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Multicycle ARM Processor

* Single-cycle:
+ simple
- cycle time limited by longest instruction (LDR)

- separate memories for instruction and data
- 3 adders/ALUs

* Multicycle processor addresses these issues by
breaking instruction into shorter steps
o shorter instructions take fewer steps
o can re-use hardware
o cycle time is faster
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Multicycle ARM Processor

* Single-cycle:
+ simple
- cycle time limited by longest instruction (LDR)

- separate memories for instruction and data
- 3 adders/ALUs

* Multicycle:
+ higher clock speed
+ simpler instructions run faster
+ reuse expensive hardware on multiple cycles
- sequencing overhead paid many times
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Multicycle ARM Processor

* Single-cycle:
+ simple
- cycle time limited by longest instruction (LDR)

- separate memories for instruction and data

- 3 adders/ALUs Same design steps

* Multicycle: as single-cycle:
+ higher clock speed * first datapath
+ simpler instructions run faster * then control

+ reuse expensive hardware on multiple cycles
- sequencing overhead paid many times
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Multicycle State Elements

Replace Instruction and Data memories with a
single unified memory — more realistic

C%K | CILK |
CLK WE E3
PC' PC |, RO
EN
Instr / Data — A2 RD2 e
Memory
- WD — A3 Register
— WD3 File
-1 R15
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Multicycle Datapath: Instruction Fetch

STEP 1: Fetch instruction

IRWrite
CLK CLK CLK
CLK Y |
" ] inst A1 U Rpf
% - nstr -1 A RD1 =
PC' U PC RD o
\C—N/ Instr / Data ] — A2 RD2 =
Memory -
WD — A3 Register
ﬁ b - wD3 File
— R15
Memory _ Immediate 11:0
=0 -
31:28 27:26 25:20 19:16 15:12 11:0 / |mm12
cond |QP[I|PUBWIL| Rn Rd Src2 o s 4 o
funct Tzl\ shamt5 |sh [0] Rm
. Regist
LDR Rd, [Rn, imml2] seeer
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Multicycle Datapath: LDR Register Read

STEP 2: Read source operands from RF

IRWrit ImmSrc
CLI oL CL CLK
W ] | [ e A
o ‘ mC | w‘:*- Instr 2l « T RDT et =
1-“‘, X ~Ly ‘ ‘
‘ Instr / Data — A2 RD2
Mem ‘
VD *‘ Register
) | D3 File
:‘ R15
— Extend | Extlmm
Memory B Immediate 11:0
=0 -
31:28 27:26 25:20 19:16 15:12 11:.0 / |mm12
b
cond |QP1IPUBWIL| Rn | Rd Src2 s s s
funct 7=1 —— |shamt5 |sh|0] Rm

ILDR Rd, [Rn, imml2] "
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Multicycle Datapath: LDR Address

STEP 3: Compute the memory address

RWri nmSi ALUControl

CLK

1

SrcA

\
Z
[
I

P
I

Instr / Data — A2 RD2 == SrcB

|

—
S ‘L Imm

Memory _ Immediate 11:0
=0 -
31:28 27:26 25:20 19:16 15:12 11:.0 / |mm12
=
cond |QP[I|PUBWIL| Rn Rd Src2 o s 4 o
%funct Tzl\ shamt5 [sh [0 Rm

ILDR Rd, [Rn, imml2] "
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Multicycle Datapath: LDR Memory Read

STEP 4: Read data from memory

AdrSrc IRWTi mir ALUCor
Lt Cl CLI
H e | | | [ [M] |
_ [ L , cLl
P Instr : RD1 = 1
j Adr . RD “ L] \LUResu | ‘ -
! Instr /Data .y — A [ - L‘
Memory g ‘ _
c— D 8. _‘ gist
' 5 — wi File
| & i
\
CLK
| I
|f|Data ‘ ‘
1=0 ,
31:28 27:26 25:20 19:16 15:12 11:0 / imm12
cond |QP1IPUBWIL| Rn | Rd Src2 e
" funct T=1 —— |shamt5 |sh|0| Rm

ILDR Rd, [Rn, imml2] "
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Multicycle Datapath: LDR Write Register

