=
Ll
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L]
=
=
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.
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ARM Core i

— ARM : Advanced RISC Machines2| 2kt
— ARMAL= architecture, processor core, system coreE ct0|& A ol == IP 3| At
— Core= architecture2 ##& (implementation)
- ARMS| & A}
> 1985 : Acorn Computer GroupOl AlHl == & & RISC Z2AIA HE
(Acorn RISC Machine)
> 1991 : ARMAL =2 & Jtsst RISC Z0{(ARM6E) i
> 1995 : ARM’s Thumb architecture extension <&, ARM8 & &
> 1998 : XtAICH ARM10 Thumb HE ZEZ2AIM HE
— ARM Core Family : 3&tH L= 5EH L0 Z kRl AFE
> ARM7 Family : ARM720T, ARM7EJ-S, ARM7TDMI, ARM7TDMI-S

Personal audio (MP3, WMA players), £2& handsets, S 248 =D
TR R T i i i i i s Ty mm



3
LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

> ARM9 Family : ARM920T, ARM922T, ARM940T

A S0 ME (HICIQE, PDAs), CIXE JIA AIE (MSetA,

1]

HOIEHOl, MP3 audio, MPEG4 video), &4 M E (still picture cameras,
digital video cameras), At& Xt (Telematic and infotainment systems)
> ARM9E Family : ARM926EJ-S , ARM946E-S, ARM966E-S, ARM968E-S
XA FCHE M2 (BICILE, PDAs, 2IHY 82 ME), M&I1J] (HDD,
DVD), Networking (VolP, Wireless LAN, xDSL)
> ARM10E Family : ARM1020E, ARM1022E, ARM1026EJ-S
MO S0HE M3 HIOQE, StHE S4101), OXIE e ME (s,
= AHIOIERIOl), & HS (still picture cameras, digital video cameras)
> ARM11 Family : ARM1136J(F)-S, ARM1156T2(F)-S and ARM1176JZ(F)-S

X=Xt (DVD, UlbiAiol&), diole M&E & POA, CIXIE TV, CIXIE toilet,

>~

MIEFBEA  router, AOIEZE
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— ARM CoreE AtE8t ZHILIE 2= MlA
> StrongARM Core : SA-110, SA-1100, SA-1110, SA-1111 (Intel)
ARM Core + 2t& F=H & Xl (USB, PCMCIA, CF, PS/2, DMA) XI&
> XScale : PXA210, PXA250, PXA255 (Intel)

2 SMEHC

f H2EIIE =H=2 A= Z=AMH 20

Joi

- & A 200130 ARMALZ =8 ARM946E , ARM926EJ-S , ARM1020E S 2
ZIA DHE £, ARME CPU Core Jl=2 HIE 22 ADEE, PDA, A&

Sl A SOl AFRE SOC B2 2ANOR N =

w i ARM system—on—chip architecture, steve furber, Addison Wesley

e

!
oz

F I AMA  ARM Architecture Reference Manual, David Seal, Addison Wesley

|
]
M

AFOIE  www. arm. com
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1. 2= AN €H NE

- M 29

The design of a general-purpose processor, in common with most engineering
endeavours, requires the careful consideration of many trade-offs and compro-
mises. In this chapter we will look at the basic principles of processor instruction
set and logic design and the techniques available to the designer to help achieve
the design objectives.

Abstraction is fundamental to understanding complex computers. This chapter
introduces the abstractions which are employed by computer hardware designers,
of which the most important is the logic gate. The design of a simple processor is
presented, from the instruction set, through a register transfer level description,
down to logic gates.

The ideas behind the Reduced instruction Set Computer (RISC) originated in proc-
essor research programmes at Stanford and Berkeley universities around 1980, though
some of the central ideas can be traced back to earlier machines. In this chapter we look
at the thinking that led to the RISC movement and consequently infl uenced the design of
the ARM processor which is the subject of the following chapters.

