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Review: Single-Cycle Datapath

&

2 adders: PC+4 adder, Branch/Jump offset adder

Add
4 b
e e,
Instruction
Instruction
memory

|
i
Y,

>
Add
_ Result
JRegerte @
RegDst mead ALUctl
ea
- ALUSIc
register 1 Read .
Read data 1
register 2
M Write Read
)L(J register  data 2

Write

data

Branch

MemWrite

}

MemRead

i MemtoReg

Address

Ly

data

Read
data

Data

Write Meémory

Harvard Architecture: Separate instruction and data memory.,. ......



Multi-cycle Processor Datapath

Combine adders: add 1¥%2 Mux & 3 temp. reqgisters, A, B, ALUOu

Combine Memory: add 1 Mux & 2 temp. registers, IR, MDR
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Single-cycle=1 ALU + 2 Mem + 4 Muxes + 2 adders + OpcodeDecoders
Multi-cycle =1 ALU + 1 Mem + 5% Muxes + 5 Reg (IR,A,B,MDR,ALUOuUt) + R®Mecs 518



Multi-cycle Datapath: with FSM
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New datapath controls: lorD, ALUSrcA, PCWrite

Changed: ALUSrcB(was ALUsrc), PCWriteCond(Branch), PCSource
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CPU controller: Finite State Machine
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Multi-cycle using Finite State Machine
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Finite State Machine: program overview
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The Four Stages of R-Format
d : —

I
L;E}

: Cycle 1 Cycle 2 Cycle 3 Cycle 4

R-Format | Ifetch IReg/DecI EXxec I Wr

® Fetch: IR=MEM[$pc]; $pc=$pc+4;
® Fetch the instruction from the Instruction Memory

® Decode: A=reg[$rs]; B=reg[$rt]; Datapath=(IR[31-26,5-0])
® Registers Fetch and Instruction Decode for datapath

® Exec: ALUOut=A FunctB
® ALU operates on the two register operands
® Update PC

® Write: Reg[$rd]=ALUOut
® Write the ALU output back to the register file
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R-Format State Machine
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: Cycle 1 Cycle 2 Cycle 3 Cycle 4
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R-Format | Ifetch IReg/DecI EXxec I Wr

Clock= Clock=1

Decode

Clock=1
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The Five Stages of Load Instruction
7 : =
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: Cyclel ECycIe 2 Cycle 3 Cycle 4 ECycIe 5

] I I I

Load[ _tfetch [Reg/Dec] Exec | Mem | wr
® Fetch: IR=MEM[$pc]; $pc=$pc+4;
®Fetch the instruction from the Instruction Memory
® Decode: A=reg[$rs]; Datapath=(IR[31-26])
® Registers Fetch and Instruction Decode for datapath

® Exec:  ALUout =sign_extend(offset) + A
® Calculate the memory address

® Mem: MDR = Mem[ALUOut]
® Read the data from the Data Memory
® Wr: Reg[$rt]=MDR
® Write the data back to the reaister file cwRy EECs 318



R-Format & |I-Format State Machine
——| Need to check instruction format
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Multi-Instruction sequence

A —— 0
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lw: 5 clocks sw: 4 clocks

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5 Cycle 6 Cycle 7 Cycle 8 Cycle 9§Cycle 10
cik L1 | I I I _ I I I I I

Load Store R-type
Ifetchl Reg I Exec I Mem I Wr I Ifetchl Reg I Exec I Mem I Ifetch
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State machine stepping: T:1 Fetch
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(Done in parallel) IR -« MEMORY[PC] &PC - PC+4

Instruction _
Addrace [25-21] " | register 1

Read[J
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Inetrintion ».| Readl
PC y 6] I 7 " | register 2 data 1
__2mDat I R 0 _Registers ALUOu
nil M Write] Readfl | o result
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| Instructiond | §[15_11] 1 Writel 1B
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Instruction(]
[15-0]
»| Memory[D >
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register & > ﬁ\trol
Instruction [5— 0]

MemtoReg ALUSrcB ALUOp
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T1 Fetch: State machine
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: Cycle 1 Cycle 2 Cycle 3 Cycle 4

— | L L

Start R-Format | Ifetch IReg/DecI Exec I Wr

\

MemRead=1, MemWrite=0
lorD=1 (MemAddr - PC)
IRWrite=1 (IR « Mem[PC])
ALUSrcA=0 (=PC)
ALUSrcB=1 (=4)
ALUOP=ADD (PC4+PC)
PCWrite=1, PCSource=1 (=ALU)
RegWrite=0,
MemtoReg=X, RegDst=X

Decode

Instruction Fetch Write
Reg
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T2 Decode (read $rs and $rt and offset+pc)
N -