STEP 5: Write data back to register file

PCWrite RegWrite Imr ResultSrc
LT R T [ x
e 7‘ Add L] - M . .
| Instr / Data - ' L o1 b
Memory 1512 .
gist
o File
g P
L]
Result
1=0 ,
31:28 27:26 25:20 19:16 15:12 11:0 / imml2
o=
cond |QP1IPUBWIL| Rn | Rd Src2 e
funct 1=1 —— |shamt5|sh|0] Rm
. Regist
ILDR Rd, [Rn, imml2] seser
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Multicycle Datapath: Increment PC

Meanwhile: Increment PC
Concurrent with fetching instruction

PCWrite AdrSr RWr R V ‘ ALUSrcA ALUSrcB ALUC ResultSrc
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Multicycle Datapath: Access to PC

PC can be read/written by instruction

PCWrite

10
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Multicycle Datapath: Access to PC

PC can be read/written by instruction
* Read: R15 (PC+8) available in Register File

PCWrite

10
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Multicycle Datapath: Read to PC (R15)

Example: ADD R1, R15, R2
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Multicycle Datapath: Read to PC (R15)

Example: ADD R1, R15, R2

e R15 needs to be read as PC+8 from Register File (RF) in 2"9 step
 PC+4 was computed in 15t step
* So (also in 2" step) ALU computes (PC+4) + 4 for R15 input

PCWrite

10
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Multicycle Datapath: Read to PC (R15)

Example: ADD R1, R15, R2
e R15 needs to be read as PC+8 from Register File (RF) in 2"9 step
 PC+4 was computed in 15t step
* So (also in 2" step) ALU computes (PC+4) + 4 for R15 input
— SrcA = PC (which was already updated in step 1 to PC+4)
— SrcB=4
— ALUResult =PC+ 8

ALUResult is fed to R15 input port of RF in 2" step (which is then
routed to RD1 output of RF)
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Multicycle Datapath: Access to PC

PC can be read/written by instruction
 Read: R15 (PC+8) available in Register File
* Write: Be able to write result of instruction to PC

Memory : - 01
’ | N el 10

PCWrite
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Multicycle Datapath: Write to PC (R15)

Example: SUB R15, R8, R3
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Multicycle Datapath: Write to PC (R15)

Example: SUB R15, R8, R3

* Result of instruction needs to be written to the PC register
 ALUResult already routed to the PC register, just assert PCWrite
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Multicycle Datapath: Write to PC (R15)

Example: SUB R15, R8, R3
* Result of instruction needs to be written to the PC register

 ALUResult already routed to the PC register, just assert PCWrite

PCWrite
| ‘

Memory : - 01
’ | N el 10
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Multicycle Datapath: STR

Write data in Rn to memory

MemWrite NI ReqV mi : ‘ \
CLK
\

viemory

ElEQSIIM
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Multicycle Datapath: Data-processing

With immediate addressing (i.e., an
immediate Src2), no additional changes
needed for datapath

MemWrite

ElEQS)IIM
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Multicycle Datapath: Data-processing

With register addressing (register Src2):
Read from Rn and Rm

Regsre o e _ |
J?
. C
i » N . 5 ,
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Multicycle Datapath: B

Calculate branch target address:
BTA = (Extimm) + (PC+8)
Extimm = Imm24 << 2 and sign-extended

RegSrc
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Multicycle ARM Processor

CLK
PCWrite
AdrSrc Control
MemWrite| Unit
IRWrite ResultSrc
31:28 Cond ALUControl
ALUSrcB
Funct ALUSrcA
15:12 Rd ImmSrc
RegWrite

Flags
N —
r ALUFlags

Py
Iﬁﬁ‘a CLK CLK
3

27:26
Op
25:20

C%K

CLK CLK |
WE B0 RA1 WE3 A
PC’ i PC Instr A1 RD1 |-
EN

CLK

ALUResult Fﬁ ALUOUL_rop

L o1

Adr RD

A EN 3:0 hin
RA2
Instr / Data A2 RD2 f=

1

Memory 15:12 |—/ A3 Register
WD wD3 File
R15

ETeq e o
Eje Qo) M

[————

230 { Extend Extimm

Data

Result
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Multicycle Control

CLK
Cond,., %
ALUFlags,., 9
=
’ \FlagW,,| &
o
PCS 5 | PCwrite
NextPC -
o
OP1o — RegW T |— RegWrite
MemW ;
Funct,,, e— —— MemWrite
N Decoder — IRWrite
Rd,, =—
. AdrSrc
ResultSrc,.,
ALUSIrcA
ALUSIrcB,,
. . ImmSrc,.
* First, discuss Decoder RegSrC“O
* Then, Conditional Logic ALUGantrol
10
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Multicycle Control: Decoder