With the rapid development of markets for portable computer-based products,
the power consumption of digital circuits is of increasing importance, At the end of
the chapter we will look at the principles of low-power high-performance design.
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1.1 T2 MA X (architecture) 2t &=2&! (organization)
- HE T 083 JIES2 19408 &0 R, &I &2

- 50Y Olatset T2 MAS A

I s R o

2 EH 2 X (architecture) : A2 X 2E 0|28 £ U

clXIAR, M2 22l HolE 4, telxde 228
ArE XA 201X &= (0l

2 =B X2& (organization) : 28 £ Qle) X9 24
(ol = 2kl X transparent 44, table—walking atERI 01, translation

look—aside HIH )
- AREH 222 0|HE  JtA 22, i HI2el, 10

|ZL2tRl2 =8, RISC idea



CHIZ220 MEE 2
HIZ22I0l H&E gt el X4
ZZMAME &EIE B

-T2 MM E2
- T2 MA2 o=

- FYO0IE

registers

processor

instructions
and data

PO S Aot

ot Hl ot U

7

et e Ats J1J|

st Off 2loi E2

instructions
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1.2 LSO SAHOIM] ZaH S
- DIOI22T2NME 120 49 B AQIEE & Y= EVNAE =
5101 FSOIZ, BILICl ERMNAE T H5IH SHIT= KO

- EMXAEC 22 SHS S =V




— Gate =43t 2 EAdIAHZ =2 HOIE 322 E&H o= 1

st 20 OotLIch HOIED EMXAHZ BHS0HAC= s & E2I 8 &
- EdAAH dE 2l EH e =2l 2l= &AM EXAH A= OlolEg 2R
Jt == HIOIE =&3tE 2 KMol Al&otH0F &

})—» output

Logic symbol

Truth table
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- =3t Level : HIOIE Fatat &M £0] Ol HHHS £ 2l d=01 20 ot

Lie] E4d= 0|F1 U= HHS Fast & S&et otEAIH=E el SHAHS
=

1. transistors;

2. logic gates, memory cells, special circuits;

3. single-bit adders, multiplexers, decoders, flip-flops;

4. word-wide adders, multiplexers, decoders, registers, buses;

5. ALUs (Arithmetic-Logic Units), barrel shifters, register banks, memory blocks;
6. processor, cache and memory management organizations;
7. processors, peripheral cells, cache memories, memory management units;
8. integrated system chips;
9. printed circuit boards;
10. mobile telephones, PCs, engine controllers.




11
LR LR LR E LR L L LT L L LR LR LR LR L L LR LR LR E R LR LR LR LR LT LU

1.3 MUO - simple processor (Manchester University)

- 2tcet SRS T2 AMAS 24 24

e a program counter (PC) register that is used to hold the address of the current
instruction;
a single register called an accumulator (ACC) that holds a data value while it is
worked upon;
an arithmetic-logic unit (ALU) that can perform a number of operations on

binary operands, such as add, subtract, increment, and so on;
an instruction register (IR) that holds the current instruction while it is executed;

instruction decode and control logic that employs the above components to
achieve the desired results from each instruction.

> MUO : 16 HIE T2 MA, 12 HE HEY A =4 (W K22l 8KHIOIE)
> 33 0= 16 HE 20|, 4 HHE= opcode, 12 HHE= HEY A EE (S)
> ACC = ACC + mem4x[S] : SOl H&EE K22l =22 HES 40 ACCH

Lot &= ACCOl M&
(LR LR LR E L LT E LR LR LR LR E LR LR LR LT L L E LR E R LR LR LT
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- MUO EE0X NE (20 = 8H)

Instruction Effect

LDA S ACC :=memg4[S]

STO S mem ¢[S] = ACC
ADD S ACC =ACC+ memm[S]

