Lecture 9: Processor design — multi cycle

= Aren t single cycle processors good enough?

No!

— Speed: cycle time must be long enough for the most
complex instruction to complete

— But the average instruction needs less time

— Cost: functional units (e.g. adders) cannot be re-used
within one cycle
" Multiple & varied cycles per instruction means
that no instruction takes more time or uses more
... func. units than required
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Lecture outline

" Brief processor performance evaluation
" Determine the components

" Build the datapath

® Build the control
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Measuring processor speed

Execution time 1s
1nstruction count
X
cycles per instruction
X

cycle time
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Determine the components

Processor task Component list
= Instruction fetch from = PC register
memaory " Memoty (nsHrceeRs)

= Read registers A dderPeETd
" Hxecution

= Register file
— Data processing

: . — 2 read, 1 write
instructions

= ALU

— Data transfer
mnstructions

— Branch instructions
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Design guidelines

" Cycle time determined by the delay through the
slowest functional unit

" Reuse functional units as much as possible
— Multiplexors added to select the different inputs

= At end of each cycle, data required in
subsequent cycles must be stored somewhere

— Data for other instructions are kept in the memory,
register file, or the PC

— Data for same instruction are kept in new registers
not visible to the programmer
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Multi-cycle datapath

Instruction [5-0)

, =~ PCWnseCond PCSource
3 PCWrie | Outputs ‘~' ALUOp
v !
_lorD | ALUSeB
h’n{nﬂg@? | Control |
MemWrie | | ALUSCA
MemioReg | [% “' RegiWrite
IRWrae /  RegDst - /(; \
A ' Jump M
a8 ms“' 2 address | 1 -4
Len \Czj S [31-0] o |
PC [31-28)
Zero H-
> u ALY e ALUOQuL o
result
.
-
Instruction
[15-0)
reglster \ control |




How to design the control part

" The control unit of a multicycle processor is an

FSM

" Determine exactly what happens in each cycle

" and what is the next step

" Be careful with register load-enable control
signals
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What happens in each cycle — 1 & 2

1. Instruction fetch
IR <= Mem]|[PC]
PC <= PC+4
2. Instruction decode and register fetch
A <= Reg[IR[25:21]]
B <= Reg[IR[20:16]]
ALUOut <= PCt+sgnext (IR[15:0]<<2)
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Cycle 1 — instruction fetch (all)

N1V
S
QJ‘

€DIN“

CH.L)-\

{ ™ PCWrteCond
PCWrie
lorD

MemWrie
MemioReg
IRWrae

MemHead

PCSource
| Outputs | ALuOp
v f
ALUScB
Control |
' | ALUSrcA
" Op | RegWrt.u
\ 50 | :

RegDst

)'.

B

Instruction [5-0)




Cycle 2 —instr decode & reg read (all)

b=t PCWrteCond / PCSource

PCWrae Outputs V»' ALUOp
oD J | ALUSrcB
MemPRead | Control |
MemWrie | [ .
MemioReg [% ‘\' RegWrite
IRWrie RegDst ot

A

N = o)
J




What happens in each cycle — 3

3a. Memory address generation
ALUOut <= A+sgnext (IR[15:0])

3b. R-type arithmetic-logical instruction
ALUOut <= A op B

3c. Branch completion
1f (A == B) PC <= ALUOut

3d. Jump completion
PC <= {PC[31:28],IR[25:0],2"b00}
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Cycle 3a: add imm arg (addi, lw, sw)

¥ PCWriteCond PCSource
PCWrae | Qutputs | ALUOp
lorD | |
" ALUScB
Moqu.)q Control |
MemWriae | | ALU,S!M
MemioReg | [% ‘f RegWrite
IRWrse /' RegDst
.,‘_

Jump

address [~

[31-0]

N = o)

Address

Memory
MamData —¢»

b f

12



Cycle 3b: R-type ALU op (add, and)

= PCWnteCond PCSource
PCWrie | Qutputs | ALUOp
loD | ALUSS
MemRead | Control
MemWrie | | ”-”,S’CA
MemioReg | [% ‘f RagWrite /J
IRWrae RagDst - oh\:
: Shint address x "
lnww\!yTIZS'Ol ‘ 3\6 loft 2 o [31-0] 2
Adcress
Memory
MamData —¢»
o Wrile
dala
-
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Cycle 3c: Branch taken (beq, bne)