’ \ FlagW, .,
PCS
NextPC
Opyy = RegW
Funct,,, em— (MemW _
v Decoder IRWrite
Rdso = AdrSrc
ResultSrc,.,
ALUSrcA
ALUSIrcB,,
ImmSrc,.,
RegSrc, .,
ALUControl,
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Multicycle Control: Decoder

QD GIEED GEED GEND GIED GIND GIEED GEED CGEND GEND GEED GEED GEND GEED GEND GEND GEND GEED GEND ey,

Rd 3:0

Branch

CLK—

Main
FSM

Op1:0

PC Logic

Functs,, — ALU

40| ALU |
Decoder

—_

)
Instr

Op1:0

Op

Decoder

PCS

RegW

MemW Register
IRWrite Enables
NextPC

AdrSrc

ResultSrc,,  Multiplexer

ALUSrcA Selects
ALUSrcB, .,

ALUControl,.,
FlagW,.,

ImmSrc,.,
RegSrc,,

Vs can cae cEp cEd GEP GEP GED GEP GEDP GEP GEP GED GED GEP aEe ene e enn o

Decoder
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Multicycle Control: Decoder

QD GIEED GEED GEND GIED GIND GIEED GEED CGEND GEND GEED GEED GEND GEED GEND GEND GEND GEED GEND ey,

Rd 3:0

Branch

CLK—

Main
FSM

Op1:0

PC Logic

Functs,, — ALU

40| ALU |
Decoder

—_

)
Instr

Op

OP 1o Decoder

PCS

RegW

MemW Register
IRWrite Enables
NextPC

AdrSrc

ResultSrc,,  Multiplexer

ALUSrcA Selects
ALUSrcB, .,

ALUControl,.,
FlagW,.,

ImmSrc,.,
RegSrc,,

Vs can cae cEp cEd GEP GEP GED GEP GEDP GEP GEP GED GED GEP aEe ene e enn o

ALU Decoder and PC Logic same as single-cycle
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Multicycle Control: Instr Decoder

. Instr  —— ImmSrc,
P10 Decoder—— RegSrc;.

RegSrc, = (Op == 10,)
RegSrc, = (Op == 01,)
ImmSrcy.o = Op

Instruction Op Functs; Funct, RegSrc,

LDR 01 | X 1 0 X 01
STR 01 | X 0 0 1 01
DP immediate | 00 |1 X 0 X 00
DP register 00 | O X 0 0 00
B 10 | X X 1 X 10
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Multicycle ARM Processor

CLK
PCWrite
AdrSrc Control
MemWrite| Unit
IRWrite ResultSrc
31:28 Cond ALUControl
ALUSrcB
Funct ALUSrcA
15:12 Rd ImmSrc
RegWrite

Flags
N —
r ALUFlags

Py
Iﬁﬁ‘a CLK CLK
3

27:26
Op
25:20

C%K

CLK CLK |
WE B0 RA1 WE3 A
PC’ i PC Instr A1 RD1 |-
EN

CLK

ALUResult Fﬁ ALUOUL_rop

L o1

Adr RD

A EN 3:0 hin
RA2
Instr / Data A2 RD2 f=

1

Memory 15:12 |—/ A3 Register
WD wD3 File
R15

ETeq e o
Eje Qo) M

[————

230 { Extend Extimm

Data

Result
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Multicycle Control: Main FSM