SUB S ACC = ACC — mem4[S]
JMP S PC:=S§

JGE S if ACC20 PC:=S
JNE S if ACC#0 PC:=S
STP

- MUO =2l & XA
> Datapath : ACC, PC, ALU, IRE N=Z HAZ6IH @3 M2l IHAE Bts
> Control logic : QIOIEHINAE Mol B= RAS9 S&= HHst= Al

SE MY, |8t &E Hal (FSM)0I 2o &
(LR LR LR E L LT E LR LR LR LR E LR LR LR LT L L E LR E R LR LR LT
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— Datapath & Al

> 3E0 NEESE +elol)| ?let B2 80l &M, 6 &8 S0l oLt S

2cl 2 == 232 AI0I20] 2A2& (HE N fetch

> MUO datapath

[

AFOIZ20ILE 2AI0 20 80 XiclE 2dot== &

address bus

A

I PC I control

data bus
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HE Ol PC SIt)I(incrementer) )t 222, PCE ME2 HEdAZ B
AIIX 2= HHHE 2A0120] 2ALHE2Z ALUE AIE0t PCE SIHA
Jl= 20| Jts (LDA, STO, ADD, SUB)
— Datapath?| =%t
> ZEUO BN HXNAHM MEZHOF BE OO & &M

> &40 & Al

2
(N
o

1. Access the memory operand and perform the desired operation.

The address in the instruction register is issued and either an operand is read
from memory, combined with the accumulator in the ALU and written back into
the accumulator, or the accumulator is stored out to memory.

2. Fetch the next instruction to be executed.

Either the PC or the address in the instruction register is issued to fetch the next
instruction, and in either case the address is incremented in the ALU and the
incremented value saved into the PC.




IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII?IﬁII
- MU0 =AM =J|st

> etal sget dEUAM Z=2MA=E SAHOE &, Reset 2501 2

o,

V4
>
—
(@
1l

0=z =J|=t, PC=0000=2 =J|et ER
- dAAH & dE A

> datapathJt B E &dol)| ?oll &= MH ASE Z2H

—

> AXAEH=E 22 2 AWM 201 HHE %= UK EHE 2

= AA

ot 2t0l Bt &= o] flol KO &

POII

b} 2@ (PCce MO &S = PCce=t1

> d85= M &z dAAH M A5, ALU S& S8 Al

S is, EEISEAM
ACCgt= HIEcItl EUl= A= Moote &=, HZc
22l &21/MA0] Mo &=

>
i o

— Control logic : &M HHNHE =4 0otL] datapathl MO

H

==
M E 248

> FSM(finite state machine)O|Lt Ot0|3A 2 HaE 2 =8

> MUO= SOl AtEH (fetch, execute)0IE 2 (Ex/ft) & EH HIE =J}
TR R T i i i i i s Ty mm
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[MUO control logic] - PLAL} £&t5|122 28 Jts

Inputs Outputs
Opcode Ex/ft ACCI1S Bsel PCee ACCoe MEMrq Ex/ft
Instruction 7 Reset ¥ ACCz ¥ |Asel ¥ ACCee? IRee ¥ ALUG ' Raw 1
Reset XKXX a 1 [1 1] =0 1 0

0000 =B
0000 B+l

X
B+1

A+B
B+1

A-B

0001
0001

B+l

_—0 E M o W oH W oE W oE M

A -

S
#

o4
(= — T — T T -

o oD O o DD oo D 8
oD D0 D o0 D o o 'l=l|
o — — e s s s e - —

L — - - - T T I -

o e e e [ — —
= o0 o0 D S O D3 Y e

=== - = = = ==
= OO0 OO0 D Do S S5 O o
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— ALU Design
> 52 =& &3 (A+B, A-B, B, B+1, 0)

> Reset &12Jt ALUE 02 =D|stote A= Mg = /JAL22 4019 s&

e A+ B is the normal adder output (assuming that the carry-in is zero).

