | execute |
PC+4—PC+8 —
3 | fetch |decode |execute
instruction

time




Processor Cores

m ARM7(cont’d)

m Multi-cycle operation

 Single cyclethroughput for almost simple data
processing instruction
» Multi-cyclefor mul, load/store

N
ADD 1 |fetchADD| decode I execute |

SrR 2 |fetch STRI decode |ca|c.addr I dataxferl

ADD -
ADD =«
ADD 5 |fetchADD| decode I execute |

instruction

time

Processor Cores

m ARM7(cont’ d)
m 2 Phase Non-over lapping clocking scheme

_ phase 2 /
1 clock cycle
m Datapathtiming .y operanas
latched
ph ase 1 1
’ —_— phase 2
register
[fnfg read bus valid
— ){ precharge .
¥ invalidates register
shift time shift out valid buses write time
B\ /
———

ALU t ime 7

ALU o ut




Processor Cores .
P 1b
" \ e / I-cache fetch
m ARM9 |
m Separate memory nepsion
port for high CPI
e |nstruction
e Data
[ Datapath { forwarding e
o Almost sameas .o |
ARM7. “
« Compatibleto L ocacne it
ARM7 A
rof sgnex/
" Ik — =

[_regsterwie | writeback

Processor Cores

“m ARM9(cont’ d)
m 5 Stage Pipeline
m Multi-cycle operation: MUL, multiple

load/store
m Data forwarding
ARM7TDMI:  Fetch Decode Execute
instruction Thumb l ARM reg |l shift/ALU Ilrgg
fetch decompress decode read . Ierte

ARMITDMI: \ )/)/ Y

T

instruction I read ShiftALU data memor reg I
i A

fetch decode access write .

Fetch Decode Execute Memory Write

o R




|
AV4

I-cache fetch

Processor C

next
pc

pc + 4 TT

m StrongARM

. H arvar d ﬁ}rls l |nsllgue%légg
ar Ch I t&tur e 8. BL register read ) )
° %par ate wov pe| K — Yelds

:jnastte: l|Jo(§rI ?n e — ==
m 5 Stage pipeline ‘u Ul
P e A R M 9 I I rotate
= First developed |- ==

by DEC, now e
I ntel LoR pe | K .

iy >

<
register write write-back

Processor Cores

m StrongARM (cont’ d)

m Branch target adder in decode stage

* Reduce the taken branch penalty to 1 cycle
e Applied B, BL and return from function call

CMPTr0,#0
BNE label
fetch CMP | read r0 | set CCs ‘I'\ (buf fer) | (write) |
/
| fetch BNE | +disp / ‘I} (execute) | (buf fer) | (write) |

N
L N

Penalty cycle | fetc?[ / (decode) |(execute) | (buf fer) |

fetch tgt | decode | execute |




Processor Cores

m StrongARM (cont’ d)
= Multiply implementation

Memory port Multiplier | Branch adder
ARM7 1 8 bit X
ARM9 2 8 bit X
StrongARM 2 12 bit 0

* Reducetheissuelatency of MUL to 1 ~3 cycle
e Compared to ARM7, ARM9 (1~4 cycle)

AMBA

m Advanced Microcontroller Bus
Architecture

m Standard of on-chip communication between
different macrocells for high performance
embedded system design

m Hierarchical Busarchitecture

High-peformanca
ARM processor

High-bandwict l AHB 1
Mamary intedace I

DA bus
maskar

High-bandwidlh
an=chip FAKM

UVART |[ Timer I

APB

mao=232m

keypad | | Pio |

Al 1o APE Briage




~ AMBA

m AMBA buses
m AHB(Advanced High Performance Bus)
« Connect between high-performance system modules

m ASB(Advanced System Bus)
* Subset of AHB

m APB(Advanced Peripheral Bus)

e Simpleinterface for low-performance peripherals

~ AMBA

m AMBA AHB component (cont’ d)

Artite
HABE
wanom vwnata | Slave
Mastor _n*ﬁ"i D ATA LA
&1 HEDATA L]
h\] raa Goe |
HADDR I _"J HWDATA Slavw
Master | svaara Ao ek wapara| ¥
W& HEDATA e
A DD
HADDA I HWTATA Slawe
[P HISTIAT A J S HRDATA "3
3 HEEATA S
7 HADDR
— | wwoara | Stave
HRDATA na




Operating System Support

m Memory System

= Memory hierarchy
» Cachesystem

e Temporal locality
¢ Spatial locality

Cru

Processor
Increasing dislance
fror CPU In
access time
Level 2

| B

Levels (n the
memary hierarchy

Data are transferred

Size of the memory at each level

Cache system (cont'd)

m Single cacheshared « Separate data and
between instruction instruction cache
and data