QD GIEED GEED GEND GIED GIND GIEED GEED CGEND GEND GEED GEED GEND GEED GEND GEND GEND GEED GEND ey,

Rd 3:0

Branch

CLK—

Main
FSM

Op1:0

PC Logic

Functs,, — ALU

40| ALU |
Decoder

—_

)
Instr

Op1:0

Op

Decoder

PCS

RegW

MemW Register
IRWrite Enables
NextPC

AdrSrc

ResultSrc,,  Multiplexer

ALUSrcA Selects
ALUSrcB, .,

ALUControl,.,
FlagW,.,

ImmSrc,.,
RegSrc,,

Vs can cae cEp cEd GEP GEP GED GEP GEDP GEP GEP GED GED GEP aEe ene e enn o

Decoder
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Main Controller FSM: Fetch

Reset

S0: Fetch
AdrSrc =0
AluSrcA =1
ALUSrcB =1

ALUOp =0
ResultSrc =1
IRWrite
NextPC

CLK

PG:

0

0

PC

PCWrite

CLK

~

AdrSrc

Control

MemWrite

Unit

IRWrite

31:28

ResultSrc

Cond

27:26

ALUControl

25:20

Op

ALUSrcB

Funct

15:12

ALUSrcA

Rd

ImmSrc

RegWrite

Flags

ALUFlags

=

0 ] Adr
1

CLIK

WE

A RD

Instr / Data
Memory

WD

CLK

ejegpesy

19:16 0

1541
3:0

Instr

oigbay

C]LK

CLK

RA1

15:12 |_

RA2

o
1
L —

WES3
A1

A2

A3 Register
wD3 File
R15

RD1

RD2

Elegs i

CLK

23.0

Data

|

Extimm

ALUResult

Result
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Main Controller FSM: Decode

CLK
S0: Fetch
Reset AdrSrc =0 S1: Decode . N
AluSrcA = 1 ALUSTrcA = 1 PCWrite
ALUSIcB = 10 ALUSrcB =10 AdrSrc Control
ALUOp =0 ALUOp =0 MemWrite | Unit
Reslgﬁ:ﬁ: 10 ResultSrc =10 IRWrite ResultSrc
NextPC 31:28 Cond ALUControl
2726 Op ALUSrcB
25:20 ALUSrcA
Funct
1512 Rd ImmSrc
RegWrite
Flags
AN
r ALUFlags
0 X 0 0 ?? 0 XX 1 00 10
2 CLK
CLK 3 CLK
CLK | CLK B | S
WE 19:16 0 o) RA1 WE3 A
PC| PCl Iy RD lostr 445 _| 4 | Al RD1 = 0
Add A EN vy e ALUResult ALUOUt [~
1 - 01 rA2 00
Instr / Data 1 A2 RD2 |= o1
Memory > 15:12 |_/ ;En 10
0 A3 Register T
WD Q. A g y/—
g wD3 File 5
© R15 b
230 Extend Extlmm
Data L
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Main Controller FSM: Address

S0: Fetch
AdrSrc =0

AluSrcA =1

S1: Decode
ALUSIrcA =1

Reset

ALUSrcB =10 ALUSrcB = 10
ALUOp =0
ResultSrc = 10

IRWrite

NextPC CLK

PCWrite

AdrSre Icontrol
MemWrite | Unit

IRWrite ResultSrc

31:28 cond ALUControl
2726 op ALUSrcB

ALUSrcA
Z20__{ Funct
15:12 Rd ImmSrc

RegWrite

S2: MemAdr
ALUSrcA=0
ALUSrcB = 01
ALUOp =0

Flags
r ALUFlags

XX

WE RA1 WE3 A
] A1 RD1 [
PC PC aar| RD Instr 4,514

ALUOut

Instr / Data A2 RD2 |+
Memory

WD

P
CLK 7T&  CLK CLK
CLK | CLK ) | :‘1
19:16 o
0
Y
01

15:12

A3 Register
WD3 File
R15

eleqpesy
elegeyim
F

[ 1

E—

CLK ‘/l/
z0 Extend Extimm
|

_E Data

Result|
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S0: Fetch
AdrSrc =0
AluSrcA =1

ALUSrcB =10
ALUOp =0

ResultSrc = 10

IRWrite

NextPC

S1: Decode

ALUSIcA =1
ALUSrcB =10

ALUOp =0
ResultSrc = 10

Reset

S2: MemAdr

ALUSrcA=0
ALUSrcB = 01

ALUOp =0

LDR
Functy = 1

S3: MemRead
ResultSrc = 00

AdrSrc = 1

Digital Design and Computer Architecture: ARM® Edition © 2015
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Multicycle ARM Processor