e A —Bma}rheimplemﬂutadas;!+§+ 1, requiring the B inputs to be inverted and
the carry-in to be forced to a one.

e B is implemented by forcing the 4 inputs and the carry-in to zero.
e B+ 1 is implemented by forcing A to zero and the carry-in to one,

> ALUS| MO &lS : Aen (2IHEHE A enable 41 5), Binv (invert NI A S)
ALUfs &S0l et Aen, Binv, Cin (LSB Carry—-in)S Ml&206tl= X& 32

Iz
2
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[1 BIE MUO ALU logic]

ol

- MUOIt

Oif

2 T2 AIMIF ED] ?8 Bt

.

e Extending the address space.
® Adding more addressing modes.

e Allowing the PC to be saved in order to support a subroutine mechanism.
® Adding more registers, supporting interrupts, and so on...
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D=|a=|O-| }\-”E /\-|j;”

- & 42 Hol0l 2T MG ADD OIS SIS FPO HAS HEH LN
201047

ESFE LIEIHD| |8t HIE, & source =42 S&EX|E LIEIU D]
FHIE, O 2802 =42 LIEtWI| fst HIEJHE R
HAl=Se 830 "4 ADD d, s1, s2, next_i ; d=s1+s2

>
> 2 QIHAHE =201 n HIE, opcodedt f HIEOIH BN 4n+f HIE ER

f bits n bits n bits n bits n bits
nction op 1 addr. | op 2 addr. | dest. addr. [next_i addr.

- 334 BN Branch E20HE MH2lst 2= BE02 LUis £diE HE Wt PC

o B8 2IIE HotW & = JAOH otLe] =4 242 =22 = U
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> OdScl Ed0 €4t ADD d, s1,82 5 d=s1+s2

n bits

f bits n bits n bits
function | op 1 addr. | dest. addr. ||

f bits n bits
function | op 1 add

- 0FA HEW : evaluation ABHS AIE25H QIUAEE 02 & £~ US

> ADD ; AE OHP[ = AEH OHR| + ABY DI [} S
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-nx=a AFE2] O

> 4= BEHE H AISE X 23

> 0= evaluation 288 2% : Inmos transputer, 14 4 @ MUO

> 24 74t ARME Thumb EE0 ME, 324 #X : ARM B0 NE
=2 1352 BE0 = 25 dAAH, 152 BEH2 =4= H22. 2=

2 B8 4= 25 dIAIAHOIAHLE otLt= GIE2l, otltt= dIAIAH
=

e Data processing instructions such as add, subtract and multiply.

@ Data movement instructions that copy data from one place in memory to another,
or from memory to the processor’s registers, and so on.

e Control flow instructions that switch execution from one part of the program to
another, possibly depending on data values.

® Special instructions to control the processor’s execution state, for instance to
switch into a privileged mode to carry out an operating system function,
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D HEHES2 SAN MY JIsS & = UEE &
‘decrement and branch if non—zero’ : (HIOIE Hel + HIH S8) HE O
— Orthogonal &80 : 38 E 0t= S U8 JIE=0| A2 S8 HO HHN
SES

> SASHHEH=E RAS 2EE JHE (add EEHIF AIXIAH F=A9
A PZEO0|H subtract HHHE s28 X E JHA)
> 3 40| 20/otl otEHINH 20l 28 Y
- HEdd 25  OOIH Mel, UI0OIH 0ls a0 QLIHHEES AN At -
1. Immediate addressing: the desired value is presented as a binary value in the
instruction.
2. Absolute addressing: the instruction contains the full binary address of the
desired value in memory.

3. Indirect addressing: the instruction contains the binary address of a memory
location that contains the binary address of the desired value,

4, Register addressing: the desired value is in a register, and the instruction contains
the register number.
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. Register indirect addressing: the instruction contains the number of a register
which contains the address of the value in memory.

. Base plus offset addressing: the instruction specifies a register (the base) and a
binary offset to be added to the base to form the memory address.

