Chapter 7

Digital Design and Computer Architecture, 2™ Edition

David Money Harris and Sarah L. Harris

MICROARCHITECTURE

© Digital Design and Computer Architecture, 2™ Edition, 2012 Chapter 7 <1> SVIE



Chapter 7 :: Topics

* Introduction
* State elements of MIPS Processor

* Design Process & Performance Analysis of
Single Cycle Processor

* Single-Cycle Data path
* Single cycle control for R-type A/L instrns

* Design Process & Performance Analysis of
Multi cycle Processor

* Multicycle Data path
* Multi cycle control for R-type A/L instrns
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Introduction

* Microarchitecture: how to implement
an architecture in hardware.
* Processor:
— Datapath(32 bit): functional blocks
v memories,registers,ALUs,mux

— Control: control signals

— Receives current instruction from datapath &
tells datapath how to execute that instruction.

v'Mux select,register enable,memory
write signals

* Computer Architecture:
— Instruction set
— Architectural state
v' PCand 32 registers
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Microarchitecture

* Multiple implementations for a single
architecture:

— Single-cycle: Each instruction executes in a
single cycle.no nonarchitectural state.cycle time
is limited by the slowest instruction.

— Multicycle: Each instruction is broken into series
of shorter cycles.reduces hardware cost by
reusing expensive hardware blocks
adders/memories.cycle time limited by slowest
functional unit.
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Processor Performance

* Performance measured by program execution
time
Execution Time = (#instructions)(cycles/instruction)(seconds/cycle)

* Definitions:
— CPI: Cycles/instruction
— clock period: seconds/cycle
— |PC: instructions/cycle = IPC

* Challenge is to satisfy constraints of:
— Cost
— Power
— Performance
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MIPS Processor

* Consider subset of MIPS instructions:
— R-type instructions: and, or, add, sub, slt
— Memory instructions: 1w, sw
— Branch instructions: beg
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Architectural State

* Determines everything about a processor:
— PC
— 32 registers
— Memory
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MIPS State Elements

CLK Cll_K | CLK
| |
PC' PC WE3 WE
32 2 i A RD b= 751 AT RD1 =5
32 2 ] A2 RD2 |~
Instruction ° 32 =1~ ROI=%
Memory Data
-1 A3 Reqist Memory
egister
93? WD3 File v; WD

MICROARCHITECTURE

© Digital Design and Computer Architecture, 2™ Edition, 2012 Chapter 7 <8> ELSEVIER



Single-Cycle MIPS Processor

* Datapath
* Control
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Single-Cycle Datapath: 1w fetch

STEP 1: Fetch instruction

Al-rs
A2-rt(sw)
A3-rt(lw)
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Single-Cycle Datapath: 1w Immediate

STEP 3: Sign-extend the immediate

15:0 Signlmm
Sign Extend >

MICROARCHITECTURE

© Digital Design and Computer Architecture, 2™ Edition, 2012 Chapter 7 <11>

ELSEVIER



Single-Cycle Datapath: 1w address

STEP 4: Compute the memory address

ALUControl,,,
010
SrcA Zero
-
- ALUResult )
SrcB <

Signlmm
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Single-Cycle Datapath: 1w Memory Read

* STEP 5: Read data from memory and write
it back to register file

RegWrite
1
CLK
|

ReadData
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Single-Cycle Datapath: 1w PC Increment

STEP 6: Determine address of next instruction

CI‘_K
Pc. "V pc

PCPlus4
4
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Single-Cycle Datapath: sw

Write data in rt to memory

MemWrite
1

Cll_K

A
20:16
—>

WriteData
)

MICROARCHITECTURE

© Digital Design and Computer Architecture, 2™ Edition, 2012 Chapter 7 <15> ELSEVIER



Single-Cycle Datapath

* Read from rsandrt
* Write ALUResult to register file
* Write to rd (instead of rt)

RegDst ALUSrc MemtoReg
1 0 0

0
ALUResult
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Single-Cycle Datapath: beqg

* Determine whether valuesin rs and rt are equal
* Calculate branch target address:
BTA = (sign-extended immediate << 2) + (PC+4)