CLK
PCWrite
AdrSrc Control
MemWrite| Unit
IRWrite ResultSrc
31:28 Cond ALUControl
ALUSrcB
Funct ALUSrcA
15:12 Rd ImmSrc
RegWrite

Flags
N —
r ALUFlags

Py
Iﬁﬁ‘a CLK CLK
3

27:26
Op
25:20

C%K

CLK CLK |
WE B0 RA1 WE3 A
PC’ i PC Instr A1 RD1 |-
EN

CLK

ALUResult Fﬁ ALUOUL_rop

L o1

Adr RD

A EN 3:0 hin
RA2
Instr / Data A2 RD2 f=

1

Memory 15:12 |—/ A3 Register
WD wD3 File
R15

ETeq e o
Eje Qo) M

[————

230 { Extend Extimm

Data

Result
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Main Controller FSM: I.DR

Reset S1: Decode
AluSrcA = 1 ALUSrcA=1
ALUSreB = 10 ALUSIcB = 10

ALUOp =0
ResultSrc = 10
IRWrite

ALUOp =0
ResultSrc = 10

S$2: MemAdr
ALUSrcA=0
ALUSIrcB =01
ALUOp =0

Functy =1

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01

RegW
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Main Controller FSM: STR

S0: Fetch

Reset AdrSrc =0 S1: Decode
AluSrcA = 1 ALUSIrcA =1
ALUSrcB = 10 ALUSrcB = 10
ALUOp =0 ALUOp =0
ResultSrc = 10 ResultSrc = 10
IRWrite

NextPC

Memory
Op =01

S2: MemAdr
ALUSrcA=0
ALUSrcB =01
ALUOp =0

STR
LDR
Functo= 1

S5: MemWrite
ResultSrc = 00
AdrSrc = 1
MemW

S3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegW
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Main Controller FSM: Data-processing

S0: Fetcl
AdrSrc =0
AluSrcA =1

ALUSrcB =10
ALUOp =0

ResultSrc = 10

IRWrite

NextPC

S1: Decode
ALUSrcA =1
ALUSrcB = 10
ALUOp =0
ResultSrc = 10

Reset

Data Imm
Memory Data Reg Op= 00
Op =01 Op=100 Functs = 1
Functs = 0

S$2: MemAdr
ALUSrcA =0
ALUSrcB = 01
ALUOp =0

S6: ExecuteR
ALUSrcA=0
ALUSrcB =00
ALUOp =1

S7: Executel
ALUSrcA=0
ALUSrcB = 01
ALUOp =1

STR
Functy =0

LDR
Functy =1

S5: MemWrite

S3: MemRead
ResultSrc = 00

AdrSrc =1

S4: MemWB
ResultSrc = 01
RegW

Digital Design and Computer Architecture: ARM® Edition © 2015
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AdrSrc =1
MemW

S8: ALUWB
ResultSrc = 00
RegW
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Main Controller FSM: Data-processing

S0: Fetcl
AdrSrc =0
AluSrcA =1

ALUSrcB =10
ALUOp =0

ResultSrc = 10

IRWrite

NextPC

S1: Decode
ALUSrcA =1
ALUSrcB = 10
ALUOp =0
ResultSrc = 10

Reset

Data Imm
Memory Data Reg Op= 00
Op =01 Op=100 Functs = 1
Functs = 0

S$2: MemAdr
ALUSrcA =0
ALUSrcB = 01
ALUOp =0

S6: ExecuteR
ALUSrcA=0
ALUSrcB =00
ALUOp =1

S7: Executel
ALUSrcA=0
ALUSrcB = 01
ALUOp =1

STR
Functy =0

LDR
Functy =1

S5: MemWrite

S3: MemRead
ResultSrc = 00

AdrSrc =1

S4: MemWB
ResultSrc = 01
RegW

Digital Design and Computer Architecture: ARM® Edition © 2015

ResultSrc = 00

AdrSrc =1
MemW

S8: ALUWB
ResultSrc = 00
RegW
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Multicycle Controller FSM

