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Review: Single-Cycle Datapath
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CWRU EECS 318

Shift
left 2

MemtoReg

IorD MemRead MemWrite

PC

Memory
MemData

Write
data

M
u
x

0

1
Registers

Write
register

Write
data

Read
data 1

Read
data 2

Read
register 1

Read
register 2

Instruction
[15– 11]

M
u
x

0

1

M
u
x

0

1

4

ALUOp

ALUSrcB

RegDst RegWrite

Instruction
[15– 0]

Instruction [5– 0]

Sign
extend

3216

Instruction
[25– 21]

Instruction
[20– 16]

Instruction
[15– 0]

Instruction
register

1 M
u
x

0

3
2

ALU
control

M
u
x

0

1
ALU

result
ALU

ALUSrcA

ZeroA

B

ALUOut

IRWrite

Address

Memory
data

register

Multi-cycle Processor Datapath

Multi-cycle  = 1 ALU + 1 Mem + 5½ Muxes + 5 Reg (IR,A,B,MDR,ALUOut) + FSM

Single-cycle= 1 ALU + 2 Mem + 4 Muxes + 2 adders + OpcodeDecoders

Combine adders:   add 1½ Mux & 3 temp. registers, A, B, ALUOut
Combine Memory: add 1 Mux & 2 temp. registers, IR, MDR
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Multi-cycle Datapath: with FSM controller
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CWRU EECS 318

CPU controller: Finite State Machine
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State register
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Combinational
control logic
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Finite State Machine
( hardwired control )

Multi-cycle using Finite State Machine

Next State

Datapath control outputs

Inputs from Instruction
register
IR[31-26] opcode and
IR[5-0] funct fields

Clock, on rising edge,
latch in next state

Cycle 1 Cycle 2 Cycle 3 Cycle 4
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Finite State Machine: program overview
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Cycle 1

The Four Stages of R-Format

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

IfetchR-Format Reg/Dec

Cycle 2

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

Cycle 3

Exec

• Exec: ALUOut = A Funct B
• ALU operates on the two register operands
• Update PC

Wr

Cycle 4

• 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 2

Reg/Dec

• Decode: A=reg[$rs]; Datapath=(IR[31-26])
• Registers Fetch  and Instruction Decode for datapath

Cycle 3

Exec

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

Cycle 4

Mem

• Mem: MDR = Mem[ALUOut]
• Read the data from the Data Memory

Cycle 5

Wr

• Wr: Reg[$rt]=MDR
• Write the data back to the register file

The Five Stages of Load Instruction

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

Cycle 1

IfetchLoad
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R-Format & I-Format State Machine
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Multi-Instruction sequence

Clk

Cycle 1

Ifetch Reg Exec Mem Wr

Cycle 2 Cycle 3 Cycle 4 Cycle 5

Load

Cycle 10

Ifetch
R-type

Cycle 6 Cycle 7 Cycle 8 Cycle 9

Ifetch Reg Exec Mem
Store

lw: 5 clocks sw: 4 clocks
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State machine stepping: T1 Fetch

(Done in parallel) IR←←←←MEMORY[PC] & PC ←←←← PC + 4

IRPC



CWRU EECS 318

T1 Fetch: State machine

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

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

Start

 Instruction Fetch

Decode

Exec

Write
Reg

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Ifetch Reg/Dec Exec WrR-Format
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T2 Decode (read $rs and $rt and offset+pc)

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

$rs
$rt

offset

PC

& ALUOut←←←←PC+signext(IR[15-0]) <<2
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MemRead=0, MemWrite=0
IorD=X
IRWrite=0
ALUSrcA=0  (=PC)
ALUSrcB=3 (=signext(IR<<2))
ALUOP=0 (=add)
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

MemRead=0, MemWrite=0
IorD=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

Start

T2 Decode State machine

Exec
Write
Reg

Fetch

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Ifetch Reg/Dec Exec WrR-Format
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T3 ExecALU (ALU instruction)

op(IR[31-26])

ALUOut  ←←←← A op(IR[31-26]) B
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MemRead=0, MemWrite=0
IorD=X
IRWrite=0
ALUSrcA=1 (=A =Reg[$rs])
ALUSrcB=0 (=B =Reg[$rt])
ALUOP=2     (=IR[28-26])
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