PCSrc

0] PC'
1

MICROARCHITECTURE
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MICROARCHITECTURE

Sing

le-Cycle Processor

Unit B "
ranc
ALUControl,., D PCSrc
31:26
Op  |ALUSrc
20 1 Funct RegDst
RegWrite
—
CLK CLK
CLK | |
i WE3 [~~~ Zero WE
PC Instr 25211 A1 RD1 SrcA ~ -
A RD | ALUResult ReadData
Instruction 2016] po ) I~ >Z:| A RD 1
Memory RD 07 srcB Data
A3 -|1 | M
WD3 Reg_ister — WriteData W;mory
File
20:16 B
15:11 1
| WriteReg,,
~ + PCPlus4 -
4 - . Signlmm <<2
Sign Extend PCBranch
+

(ﬁMemtoReg
Control MemWrite

Result
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Single-Cycle Control

---------------------------------------------------

LL]
S
= _
U Unit 1 Y MemtoReg
LLI —— MemWrite
I— E —— Branch
— :OpCOde5:0— Main ALUS
: — rc
I Decoder
u — RegDst
m \. J— RegWrite
< LALUOPEO
O i .
ALU 5
5 Functso— Decoder| ALUControlzg §
— 9 y
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Review: ALU
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| Function
000 A&B
001 A|B
010 A+B
011 not used
100 A& ~B
101 A|~B
110 A-B

111 SLT
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Review: ALU
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§ Control Unit: ALU Decoder
-

I- 00 Add

U 01 Subtract

LI.E 10 Look at Funct

— 11 Not Used

&I)
e 00 X 010 (Add)

< X1 X 110 (Subtract)

O 1X 100000 (add) 010 (Add)

o 1X 100010 (sub) 110 (Subtract)

O 1X 100100 (and) | 000 (And)

— 1X 100101 (o) 001 (Or)

2 1X 101010 (s1t) 111 (SLT)
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Control Unit Main Decoder

000000

RegWrite

RegDst

AluSrc

Branch

MemWrite

MemtoReg

ALUOp,,

100011

101011

000100

CLK

A

Instruction
Memory

RD Instr

MemtoReg

N
Control

Unit MemWrite

Branch

ALUControl

2:0

—Op  |ALUSrc

Funct [RegDst

RegWrite
—/

CI‘_K

’ WE3
125214 A1 RD1

SrcA

[ 20160 A2 RD2

Register

A3
WD3

= +

PCPlus4

File

1o SrcB

ALU

Zero
ALUResult

PCSrc

CI‘_K

WE

WriteData

Data
Memory
WD

20:16

15:11

[0
- 1
WriteReg,

Signimm

—|15:° Sign Extend

PCBranch
+

ReadData | (1] I—

Result
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Control Unit: Main Decoder

RegWrite ~ RegDst  AluSrc  Branch ~ MemWrite MemtoReg ALUOp,,
R-type | 000000 1 1 0 0 0 0 10
lw 1 100011 1 0 1 0 0 0 00
sw | 101011 0 X 1 0 1 X 00
beg | 000100 | 0 X 0 1 0 X 01
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Single-Cycle Datapath: or

dp a» o}

Instruction
Memory

rﬁMemtoReg
Cont_rol MemWrite
Unit

Branch

ALUControl,

ALUSrc

RegDst

RegWrite

- e» eaaRED

Register

WD3 " rile

O

001
S Zero

ALUResult

WriteData

PCSrc

CLK
|

WE

Data
Memory

WD

WriteReg, ,

20 Sign Extend

Signlmm
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Extended Functionality:

L
o
>
G
=
<
>
O
>

(ﬁMemtoReg
Cont.rol MemWrite
Unit

Branch
ALUControl

Op  |ALUSrc
Funct |RegDst

RegWrite

o D PCSrc

31:26

5:0

—
CI‘_K CI‘_K

CLK

. WES3 SrcA [T~ Zero WE
*Ipc A Rp postt 2 AT RD1 5
_I ALUResult ReadData 1

Instruction 20:16
Memory

A2 RD2
A3
WD3

SrcB Data
Memory
WD

- of

Register — WriteData
File

20:16 B
15:11 1
o WriteReg, ,

PCPlus4

= +
_l/ Signimm <<2
4= 120 Sign Extend .\ PCBranch

Result

No change to datapath
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Control Unit: addi