State
Fetch

Decode
MemAdr

MemRead
MemWB

MemWrite
ExecuteR
Executel
ALUWB
Branch

Datapath uOp

Instr —Mem[PC]; PC «— PC+4
ALUOut «— PC+4

ALUOuUt < Rn + Imm

Data « Mem[ALUOut]
Rd « Data

Mem[ALUOut] «— Rd
ALUOut < Rn op Rm
ALUOut < Rn op Imm
Rd — ALUOut

PC «— R15 + offset

Digital Design and Computer Architecture: ARM® Edition © 2015

Reset

AdrSrc =

S$1: Decode

AluSrcA = 1 ALUSIrcA =1
ALUSrcB = 10 ALUSrcB =10

ALUOp =0 ALUOp =0

ResultSrc = 10

0

ResultSrc = 10

IRWrite
NextPC Data Imm Branch
Memory gata (i?oeg Op=00 Op =10
Op =01 Fl?ncts -0 Functs = 1
S9: Branch
S$2: MemAdr S$6: ExecuteR S7: Executel ALUSrcA=0
ALUSrcA=0 ALUSrcA=0 ALUSrcA=0 ALUSrcB = 01
ALUSrcB = 01 ALUSrcB = 00 ALUSrcB = 01 ALUOp =0
ALUOp =0 ALUOp =1 ALUOp =1 ResultSrc = 10
Branch

LDR
Functy =1

S3: MemRead
ResultSrc = 00

AdrSrc =1

S4: MemWB
ResultSrc = 01

STR

S5: MemWrite
ResultSrc = 00
AdrSrc = 1

MemW

S8: ALUWB
ResultSrc = 00
RegW

RegW
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Multicycle Control

CLK
Cond,., %
ALUFlags,., 9
=
’ \FlagW,,| &
)
PCS 5 | PCwrite
NextPC -
o)
OP1p —— RegW S  |— Regwrite
MemW ;
Funct,,, e— —— MemWrite
N Decoder — IRWrite
Rd,  —e—
. AdrSrc
ResultSrc,.,
ALUSIrcA
ALUSIrcB,,
. . ImmSrc,.
e First, discuss Decoder RegSrC1'°
* Then, Conditional Logic ALUGantrol
10
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Multicycle Control: Cond. Logic

CLK
Cond,., ' $ ‘
ALUFlags,., Q
=
FlagW, | &
=
PCS I 3 |— pcwrite
NextPC -
] o)
RegW | % —— RegWrite
MemW .
S —— MemWrite
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Single-Cycle Conditional Logic

( PGS 1 )»—— PCsrc

N\
0 I
| RegW 1 )—— Regwrite |
[}
I MemW 1 »—— MemWrite :
V" Flagw o
8 o I
( = '
| ) B
| FlagWriteq.q - N |
| Cond 5, [
CLK
I | I
| 32| Flags,., o |
08 l
: | ol | 82
[ ALUFlags 5., — x 0o |
| CLK = [
l
[ Flags,. l
I [1:0 ] I
! - e |

———_——_—————_-——-—_J
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Multicycle Conditional Logic

~ NextC —478M8m — M8 —— * PCWrite asserted in Fetch
PCS i PCWiite state
RegWrite
MemW 1 MemWrite

Executel/ExecuteR state:
CondEx asserts

)

8

=
Xgpuo) 4 :

— c— — — — — — — — — — — — — @ — @— @— @— @a— a—

— ALUFlags generated
Condso —— « ALUWSB state:
52[V] Flagss. 5 Flags updated
1zl g2 CondEx changes
ALURagsso —| % =g PCWrite, RegWrite, and
o MemWrite don’t see

e change till new

[1:0] o ______/

e e e — c—— — — c—— — — —— — — —— — — — — —— —

instruction (Fetch state)
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Multicycle Processor Performance

e |nstructions take different number of cycles.
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Multicycle Controller FSM