PCWrteCond | PCSource

PCWrie | Outputs | ALUOp
| | |
oD | ALUSB
MemRead | Control
MemWrie | | ALUSCA
MemioReg [% .". Reg\Write
IRWrie ReagDst

A

(07" data

Instruction M

[15-0) ¥
™5 o

Lo m" k 16 | WI "' ALU ."._
uﬂ“lmrll - extend ‘ ]Ilcontml",'
i Instruction [5-0]
¢ pund “o"b




Cycle 3d: jump (j)

l [
_loD ALUS S
MP‘f“F‘!?Q Control |
MemWrie | | ALUSCA

PCWnseCond

MemioReg Op | RegWrite

-

J 1

PCWrie | Outputs | ALUOp

[16-0] | [Instruction
isler
[15-11] g
: Write
register —.(6 s
Instruction =
[15-0] -
1
Memory l 16
m r's = m
register | extend
Instruction [5-0)
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What happens in each cycle — 4

4a. Memory access (load)
MDR <= Mem[ALUOut]

4b. Memory access (store) & completion
Mem [ALUOut] <= B

4c. R-type arith-logical instruction completion
Reg[IR[15:11]] = ALUOut
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Cycle 4a: L.oad from mem (Iw)

—' PCWreCond /  \ PCSource
PCWrae J Outputs | ALUOp
| | |
oD ALUS B
Mnﬂq;? Control |
MemWrae | | ALUS’CA
MemioReg | [% ;' RegWrite ‘
IRWrae , ! R&GDS( = /odh\
—_— \ s - " Jump ‘ = ‘
i address Xl
2 {

B data




Cycle 4b: Store to mem (sw)

= PCwrieCond /  \\  PCSource
3 PCWrie | Outputs ‘~' ALUOp
v !
_loD | ALUSS
h’n{nﬂg@?l Control |
MemWrie | | ALUSCA
MemioReg | O “' RegWrite
s\ | o )
RWme  \ RegDst -0 !
| porri 0 U
x
hwq [31-0] o |
Insgruction
[31-26]
PC /0 ‘ ,
™ . Instruction
i u Address [25-21) .
x
11 Instruction )
Memory [20-16) —*1_.—00‘ 1
MamData —¢» Inetruction 4 e ALUOut
[15-0] | |Instruction
Wrile [15-11
dala Instruction ]
register
-
Instruction
[15-0]
.| Memory l
deta | [
\3“”,50‘[. : _ x4
:‘" [ [
2 2 Instruction [5-0)
- (<]
=+

€DIN“
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Cycle 4c: R-type result write (add, and)

NI1Ve
O
QJ‘

el’:N‘*

Ch.oas

Adcress

PCWrteCond | PCSource
PCWrae | Qutputs | ALUOp
‘ '
lorD | ALUS B
Mnﬂq;? Control |
MemWriae | | ALUS’CA
MemioReg | [% ;' Reg\Write
IRWrte /  RegDst /Oﬁ\
' @ ad:!nu Xl
loft 2 810 | 12

Memory
MamData —¢»
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What happens in each cycle — 5

5. Load instruction completion
Reg[IR[20:16]] <= MDR
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Cycle 5: save of loaded value (Iw)

' PCwrseCond /  \ PCSource
PCWrae J Outputs | ALUOp
| | |
o ALUSrcS
Mmﬂqp; Control |
MemWrite | | ALUSCA
MemioReg Op ‘: RegWrite
B9 A
IRWre / RegDst -0 !
— : Jump M
address =1
[31-0] 2
Adcress
Memory
mData —o~
Mo &= ALUOUL &
- Wrile
dala
-
\s‘”Vs%,
=
(<]
el’:rﬂ*‘)“.




Inssruction feach

nstructon decogde)
reg=ar feach

MemRead
o AlLUSscA = O 1
orD -0
IBWrite ALUScA =0
Stavt ALUSreS - 01 ALUSraS - 11
ALUOCH = 0O ALUOD = 0D
PCWrite
PCScowurce = 00O
n -
SO 3
.
-

o= S

Memory address Jume
computation Exascution complaetion
2 =
AlLUSicA = 1 ALUSrcA - 1 s
ALUSrcB - 10 ALUSCcS = 00 Pcmm'“— 10
ALUOp = DO ALUDOp - 10
T
>
= e,
— Mamory Meamory
ACCOERS ACCHRS R-ype completion
3 S 7
MemReaa MemWrite Reghst = 1
orD =1 orD = 1 RegWrite =
MemioReg ~

Marmory roacd
compieton step
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