FF.FF copies of
L address
registers
. . nstructions
instructions cache N
processor address {} instructions
structions

st L@g;ggg;ns

datg processor
copies of o
i address
instructions address i} @ data

Iy

o

data @ address

memory

cache copies of
instructions 00.00 memor
and data cache i

FF.FFyg

00..00,6




Cache system (cont'd)

m Write strategy
= Write- through
e All write are passed to main memory immediately
« If thereisa hit, the cacheisupdated to hold new value
» Processor slow down to main memory speed during write
m Write- through with buffered write
» Use a buffer to hold data to write back to main memory

» Processor only slowed down to write buffer speed (which is
fast)

» Write buffer transfers data to main memory (slowly),
processor continuesitstasks

= Copy- back

» Write operation updates the cache, but not main memory

e Cacheremember that it is different from main memory via a
dirty bit

* It iscopied back to main memory only when the cachelineis
used by new data

Operating System Support

m Memory Management Unit
m Virtual memory system




Memory Management Unit (cont’d)

s ARM MMU
m Trandatesvirtual addressto physical address
m Controls memory access permission
m Use 2 level pagetablewith TLB

» Page: fixed size of chunk of memory
e TLB: cache of virtual to physical address mapping

: physical
Py e
nd leve >
page page data
__— table data L 1st level table
page

virtual table

address \ virtual \ 2nd level
page address \

table 1st level page

page table
table

Memory Management Unit (cont’d)

m Selection tranglation sequence

rtual 31 20 19 0
virtua . .
address table index section index |
| =
CP15 31 1413 0
register 2 | translation table base address |
31 U 1413 i; 210
me mo ; .
acces;y translation table base address | table index | 00 LI—I
31 20 19 121110 9 8 543210
| section base address | 00000000 |AP|0|domain |?|C|B|10|

31 J\l 20 19 i} 0
me mory

access section base address | section index '.I—I

U> 31 0
| data |




Memory Management Unit (cont’d)

m Small page translation sequence

address
31 20 19 12 11 0
| first level table index | pa_ge table index | pa_ge offset |
CP15
register 2
31 1413 0
| translation table base address ” |
31 u 1413 J ,E 21 0
| tr anslation table base address ” ta ble index | 00 | ﬂ
31 10 9 8 5 4 21 0
pa ge table base address ||0 | do main | ?2?7? | 01 |
me mory
access U
31 10 9 21 0
| pa ge table base address " pa ge table index | 00 | ﬂ
31 121110 9 8 7 6 5 4 3 2 1 0
pa ge base address Japs Jrp2 Jar1 Jro JcIB 10 ]
me mory
e ey {L F
12 11 o
pa_ge base address pa_ge offset | ﬂ
31 0
da ta |
Memory
amc ess

Operating System Support

m Stack and Subroutine System
m | dea of stack

» The multipleload/ store instructions can be used to

implement last-in- fir st- out storagecalled a
STACK .

* A stack isa portion of main memory used to store
data temporarily

* A PUSH operation which stores a number of
registersonto the stack memory.

memory BEFORE PUSH

memory AFTER PUSH
high
r13——=>m ri4
r5
rd
r3
r1
r13—»
low

low




Stack & Subroutine System (cont’ d)

m Stack(cont’d)
m Pop operation

memary BEFORE POP memary AFTER POP
high
r14 r3——m (r14)
r5 {r5)
ré4 (r4)
r3 (r3)
r 1
3—»
low low
STMFED r13L, {r1, r3-r5, r14} ; push r1,r3,r4,r5,r14 onto stack
; stack descending in mem
. I l I Iplm]mtw TT \ \ ; r13 points to next empty loc.
by L D M /S-I- M store multiple I update r13 slore it 34 5 &irld
after used
D - Stack grows down

- in memory
E- SP points to
empty location

Stack & Subroutine System (cont’ d)

m Subroutine

m Subroutines allow you to modularize your
code so that they are morereusable.

main program

call
BL SUB1 ; call subroutine SUB1 return

ADD 10,11, r2 ; %

PSUB1 : body of the subroutine

MOV pc,r14 ; return to calling program




Stack & Subroutine System (cont’ d)

m Subroutine with saving the context

BL SuB1
SUB1 STMED r13!, {r0-r2, r14} ; push work & link registers
BL SuBz2 ; jump to a nested subroutine
LDMED r13!, {r0-r2, r14} ; pop work & link registers
MOV  pc,ri4 ; return to calling program
on entry to SUB1 when return from SUB1
) ) high
R C—— M4 high rMy—* (r14)
SP moves 2 (2)
down r (r1)
rQ (r0)
ra——m M3——>r
low low
STMED r13!, {r0-r2, r14} LDMED r13!, {r0-r2, r14}