A — Reg[IR[25-21]] & B — Reg[IR[20-16]]

& ALUOut ~ PC+signext(IR[15-0]) <<2

e
S — w— '}
——— ]

lorD MemRead MemWrite IRWrite RegDst RegWrite ALUSTrcA

PC | | | |
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MemData . Reqgisters ‘
O ffS et Writel Rl result
register  data 2 B 0
Writed i
- Instructiond Writed 4
data register ? ;
Instructionl 3
[15-0]
»| Memory[
datad - ALUI
register »|control
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T- Decode State machine

I i Cycle1iCyele 2 Cycle 3i Cycle 4 el
I I I I I
R-Format | Ifetch IReg/DecI EXxec I Wr
Start MemRead=0, MemWrite=0

lorD=X

/ IRWrite=0
ALUSrcA=0 (=PC)
ALUSrcB=3 (=signext(IR<<2))
ALUOP=0 (=add)
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

Instr. Decode & Register Fetch
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T3 ExecALU (ALU instruction)
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T3 ExecALU State machine
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Cycle 1 Cycle 2 Cycle 3 Cycle 4

I L

Ifetch IReg/DecI Exec I Wr
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R-Format
Start
\\ Decode
Write

Reg

R-Format Execution

MemRead=0, MemWrite=0

lorD=X

IRWrite=0

ALUSrcA=1 (=A =Reg[9$rs])
ALUSrcB=0 (=B =Reg[%$rt])
ALUOP=2 (=IR[28-26])
PCWrite=0, PCSource=X
RegWrite=0,

MemtoReg=X, RegDst=X
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Reg[ IR[15-11] ]

T4 WrReg (ALU instruction)
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i Instruction _ | ReadO " ?/I
[p=»| Address [25-21] " | register 1 U
Instructi(% ReadO Readd X
° v | . Zero
Memory [20-186] register 2 data 1 1 ALU
MemData ) _ Registers ALU =p! ALUOU
Instruction( Write[d Readll result
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»l< X
Instruction(] I 0 3
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| ul]
I X
»| Memory[D 1
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T4 WrReg State machine

cle 3 Cycle 4

Il
(g

Start

R-Format

Ifetch IReg/DecI Exec I Wr

Decode

R-Format Write Register

lorD=X
IRWrite=0
ALUSrcA=X
ALUSrcB=X
ALUOP=X

RegWrite=1,

RegDst=1

MemRead=0, MemWrite=0

PCWrite=0, PCSource=X
(Reg[$rd] —ALUout)
MemtoReg=0, (=ALUout)

(=%$rd)
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Moore Output State Tables: O(State)

* State | Ty T> T3-R T4-R i
MemRead 1 0 0 0
MemWrite 0 0 0 0)

MUX lorD 0 =PC X X X
IRWrite 1 0 0 0)
ALUOP 0+ 0+ 2 =0p X
MUX ALUSrcA 0 =PC 0 =PC 1=A=%rs| |X
MUX ALUSrcB 1=4 3 =offset 0 =B =$%rt X
PCWrite 1 0 0 0)
MUX PCSource 0 =ALU X X X
RegWrite 0 0 0 1
MUX MemtoReg | X X X O =ALUOut
MUX RegDst X X X 1 =%rd




Review: The Five Stages of Load Instruction
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: Cycle1iCycle2 { Cycle3i Cycle4 i Cycle5 :

o I

Load| Ifetch IReg/DecI Exec I Meml Wr

® Fetch:

®Fetch the instruction from the Instruction Memory

® Decode;

® Registers Fetch and Instruction Decode

® Exec: Offset

®Calculate the memory offset

® Mem:

®Read the data from the Data Memory

® \Wr;

®Write the data back to the register file
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Review: R-Format & I-Format State Machine
——| Need to check instruction format — =

Decode Clock=1 AND
R-Format=1

Clock 1 AND
opcode LW

/

Need to
check
opcode

&)

—

Clock=1 AND
I-Format=1
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Ts—I Mem1 (common to both load & store)
S =7
+ sign_extend(IR[15-0])

I
%)

’

PC 0 »{0
M Instruction L | ReadO M
u Address [25-21] " | register 1 u
X Instruction ReadO Readl _y| A i ]
; . »| A Zero
1 Memory [20-16] ! 7 " | register 2 data 1 i1 ALU R
MemData [r—ggp—)> 0 ] Registers ALU du ol ) Su
Instrucﬂ)n M Writed Readfl result
[15-0] u register  data 2 [===| B 0
Write ; X
et data Instrl_JctlonD 1 Write[l 1
register data [ Y y
Instruction 3
[15-0]
»| Memory[D
datal] Shift ALUCI
reg|ster left 2 > ﬁ]tr(ﬂ
Instruction [5— 0]
>
MemtoReg ALUSrcB ALUOp
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T3 Mem1 I-Format State Machine =$rs + offse
I ———

