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Multi-Stage & Control Signals
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Execution Simulation
§ Consider the following instruction sequence

lw  x1, 8(x2)
sw  x3, 24(x4)
add x5, x6, x7
sub x8, x6, x7
lw  x1, 4(x2)

18



1/17/26

7

Execution Simulation: Cycle 1
lw x1, 8(x2)

Read
Address Inst[31-0]

ADD

PC

4

Write Data

Read Addr 1

Read Addr 2

Write Addr
Register File

Read
 Data 1

Read
 Data 2

ALU

Overflow

zero

RegWrite

Address

Write Data

Read Data

MemWrite

MemRead

Sign
Extend

12 | 20 32

MemtoReg

ALUSrc

Shift
left 1

ADD

PCSrc

ALU
Control

1

1

0
0

0

1

ALUOp

Control
Unit

Branch

Data
Memory

Instruction
Memory

RegWrite

Instr[30, 14-12]

Instr[19-15]

Instr[24-20]

Instr[11-7]

Instr[31-21]

19

Execution Simulation: Cycle 2
sw x3, 24(x4) lw x1, 8(x2)

Read
Address Inst[31-0]

ADD

PC

4

Write Data

Read Addr 1

Read Addr 2

Write Addr
Register File

Read
 Data 1

Read
 Data 2

ALU

Overflow

zero

RegWrite

Address

Write Data

Read Data

MemWrite

MemRead

Sign
Extend

MemtoReg

ALUSrc

Shift
left 1

ADD

PCSrc

ALU
Control

1

1

0
0

0

1

ALUOp

Control
Unit

Branch

Data
Memory

Instruction
Memory

RegWrite

Instr[30, 14-12]

Instr[19-15]

Instr[24-20]

Instr[11-7]

Instr[31-21]

12 | 20 32

20

Execution Simulation: Cycle 3
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Execution Simulation: Cycle 4
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Execution Simulation: Cycle 5
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Instruction Interactions 
§ An instruction in the pipeline may need a resource being used by 

another instruction in the pipeline 
§ Structural hazard

§ An instruction may depend on something produced by an earlier 
instruction
§ Dependence may be for a data calculation

§ Data hazard

§ Dependence may be for calculating the next address
§  Control hazard (branches, interrupts)
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Multi-Stage RISC-V CPU  
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Program memory management
Higher 

Addresses

Lower 
Addresses

Text Segment 
[Program code]

Fixed Size

Data Segment 
[Initialized global and static variables]

Fixed Size

BSS Segment 
[Initialized global and static variables]

Fixed Size

Heap Segment 
[Dynamic variables managed by 

malloc(), free(), etc.]
Variable Size

Stack Segment 
[Stack frames consisting of parameters, 

return addresses and local variables]

Variable Size

Free space
Top of the 

stack

Bottom of 
the stack
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Multi-Stage RISC-V CPU  
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Structural Hazard
§ Consider the following instruction sequence

lw  x1, 8(x2)
sw  x3, 24(x4)
add x5, x6, x7
sub x8, x6, x7
lw  x1, 4(x2)
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Structural Hazard
sub x8, x6, x7 lw x1, 8(x2)add x5,x6,x7 sw x3, 24(x4)

Address

Inst[31-0]

PC

Write Data

Read Addr 1

Read Addr 2

Write Addr
Register File

Read
 Data 1

Read
 Data 2

ALU

Overflow

zero

Address

Write Data

Read Data

MemWrite

MemRead

Sign
Extend

MemtoReg

ALUSrc

Shift
left 1

ADD

PCSrc

ALU
Control

1

1

0
0

0

1

ALUOp

Control
Unit

Branch

Memory

RegWrite

RegWrite

Instr[30, 14-12]

Instr[19-15]

Instr[24-20]

Instr[11-7]

Instr[31-21]

ADD

4

0

12 | 20 32

30



1/17/26

11

Instruction Interactions 
sub t0,t1,t2
add t3,t4,t5
add t6,s2,s3
sub t1,s3,s2
lw   t2,16(t4)
add t5,t5,s2
sw   t0,16(s3)

sub t0,t1,t2 Decode

A
LU DM emI Fetch W B
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

add t3,t4,t5 Decode

A
LU DM emI Fetch W B

sub t0,t1,t2
sub t0,t1,t2
add t3,t4,t5
add t6,s2,s3
sub t1,s3,s2
lw   t2,16(t4)
add t5,t5,s2
sw   t0,16(s3)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode
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add t3,t4, t5
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add t3,t4,t5
add t6,s2,s3
sub t1,s3,s2
lw   t2,16(t4)
add t5,t5,s2
sw   t0,16(s3)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t4, t5

Decode

A
LU DM emI Fetch W B

sub t1,s3,s2 Decode

A
LU DM emI Fetch W B

add t6,s2, s3

sub t0,t1,t2
add t3,t4,t5
add t6,s2,s3
sub t1,s3,s2
lw   t2,16(t4)
add t5,t5,s2
sw   t0,16(s3)
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Instruction Interactions 
§ Supposed that we have the following set of instructions: 

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,s2
sw   s4,16(t0)

35

Instruction Interactions 
sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)

sub t0,t1,t2 Decode

A
LU DM emI Fetch W B
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

add t3,t0,t4 Decode

A
LU DM emI Fetch W B

sub t0,t1,t2
sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

X

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

Bubble

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

Bubble

Bubble

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

Bubble

Bubble

Bubble

Bubble

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

sub t0,t1,t2

add t3,t0, t4

add t5,t0, t6 Decode

A
LU DM emI Fetch W B

Bubble

Bubble

Bubble

Bubble

Bubble

Bubble

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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Instruction Interactions 

Decode

A
LU DM emI Fetch W B

Decode

A
LU DM emI Fetch W B

add t3,t0, t4

Decode

A
LU DM emI Fetch W B

sub s2,s3,t0 Decode

A
LU DM emI Fetch W B

add t5,t0,t6

Bubble Bubble

Bubble Bubble Bubble

sub t0,t1,t2
add t3,t0,t4
add t5,t0,t6
sub s2,s3,t0
lw   s4,16(t0)
add s4,s4,t7
sw   s4,16(t0)
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time
t0 t1 t2 t3 t4 t5 t6 t7 . . .

IF I1 I2 I3 I3 I3 I3 I4 I5 
ID  I1 I2 I2 I2 I2 I3 I4  
EX         I1 nop nop nop I2 I3  

MA        I1 nop nop nop I2  
WB         I1 nop nop nop 

Stalled Stages and Pipeline

time
t0 t1 t2 t3 t4 t5 t6 t7 . .

(I1) r1 ß  (r0) + 10 IF1 ID1 EX1 MA1 WB1

(I2) r4 ß  (r1) + 17  IF2 ID2 ID2 ID2 ID2 EX2 MA2 

(I3)     IF3 IF3 IF3 IF3 ID3 EX3

(I4)                       IF4 ID4 

(I5)                             IF5 
stalled stages

Resource 
Usage
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Stalled Stages and Pipeline
§ Pipelining was introduced to improve 

performance

§ But with stalling, CPI will go up
§ So we need a way to reduce stalling cycles!

Time   =   Instructions Cycles    Time
   Program           Program    *   Instruction   *   Cycle
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Next Learning Module
§ CPU: Hazard Resolution
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