MemRead=0, MemWrite=0
IorD=X
IRWrite=0
ALUSrcA=1 (=A =Reg[$rs])
ALUSrcB=0 (=B =Reg[$rt])
ALUOP=2     (=IR[28-26])
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

R-Format Execution

Start

T3 ExecALU State machine

Write
Reg

Decode

Fetch

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Ifetch Reg/Dec Exec WrR-Format
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T4 WrReg (ALU instruction)

Reg[ IR[15-11] ] ←←←← ALUOut
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MemRead=0, MemWrite=0
IorD=X
IRWrite=0
ALUSrcA=X
ALUSrcB=X
ALUOP=X
PCWrite=0, PCSource=X
RegWrite=1, (Reg[$rd] ←←←←ALUout)
MemtoReg=0, (=ALUout)
RegDst=1 (=$rd)

MemRead=0, MemWrite=0
IorD=X
IRWrite=0
ALUSrcA=X
ALUSrcB=X
ALUOP=X
PCWrite=0, PCSource=X
RegWrite=1, (Reg[$rd] ←←←←ALUout)
MemtoReg=0, (=ALUout)
RegDst=1 (=$rd)

R-Format Write Register

Start

T4 WrReg State machine

Decode
Fetch

Exec

Cycle 1 Cycle 2 Cycle 3 Cycle 4

Ifetch Reg/Dec Exec WrR-Format
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Review Moore Machine
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Control Lines
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Moore Output State Tables: O(State)
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Review: The Five Stages of Load Instruction

• 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

Cycle 1 Cycle 2 Cycle 3 Cycle 4 Cycle 5

Ifetch Reg/Dec Exec Mem WrLoad
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Review: R-Format & I-Format State Machine
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Need to check instruction formatNeed to check instruction format
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check
opcode

Need to
check
opcode
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T3–I Mem1 (common to both load & store)

ALUOut ←←←← A + sign_extend(IR[15-0])
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T3  Mem1 I-Format State Machine =$rs + offset

Decode

Fetch
Exec
ALU

Write
Reg

Clock=1 AND
R-Format=1

Clock=1 AND
I-Format=1

Mem
Read

Write
Reg

Clock=1 AND
opcode=LW

MemRead=0, MemWrite=0
IorD=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

MemRead=0, MemWrite=0
IorD=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

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

MDR ←←←← Memory[ALUOut]
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T4 LW2 I-Format State Machine =Mem[ALU]

Decode

Fetch
Exec
ALU

Write
Reg

Clock=1 AND
R-Format=1

Clock=1 AND I-Format=1

Write
Reg

Clock=1 AND
opcode=LW

MemRead=1, MemWrite=0
IorD=1
IRWrite=0
ALUOP=X
ALUSrcA=X
ALUSrcB=X
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

MemRead=1, MemWrite=0
IorD=1
IRWrite=0
ALUOP=X
ALUSrcA=X
ALUSrcB=X
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

I-Format Memory Read

Exec
Offset

Clock=1 AND
opcode=LW
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T5 –LW2 Load instruction, write to register

Reg[ IR[20-16] ] ←←←← MDR
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T5 LW2 I-Format State Machine $rt=MDR

Decode

Fetch
Exec
ALU

Write
Reg

Clock=1 AND
R-Format=1

Clock=1 AND I-Format=1

Clock=1 AND
opcode=LW

MemRead=1, MemWrite=0
IorD=1
IRWrite=0
ALUOP=X
ALUSrcA=X
ALUSrcB=X
PCWrite=0, PCSource=X
RegWrite=1,
MemtoReg=1, RegDst=1

MemRead=1, MemWrite=0
IorD=1
IRWrite=0
ALUOP=X
ALUSrcA=X
ALUSrcB=X
PCWrite=0, PCSource=X
RegWrite=1,
MemtoReg=1, RegDst=1

I-Format Register Write

Exec
Offset

Clock=1 AND
opcode=LW

Mem
Read
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T4–SW2 Store instruction, write to memory
Memory[ ALUOut ] ←←←← B
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T4 SW2 I-Format State Machine Mem[ALU]=

Decode

Fetch
Exec
ALU

Write
Reg

Clock=1 AND
R-Format=1

Clock=1 AND I-Format=1

MemRead=0, MemWrite=1
IorD=1
IRWrite=0
ALUOP=X
ALUSrcA=X
ALUSrcB=X
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

MemRead=0, MemWrite=1
IorD=1
IRWrite=0
ALUOP=X
ALUSrcA=X
ALUSrcB=X
PCWrite=0, PCSource=X
RegWrite=0,
MemtoReg=X, RegDst=X

I-Format Memory Write

Exec
Offset

Clock=1 AND
opcode=SW

Store
not
Load!
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IRWrite

Address
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T3 BEQ1 (Conditional branch instruction)

ALUOut = Address computed in T2 !ALUOut = Address computed in T2 !