Clock=1 AND
I-Format=1

L2

Decode

Clock=1 AND
-Format=1

MemRead=0, MemWrite=0
lorD=X

IRWrite=0

ALUOP=0 +

ALUSrcA=1 =A =Reg[$rs]
ALUSrcB=2 =signext(IR[15-0])
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

Clock=1 AND
opcode=LW

I-Format Execution
ALUout=%rs+offset
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T4-LW1 : load instruction, read memory

&

MDR « Memory[ALUOut]

PC 0 » 0
M Instruction L | ReadO M
= Address [25-21] " | register 1 u
' Instruction Readd Readll X
> . > Zero
I Memory [20-16] ! 7 " | register 2 data 1 _l—b 1 ALU
MembDat _ 0 _Registers ALU
Instruction(, M Write[ Read R result
o [15-0] instruction| u register  data 2 > g [ )
WriteO ; X
- Instructions 15-11 Writeld 4epl1 M
data ° register 1 gt N )L(j /
\s Instructionl 0 3
. [15-0] M
° u
X
Memory[l 1
datall ALUL
register & ®|control
Instruction [5— 0]
MemtoReg ALUSrcB ALUOp

Il
(g

ALUO
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T4 LW2 I-Format State Machine =Mem][ALU]

=
e
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Decode

Clock=1 AND
opcode=LW

Clock=1 AND
R-Format=1

Clock=1 AND I-Format=1

Clock=1 AND
‘ opcode=LW
I-Format Memory Read

MemRead=1, MemWrite=0
lorD=1

IRWrite=0

ALUOP=X

ALUSrcA=X
ALUSrcB=X

PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X
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Ts—LW?2 Load instruction, write to reg|

&

Reg[ IR[20-16] ] —« MDR

PC

N Address

Memory
MemData

Writed
data

Instruction

[25-21]

Instructi
[20- H[h [
Instruction (I
[15-0]

Instruction
register

Instruction(]
[15-0]

e

Instruction

v

Memory
datall
register &

_ | Read
" | register 1
Read
Readl data 1
register 2
. Registers

Write[d Read
register  data 2
Writed
data

|-

v

Instruction [5— 0]

L r |

wWw N B O

I—\XCzo

xc

Zero

ALU ALU
result

ster

X

I
8

ALUOu
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Ts LW2 I-Format State Machine $rt=MDR
e —

Clock=1 AND I-Format=1

%)

Clock=1 AND
R-Format=1

Decode

Clock=1 AND
opcode=LW

|-Format Regqister Write

MemRead=1, MemWrite=0
lorD=1

IRWrite=0

ALUOP=X

ALUSrcA=X

ALUSrcB=X

PCWrite=0, PCSource=X
RegWrite=1,
MemtoReg=1, RegDst=1

opcode=LW
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T,~SW2 Store instruction, write to memor

&

ALUOut

PC

|
1
1
1
1
1
1
1
1
1
L

Address

Yrited
data

Memory

MemData

Instruction

[25-21]

Instruction

[20—16]

Instruction (I
[15-0]

Instruction
register

Instruction(]
[15-0]

v

L >

Instruction
15-11

chzo\

Memory[
datall
register &

/HXCZO

ReadO
register 1

Read
Readl datgal
register 2

. Registers

Write[d Read
register  data 2
Writed
data

v

v

Instruction [5— 0]

iy,

MemtoReg

)

— [ -.'=l
FE— —, '.l_l!
]
»{ 0
M
u
| 1X Zero
ALU ALy | ALUO
result
0
M
4=l 7
> 2
N
ALUO
®|control
ALUSrcB ALUOp
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T4 SW2 I-Format State Machine Mem[ALU]=
QC% e

Clock=1 AND I-Format=1

%)

Clock=1 AND
R-Format=1

Decode

Clock=1 AND
‘ opcode=SW
I-Format Memory Write

Write

Reg MemRead=0, MemWrite=1
lorD=1
IRWrite=0
ALUOP=X Store
ALUSrcA=X not
ALUSrcB=X _oad!
PCWrite=0, PCSource=X

RegWrite=0,
MemtoReg=X, RegDst=X
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T3 BEQ1 (Conditional branch instruction)