State
Fetch

Decode
MemAdr

MemRead
MemWB

MemWrite
ExecuteR
Executel
ALUWB
Branch

Datapath uOp

Instr —Mem[PC]; PC «— PC+4
ALUOut «— PC+4

ALUOuUt < Rn + Imm

Data « Mem[ALUOut]
Rd « Data

Mem[ALUOut] «— Rd
ALUOut < Rn op Rm
ALUOut < Rn op Imm
Rd — ALUOut

PC «— R15 + offset
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Reset

AdrSrc =

S$1: Decode

AluSrcA = 1 ALUSIrcA =1
ALUSrcB = 10 ALUSrcB =10

ALUOp =0 ALUOp =0

ResultSrc = 10

0

ResultSrc = 10

IRWrite
NextPC Data Imm Branch
Memory gata (i?oeg Op=00 Op =10
Op =01 Fl?ncts -0 Functs = 1
S9: Branch
S$2: MemAdr S$6: ExecuteR S7: Executel ALUSrcA=0
ALUSrcA=0 ALUSrcA=0 ALUSrcA=0 ALUSrcB = 01
ALUSrcB = 01 ALUSrcB = 00 ALUSrcB = 01 ALUOp =0
ALUOp =0 ALUOp =1 ALUOp =1 ResultSrc = 10
Branch

LDR
Functy =1

S3: MemRead
ResultSrc = 00

AdrSrc =1

S4: MemWB
ResultSrc = 01

STR

S5: MemWrite
ResultSrc = 00
AdrSrc = 1

MemW

S8: ALUWB
ResultSrc = 00
RegW

RegW
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Multicycle Processor Performance

e |nstructions take different number of cycles:

— 3 cycles:
— 4 cycles:

— 5 cycles:
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Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: B
— 4 cycles: DP, STR
— 5 cycles: LDR
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Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: B
— 4 cycles: DP, STR
— 5 cycles: LDR

e CPlis weighted average

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% data processing
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Multicycle Processor Performance

e |nstructions take different number of cycles:
— 3 cycles: B
— 4 cycles: DP, STR
— 5 cycles: LDR

e CPlis weighted average

e SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 13% branches
— 52% data processing

Average CPI = (0.13)(3) + (0.52 + 0.10)(4) + (0.25)(5) = 4.12
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Multicycle Processor Performance

Multicycle critical path:

* Assumptions:
 RFis faster than memory
* writing memory is faster than reading memory

TZ = tpcq + 2tmux + InaX(tALU Tt

C mux? t mem

)+ ¢

setup
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Multicycle Performance Example

Element

Parameter

Delay (ps)

Register clock-to-Q | #,., pc 40
Register setup Esetup 50
Multiplexer fux 25
ALU IALU 120
Decoder tiee 70
Memory read frem 200
Register file read ! RFread 100
Register file setup | frrgerup 60
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Multicycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q | #,., pc 40

Register setup Esetup 50
Multiplexer fux 25

ALU IALU 120

Decoder tiee 70

Memory read frem 200

Register file read ! RFread 100

Register file setup | frrgerup 60

]::2 - tpcq

+ 20 T MaX[ ALy T fnuxs fmem] T Lsetup

= [40 +2(25) + 200 + 50] ps = 340 ps
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Multicycle Performance Example

For a program with 100 billion instructions
executing on a multicycle ARM processor

— CPIl = 4.12 cycles/instruction
— Clock cycle time: T_, = 340 ps

Execution Time="?
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Multicycle Performance Example

For a program with 100 billion instructions
executing on a multicycle ARM processor

— CPIl = 4.12 cycles/instruction
— Clock cycle time: T_, = 340 ps

Execution Time = (# instructions) x CPI x T_
= (100 x 10°)(4.12)(340 x 1012
= 140 seconds
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Multicycle Performance Example

For a program with 100 billion instructions
executing on a multicycle ARM processor

— CPIl = 4.12 cycles/instruction
— Clock cycle time: T_, = 340 ps

Execution Time = (# instructions) x CPI x T_
= (100 x 10°)(4.12)(340 x 101%)
= 140 seconds
This is slower than the single-cycle processor (84 sec.)

Digital Design and Computer Architecture: ARM® Edition © 2015 Lecture 21 <59>




Processor Comparisons

DDDDDDD

s
C:.K
SrcA[™ WE
D| ALUResult A RD ReadData

Single Cycle Multicycle

One cycle/instruction 3-5 cycles/instruction
Long clock period Shorter clock period
Separate | and D Mem Unified Memory
Combinational controller FSM controller
Architectural State Only Extra state
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