If (A - B == 0) { PC ←←←← ALUOut; }

Zero
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T3 BEQ1 I-Format State Machine =$rs + offset

Decode

Fetch
Exec
ALU

Write
Reg

Clock=1 AND
R-Format=1

Clock=1 AND
opcode=branch

MemRead=0, MemWrite=0
IorD=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

MemRead=0, MemWrite=0
IorD=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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Shift�
left 2

MemtoReg

IorD MemRead MemWrite

PC

Memory
MemData

Write�
data

M�
u�
x

0

1
Registers

Write�
register

Write�
data

Read�
data 1

Read�
data 2

Read�
register 1

Read�
register 2

Instruction�
[15– 11]

M�
u�
x

0

1

M�
u�
x

0

1

4

ALUOpALUSrcB

RegDst RegWrite

Instruction�
[15– 0]

Instruction [5– 0]

Sign�
extend

3216

Instruction�
[25– 21]

Instruction�
[20– 16]

Instruction�
[15– 0]

Instruction�
register

1 M�
u�
x

0

3
2

ALU�
control

M�
u�
x

0

1
ALU�

result
ALU

ALUSrcA

ZeroA

B

ALUOut

IRWrite

Address

Memory�
data�

register

T3 Jump1 (Jump Address)

PC ←←←← PC[31-28] || IR[25-0]<<2
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Moore Output State Tables: O(State)

T1

1

0

0=PC

1

0=+

0=PC

1=4

1

0=AL

0

X

X

T2

0

0

X

0

0

0

3

0

X

0

X

X

T3-R
0

0

X

0

2=op

1=A=$rs

0=B=$rt

0

X

0

X

X

T4-R
0

0

X

0

X

X

X

0

X

1

0=ALU

1=$rd

State

         MemRead

         MemWrite

MUX IorD

         IRWrite

         ALUOP

MUX ALUSrcA

MUX ALUSrcB

         PCWrite

MUX PCSource

         RegWrite

MUX MemtoReg

MUX RegDst

T3-I
0

0

X

0

0=add

1=A=$rs

2=sign

0

X

0

X

X

T4-LW

1

0

1=ALU

0

X

X

X

0

X

0

X

X

T5-LW

0

0

X

0

X

X

X

0

X

1

1=MDR

1=$rt

T4-SW

0

1

1=ALU

0

X

X

X

0

X

0

X

X
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Multi-cycle: 5 execution steps

• T1 (a,lw,sw,beq,j) Instruction Fetch

• T2 (a,lw,sw,beq,j) Instruction Decode
and Register Fetch

• T3 (a,lw,sw,beq,j) Execution, Memory Address Calculation,
or Branch Completion

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

• T5 (lw) Write-back step

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

T1

T2

T3

T4

T5

Step name
Action for R-type 

instructions
Action for memory-reference 

instructions
Action for 
branches

Action for       
jumps

Instruction fetch IR = Memory[PC]
PC = PC + 4

Instruction A = Reg [IR[25-21]]
decode/register fetch B = Reg [IR[20-16]]

ALUOut = PC + (sign-extend (IR[15-0]) << 2)
Execution, address ALUOut = A op B ALUOut = A + sign-extend if (A ==B) then PC = PC [31-28] II
computation, branch/ (IR[15-0]) PC = ALUOut (IR[25-0]<<2)
jump completion
Memory access or R-type Reg [IR[15-11]] = Load: MDR = Memory[ALUOut]
completion ALUOut or

Store: Memory [ALUOut] = B

Memory read completion Load: Reg[IR[20-16]] = MDR

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

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

Between  Clock T2 and T3  the microcode sequencer will do a dispatch 1