=
gf;% — @]
'|_\_'_'|'
If (A-B==0){PC ~ ALUOuUL; }
( ) { Ut’ EEEER
® |
I—I—I—L—I—I—I-I—I—I—I—l- u
|
|
0 m
M Instruction L | ReadO
u Address [25-21] " | register 1 [ |
X
1 Memor Instruction ».| Readd d;gaf] > ero u
y 20-16] " | register 2
[ ~ g ALU m
MemData [r—ggm—p> ) 0 _Registers ALU =p! ALUOU
Instruction(, Ml o | WriteO Readfl _ result
(1501 ¥ instruction| ucf | redister  data 2 > B
Write i — X .
> Jata Instruction] 15-11 > | WriteD 4
register
Instruction(} —_— I
vl ALUOUL = Address computed in T2 !
»| Memory[D
datall ALULI
register & > ﬁ\trol

Instruction [5— 0]

MemtoReg ALUSrcB ALUOp
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T3 BEQ1 I-Format State Machine =$rs + offset
N S

Clock=1 AND
opcode=branch

L2

Decode Clock=1 AND

-Format=1

MemRead=0, MemWrite=0
lorD=X

IRWrite=0

ALUOP=0 =subtract
ALUSrcA=1 =A =Reg[$rs]
ALUSrcB=0 =B =Reg[$rt]
PCWrite=0,
PCWriteCond=1,
PCSource=1 =ALUout
RegWrite=0,
MemtoReg=X, RegDst=X

B-Format Execution
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Tz Jumpl

(Jump Address)

B ————— ]
= — ]
L] |

!

&

L

7 |
PC — PC[31-28] || IR[25-0]<<2 -
I I I =
- - - - - - - - - - - - - - - - - - - - - - .
|
- 0
Instruiitidllcy | ReadO] M
Address [25-21] - " | register 1 u
Read[d
Instruction o | ReadD »| A X z
Memory [20—16][|]. I y. > register 2 data 1 | ol 1 ALU ero
MemData [e—g— . 0 _Registers ALU =» ALUOu
Instruction|] M Write[ Readfl _ result
[15-01 [ nstruction| register  data 2 »| B | g0
WriteO ; X
> Instructiond Write[ 4eppl]
data register 1 gt o2 /
Instruction 0 3
[15-0] M
u
X
»| Memory[D &
datall
register
stryction [5—
MemtoReg ALUSrcB ALUOp
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Moore Output State Tables: O(State)

& State| T; |[T2 | T3-R | T4-R | T3-l T4-SW | T4-LW | Ts- \UN
MemRead |1 0O |0 0) 0 0 1 0
MemWrite |0 O |0 0) 0 1 0) 0)

MUX lorD O=pc [ X |X X X 1=ALU |1=ALU |X
IRWrite 1 0 |0 0 0 0 0 0
ALUOP =+ [0 |2=0p |X O=add | X X X

MUX ALUSICA | 0=pc |0 | 1=A=3rs | X l=A=grs | X X X

MUX ALUSICcB | 1-4 [3 |0=B=st | X 2=sign | X X X
PCWrite |1 0 |0 0 0 0 0 0

MUX PCSource |0-a | X | X X X X X X
RegWrite |0 0 |0 1 0 0 0 1

MUX MemtoReg | X X | X 0=ALU | X X X 1=MDR

MUX RegDst X X | X 1=%rd | X X X 1=%rt




Multi-cycle: 5 execution steps

7 e

® T:(a,lw,sw,beq,j) Instruction Fetch

I
L;E}

® T, (a,lw,sw,beq,)) Instruction Decode
and Register Fetch

® Ts(a,lw,sw,beq,)) Execution, Memory Address Calculation,
or Branch Completion

® T4 (a,lw,sw) Memory Access
or R-type instruction completion

® Ts5 (Iw) Write-back step

INSTRUCTIONS TAKE FROM 3 -5 CYCLES!
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Multi-cycle Approach

Foa N
{/x% e — " R
: — )

T —

)

All operations in each clock cycle T; are done in parallel not sequential!

For example, T1 IR = Memory[PC] and PC=PC+4 are done simultaneously!

Action for R-type | Action for memory-reference Action for Action for
Step name instructions instructions branches [umps
T4 Instruction fetch IR = Memory[PC]
PC=PC+4

T5 Instruction A =Reg [IR[25-21]]

decode/register fetch B = Reg [IR[20-16]]

ALUOuUt = PC + (sign-extend (IR[15-0]) << 2)

Execution, address ALUOut=AopB ALUOuUt = A + sign-extend if (A=B) then | PC=PC[31-28] II
T3 |computation, branch/ (IR[15-0]) PC=ALUOUt | (IR[25-0]<<?)

jump completion

Memory access or Rtype [  Reg [IR[15-11]] = | Load: MDR = Memory[ALUOuIL]

completion ALUOut or
T4 Store: Memory [ALUOUt] =B
T5 [Memory read completion Load: Reg[IR[20-16]] = MDR

Between Clock T, and Tz the microcode sequencer will do a dispatch 1
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