RegWrite  RegDst Branch  MemWrite MemtoReg ALUOp,,
R-type | 000000 0 0 0 10
1w | 100011 0 0 1 00
sw | 101011 0 1 X 00
beqg | 000100 1 0 X 01
addi | 001000
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Control Unit: addi

RegWrite  RegDst AluSre Branch MemWrite MemtoReg ALUOp

R-type | 000000 | 1 1 0 0 0 0 10

1w | 100011 | 1 0 1 0 0 1 00

sw 101011 0 00

X X
beq | 000100 | O X 0 1 0 X 01

addi | 001000 | 1 0 1 0 0 0 00
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Extended Functionality: ]

Jump

PC’ Instr
1

PCJump

27.0 | 31:28

MICROARCHITECTURE
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Control Unit: Main Decoder

RegWrite  RegDst AluSrc Branch MemWrite MemtoReg ALUOp,,

R-type | 000000 1 | 1 | 0| 0| 0 10 | 0
1w 100011 1 [ 0| 1] 0] 0 00 | 0
sw o |101011] O | X | 1] 0] 1 00 | 0

beq (000100 O | X | 0| 1] 0 01 | 0
Jj 000100
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Control Unit: Main Decoder

RegWrite  RegDst AluSrc Branch MemWrite MemtoReg ALUOp,,

R-type | 000000 1 | 1 | 0 | 0 | 0 0 | 10 |0

1w | 100011 1 0 1 0 0 1 00 | 0

SW 101011 0 00 0

X X
beg |000100| O X110 1 0 X 01 0
X X

J 000100 0 XX |1
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Review: Processor Performance

Program Execution Time
= (#instructions)(cycles/instruction)(seconds/cycle)
= # instructions x CPI x T,

MICROARCHITECTURE
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Single-Cycle Performance

31:26

Unit

f—]MemtoReg
Control MemWrite

Branch

ALUControl,, ,

5:0

Op

IALUSrc

Funct

2521

RegDst

RegWrite

'F PC' PC A e = =RB Instr
1 A

Instruction
Memory

20:16

PCPlus4

20:16

WD3

Register

SrcA [T
A )

010

Zero

RD2

~9

ALUResult

PCSrc

CLK
|

WE

1

WriteData

Lo = =R[S>
Data
Memory

File

15:11

0
- 1
WriteReg, .,

<<2

Signlmm
180 Sign Extend

PCBranch
+

WD

0
ReadData jﬁ

Result
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* Single-cycle critical path:

I.= c — tpcq PC T t + maX(tRFread’ Sext)
r Tt

mux RFsetup

* Typically, limiting paths are:

— memory, ALU, register file
- T c - Zchq_PC T 2 4 T tRFread +2 4

mem mu

[ .

+ ZLALU

Chapter 7 <34>
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ALU t

Tt

RFsetup

mem
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Single-Cycle Performance Example

Element Parameter
Register clock-to-Q |7, pc 30
Register setup eup 20
Multiplexer to 25
ALU tatu 200
Memory read A 250
Register file read t e Froad 150
Register file setup | #5500, 20

r =72

C

MICROARCHITECTURE
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=4 Single-Cycle Performance Example
E Element Parameter

U Register clock-to-Q | £, b 30

Ll.l Register setup eup 20

I: Multiplexer to 25

I ALU fau 200

u Memory read A 250

m Register file read t e Froad 150

g Register file setup | #5500, 20

5 I,= lyeg PC T 2t em t trrread T2 Lo T laru L RFsetup
— — [30 + 2(250) + 150 +2(25) + 200 + 20] ps
2 =950 ps

ELSEVIER
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Single-Cycle Performance Example

Program with 100 billion 1nstructions:

Execution Time = # instructions x CPI x T,
= (100 x 10°)(1)(950 x 10'%s)
=95 seconds
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Multicycle MIPS Processor