. Base plus index addressing: the instruction specifies a base register and another
register (the index) which is added to the base to form the memory address.

. Base plus scaled index addressing: as above, but the index is multiplied by a con-
stant (usually the size of the data item, and usually a power of two) before being
added to the base.

. Stack addressing: an implicit or specified register (the stack pointer) points to an
area of memory (the stack) where data items are written (pushed) or read
(popped) on a last-in-first-out basis.

o &= HIE <=0 2ol 23
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LR EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEHEHEEFEEHC R CPEEE CECECEECECEE P p g p p g C P EEEEEECEPEEE P p P EE P p P EECE P
- 2d branch 8380 : S ¥4 T

1o O O

| —

H AIZASE Et=ot HL GI0IH ol et &2 &
SZ)E0l Eetor g I AL

5= BHO

> E& AN AEBHOI 001 HLE & dIRIA
> 0= #loff LIOIE Xcl

@

20l 22 ™ pranch

Z I E N &St= condition code HIAIAEH I 2R
— Subroutine calls

> REE R2Z LAl S0t 2o =+
=

T2 MM Chet BiZ2el, A=

— System calls : operating system routine

> =

8=
ﬁ
2
2d

0

AMNEX ZEZE2H
system call AF=

— 02 (Exceptions) : T2 )& ASHNH A O&SHK 28 B35 (BIERIN 2
ATEQN CLHEE, HR22l AIAEINAS 2F)
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1.5 T2 AIM & 2& (trade-offs)
- 980 ME= Z2 0dHUAH 28dt2 8ol 2802l J|lsS2 K260 0t
ot OleH X &&0l) =&st 80| JtsSotOOF &
- Ao A 240 E20I5t) 13 HAHE S8 =2 XJSHHOF &
— CISC (Complex Instruction Set Computer)
> 1980 0| &0l= 2L E 2tEHotAH StI| o SHAHE SEoHAH &

o YOS HSot=0l B2 MelR0l B, 3717t HE

> CIE 8086 HE, 2EE &2t 68000 HIE 002 = Z=2 MlA

— RISC revolution : 12 HH2 BEH HES A 2HE =0|)] /ol HEAHE
S5 GtE= 22 S SH0 HEHE LS X 2SHCs M)A S

> ARM, MIPS Z2 MM = RISC Z=ZAlA

> Z=MAMe fAS ot HEHN S5 SIHAIZ = U I ER
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- OD2HAM A 2A

Instruction type Dynamic usage

Data movement 43%
Control flow 23%
Arithmetic operations 15%

Comparisons 13%

Logical operations - 5%
Other

> OI0IE Ols BE0IF ddict=ll Z2NMAM= Al2tS JHE B0l 2|

7
A

> ZZ2ANME EEE SIHAID|l= 28 @ OO Z2tol, 3

U
=
=)

|22

3>
=

Az E3d0 &2
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— HHolZctel (6 BE0 Adol HLR)

. Fetch the instruction from memory (fetch).

. Decode it to see what sort of instruction it is (dec).

. Access any operands that may be required from the register bank (reg).
. Combine the operands to form the result or a memory address (ALU).
. Access memory for a data operand, if necessary (mem).

. Write the result back to the register bank (res).

instruction
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— Itol=Zctel s M &

> O0IH o M E (read—after—write hazard) : & HEHO 2ot e ¥

012 AA QIIHEZ AFRES B 9AY

>
>
S
—
=
=2
0
o

CIOIEl o M= MHE0 3 2= 0] A A& 010F o XIBH LHF

-

WA dUHES Sof
Hel 22 0|soliOF ot= FAE

Hetobol 8OEA 2101 le Us 840 =0] &2
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1 (branch) fatc:h| dec | reg | ALU m| res |
S h ! E

fetc | dec

5 E LU SR, el T T

fetch

5 (branch target)
instruction

3 2 S0l branch S22 AAXI2 BHANHIt A& (3 2 X HAH)
ALUNIA F=AE HASHR &
LA branch @32 32 ALU Z 00l et branch B8 28
Ol ™ branch &Fef0il

branch Ct32 @3 E XA & alol= delayed branch @8 A=
s

[
o
)
O
A
>
=
x
1
S
S=-
=
I
0
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- uolzetel es4d