* Single-cycle:
+ simple
- cycle time limited by longest instruction (1w)
- 2 adders/ALUs & 2 memories

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

* Same design steps: datapath & control

MICROARCHITECTURE
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Multicycle State Elements

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

CLK CLK
CLK | | | |
WE WE3
rc'M] Pc RD — A1 RD1 p=—
EN -1 A — A2 RD2
Instr / Data
Memory —1 A3
— wpo Reg_lster
File
-1 WD3

MICROARCHITECTURE
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STEP 1: Fetch instruction

IRWrite
CLK
PC RblI_nstr
- L EN

MICROARCHITECTURE
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Multicycle Datapath: Instruction Fetch

e g
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Multicycle Datapath: 1w Register Read

STEP 2a: Read source operands from RF

Instr |25:21 )

MICROARCHITECTURE
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Multicycle Datapath: 1w Immediate

STEP 2b: Sign-extend the immediate

Sign Extend

R

MICROARCHITECTURE
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Multicycle Datapath: 1w Address

STEP 3: Compute the memory address

ALUControl,.,

SrcA

o)
| ALUResult
SrcB <

Signlmm

MICROARCHITECTURE
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Multicycle Datapath: 1w Memory Read

L
o
>
G
e
=
S
<
>
O
>

STEP 4: Read data from memory

ALUOut
CLK
Data
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Multicycle Datapath: 1w Write Register

STEP 5: Write data back to register file

RegWrite

MICROARCHITECTURE
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Multicycle Datapath: Increment PC

STEP 6: Increment PC

PCWrite ALUSrcA ALUSrcB,,,

MICROARCHITECTURE
=
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Multicycle Datapath: sw

Write data in rt to memory

CLK

20:16 > ‘ |B

i

MICROARCHITECTURE
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Multicycle Datapath: R-Type

* Read from rs and rt
* Write ALUResult to register file
* Write to rd (instead of rt)

RegDst MemtoReg

2 s

P —p
0
1

MICROARCHITECTURE
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Multicycle Datapath: beg

rs==rt?
* BTA = (sign-extended immediate << 2) + (PC+4)

el
g

MICROARCHITECTURE
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T
Q

CLK

PC

CLK
(—%PCWrite
Branch PCEn
lorD | Control |PCSrc
MemWrite| Unit |ALUControl,.,
IRWrite ALUSIcB,
31:26 op ALUSrcA
50 | Funct RegWrite
\_ _J
X <
CLK & 13 cK CLK
| CLK ! % ‘
WE s | |8 WE3 A Zero CLK
0 RD Instr 2 <1 A1 RD1 -
) Add A EN 2016 A2 RD2 B ALUResult Luout
Instr / Data 20:16 B\I
Memory ) A3
WD CLK J Reg_lster
0 File
Data 1 WD3
<<2
Signlmm

15:0

__—

| Sign Extend

MICROARCHITECTURE
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cecsccssccececseeenee,

i1Opcode, ,—

P - - - - - - - - - -

....................................................

Main
Controller
(FSM)

MemtoReg
—— RegDst
— lorD

— PCSrc

— ALUSIrcB,
— ALUSrcA
— IRWrite
— MemWrite
—— PCWrite
— Branch

—— RegWrite

ALUOp, ,

ALUControl,,,
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Multicycle Processor Performance

* Instructions take different number of cycles:
— 3 cycles: beq, j
— 4 cycles: R-Type, sw, addi
— Scycles: 1w

* CPI is weighted average

* SPECINT2000 benchmark:
— 25% loads
— 10% stores
— 11% branches
— 2% jumps
— 52% R-type

Average CPI = (0.11 +0.02)(3) + (0.52 + 0.10)(4) + (0.25)(5) = 4.12

MICROARCHITECTURE
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LL)

Multicycle critical

path:

Multicycle Processor Performance

I I I c peyq mux ( ALU mux? mem) setup
H CLK
- PCWrite
Branch PCEn
lorD| Control |PCSrc
MemWrite| Unit |ALUControl,,
‘ ’ IRWrite ALUSrcB,
3126 | ALUSrcA
P :
50 | Funct RegWrite
m -
CLK 5 5 cx CLK
o ‘ o 5 5 0 SrcA
WE L ) Z & WE3 A  Zero CLK
PC' PC L RD Instr B <1 A1 RD1 | 40
e 1 Adr| , N 5 A2 RD2 B ) =S| ALUResult Luoud ,
— Instr / Data 16 [ 4—01 |sreg[ <
Memory 15:11 | 4 A3 . 10
m WD CLK J Register "
0 File
_rjoata 'D— WD3
‘ ’ |— <<2
— I/ Signimm
Z 150 | sign Extend
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Multicycle Performance Example

Element Parameter
Register clock-to-Q |7, pc 30
Register setup eup 20
Multiplexer to 25
ALU tatu 200
Memory read A 250
Register file read t e Froad 150
Register file setup | #5500, 20

r =72

C

MICROARCHITECTURE
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Multicycle Performance Example

Element Parameter
Register clock-to-Q |7, pc 30
Register setup eup 20
Multiplexer to 25
ALU tatu 200
Memory read A 250
Register file read t e Froad 150
Register file setup | #5500, 20
T.=t,, pcttox™ Max(?y; yt oo fnem) T etup
- tpcq pe TV loux T lem T tsetup
=[30 + 25+ 250 + 20] ps
=325 ps

Chapter 7 <55>
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Chapter 7 :: Topics

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

— CPI=4.12
— T =325ps

Execution Time =

MICROARCHITECTURE
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For a program with 100 billion instructions executing on a multicycle

MIPS processor
— CPI=4.12
— T =325ps

Execution Time = (# instructions) X CPI x T
= (100 x 10%)(4.12)(325 x 10-2)
= 133.9 seconds

This is slower than the single-cycle processor (92.5 seconds). Why?

MICROARCHITECTURE
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MICROARCHITECTURE

Multicycle Performance Example

Program with 100 billion instructions

Execution Time = (# instructions) x CPI x T,

= (100 x 10%)(4.12)(325 x 101?)
= 133.9 seconds

This 1s slower than the single-cycle processor

(92.5 seconds). Why?
— Not all steps same length

— Sequencing overhead for each step (¢ =50 ps)

pcq setup
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Review: Single-Cycle Processor

Lu
Q<
>
¥
=
I . N
U o
<
>
O
>

Jump ———MemtoReg

Control .
Unit I\B/IemWhrlte
ranc
ALUControl,, 1 —rcsre
31:26
Op  |ALUSKc
22— Funct |RegDst
RegWrite
———/
CLK CLK
CLK | |
-I?) = - INEES SreA [, Zero WE
1 PC PC A RD Instr 0 JResult
3 ALUResult A RD ReadData
Instruction .
Memory A 2:2)’ RD2 1 SrcB < |VIData
. emory
i WriteDat
WD3 Reg_lster riteData WD
File |

20:16 0
PCJump 1511 1
WriteReg,

PCPlus4

Signlmm <<?
4 150 Sign Extend .\ PCBranch

27:0 | 31:28

4

Fnar ke

© Digital Design and Computer Architecture, 2™ Edition, 2012 Chapter 7 <59> ESEVIER



Review: Multicycle Processor

LL)
Q<
S
O
=
O
<
&
O
>

——\ PCWrite
Branch PCEn

lorD | Control |PCSrc
MemWrite| Unit [ALUControl,,

IRWrite ALUSrcB,
ALUSrcA
RegWrite

31:26

Op

20 Funct

-
.

CLK CI‘_K CLK CI‘_K CLK

WE ' WE3 A 3128 Zero CLK
ol M Ny RD Instr 22! A1 RD1 | =5
) Add A EN 2016 A2 RD2 B ALUResult Luout | .
Instr / Data 20116 \\l l_l 10

Memory ! A3
WD CLK 1211 Re'g:;_ilster PCJump
0 ile
Data -D- WD3

I/ ImmExt
15.0

{ Sign Extend

25:0 (Addr)
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