> mol=ctel EHAHDE ZHOotE =5 T2 ANAM2 4501 Z0HAIXISH OO Z 2t

o

ol

> 19803 &2 CISC 00122 22 M M= Al

S| DD =2 X+
[ -/

— [ =

o

220 M

.
[H0

Gl IOl ZEetele g HeS Xl EUS

o

1.6 RISC (Reduced Instruction Set Computer)

- =J| RISC Z2 NI A 2! Berkeley RISC |2 CISC Z2 MMECH O 2Fot ) 20t

A X2 Hl=cet ds5 =7 Al

- O

o

— RISC #*X (architecture)
> & O EA 2 IR DA HEN 20|, CISC= @3 HOCrEEN 20|
F HEN A0 Het 2 8E gAa0 20l =M
> OO0IH el @8 He= dIANAHW Ues UI0IeHEH=E JHXI D XHeldt= load-

store X (22 82 HEA UOIH Hel HEE 22)
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> 3212 32HIE HAIAH W3 (load-store REXE @88 OZ X6t

N 22X
(e |

Jim
Il

32 =82 ol dIXNAEHE ALE, HI0IEHU =2 ME S2

?Iol MBEI= CISC Al NIAHED AIXIAEH =0t 2S)

— RISC & 2&! (organization)

e Hard-wired instruction decode logic; CISC processors used large microcode
ROMs to decode their instructions.
@ Pipelined execution; CISC processors allowed little, if any, overlap between con-

secutive instructions (though they do now).
e Single-cycle execution; CISC processors typically took many clock cycles to
complete a single instruction,

- RISC &&
> T2RAAMIL 2S5 TR0 &2 422 pX0| Be, 4 A2|2 HNS

= =2

M= HI22l, HE22l 22l Jls, floating—point tERINH 52 4

=SS Flet S22z AME
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> 2 A0St F2 L I ER

> =2 85 (CISC Z2AA &A= BL6HX 2 3)
=TS YYO s TR0 A A0l B0l AR, 2FEHEH T2 AN OIA
=X 5SS ot EII5I0 SRS GY0OIS BEE 200l 2R
- RISC &l &

> WOl ZctolS Soll ZZ2MA2 £ SIHAIZ

> T2 ANIMIE 2HEGHD] 20 single AIOI2 2 &S = U0 =2 2 0lA

S&OIEE I Jis
> A&t HHN 20|22 load—store 2 & CISC Z2 MM (microcode

>

multi AFOI2 A&, no pipeline)S REE 4= ASLI HHO| RS

> RISC =J|0| hard—wired, single AIO|= A9 TIO| =22l CISCE ¢

> 8= M22 3E2 M2 E&0t= EISC Z2 MM SAI (?)
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- RISC &+&
> RISC= CISCOl HioH 2E L&t S (2 E 2 01Jt EItotL] cache

- ARM ZE Z&2 Thumb : 2& L& SIHAIZ|IJ] ®loll Thumb =2 E& & &
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1. Minimize the power supply voltage, Vdd.
The quadratic contribution of the supply voltage to the power dissipation makes
this an obvious target. This is discussed further below.

. Minimize the circuit activity, A.
Techniques such as clock gating fall under this heading. Whenever a circuit

function is not needed, activity should be eliminated.
. Minimize the number of gates.

Simple circuits use less power than complex ones, all other things being equal,
since the sum is over a smaller number of gate contributions.

4. Minimize the clock frequency, f.
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