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Module 5:
Single-cycle processor design
Introduction to computers II
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 Introduction.
 Reduced architecture RISC-V.
 Data path design.
 Controller design.

 Technology.

These slides are based on: 
• S.L. Harris and D. Harris. Digital Design and Computer Architecture. RISC-V Edition.
• D.A. Patterson and J.L. Hennessy. Computer Organization and Design. RISC-V Edition.
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 The most reliable method to know the performance of a computer is to 
measure the time that a program takes to execute.
o The faster the program execution, the higher the performance.

 Given an architecture, the execution time of a program mainly depends on:  
o Number of instructions of the program.
o Number of cycles that each instruction needs.
o Cycle time (clock frequency).

 Usually, the number of cycles and the cycle time are inverse magnitudes:
o Single-cycle processor: 1 cycle per instruction, with long cycle time.
o Multicycle processor: several cycles per instruction, with short cycle time.

depends on the programmer

depends on the HW design
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 In order to design a processor, algorithm design techniques are used, 
where the specification of the circuit is its architecture.

 The processor is formed by 2 elements:
o Data path: performs operations and stores results.

• At least, it has to include as many storage elements as defined in the architecture 
(visible to programmers).

• It has to include the functional elements that are needed to perform all the 
operations of the instruction set.

o Controller: sequences the transfers between registers that are defined for 
each instruction in the set.  

 Depending on the chosen design strategy, we will have:
o Single-cycle processors: all transfers between registers that happen in an 

instruction are performed in a single clock cycle.
o Multicycle processors: all transfers between registers that happen in an 

instruction are distributed among several consecutive clock cycles.
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 Processors are designed according to the global clock (rising) edge 
synchronous timing model:
o The clock arrives at all the flip-flops of the system, and all them change their 

state simultaneously at the (rising) clock edge. 
o The new values propagate through the combinational networks until they get at 

the flip-flop inputs. 
o This process repeats in each clock cycle.
o The clock cycle time must be long enough so that all combinational systems can 

reach their steady state. 

ff1 ff2

Dff2

Qff1

clk

D QD Q

combinational 
logic

x

f(x)

CLKt

x f(x)

clk

f
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Instruction set (i)

 A microarchitecture will be designed, able to execute a subset of the  
RISCV32 instruction set (which operates with 32-bit data only).

 Memory access instructions

 Arithmetic-logic with both operands in registers 

I-typerd ← Mem[ rs1 + sExt(imm) ]lw rd, imm12b(rs1)

S-typeMem[ rs1 + sExt(imm12b) ] ← rs2sw rs2, imm12b(rs1)

R-typerd ← rs1 + rs2add rd, rs1, rs2

R-typerd ← rs1 − rs2sub rd, rs1, rs2

R-typerd ← rs1 & rs2and rd, rs1, rs2

R-typerd ← rs1 | rs2or rd, rs1, rs2

R-typerd ← if ( rs1 <S rs2 ) then ( 1 ) else ( 0 )slt rd, rs1, rs2
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Instruction set (ii)

 Arithmetic-logic with one immediate operand

 Conditional branch instructions

 Branch to function instruction

I-typerd ← rs1 + sExt(imm),addi rd, rs1, imm12b

I-typerd ← rs1 & sExt(imm)andi rd, rs1, imm12b

I-typerd ← rs1 | sExt(imm)ori rd, rs1, imm12b

I-typerd ← if ( rs1 <S sExt(imm) ) then ( 1 ) else ( 0 )slti rd, rs1, imm12b

B-typePC ← if ( rs1 = rs2 ) 
then ( PC + sExt(imm12:1 << 1) ) else ( PC+4 )

beq rs1, rs2, imm13b

J-typePC ← PC + sExt(imm20:1 << 1), rd ← PC+4jal rd, imm21b
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Instruction format

 The instruction formats and field encoding will be the same as in the 
complete architecture.

funct7 rs2

24 20 19 152531 14 12 11 7 6 0

rs1 funct3 rd op R-type

imm11:5 rs2 rs1 funct3 imm4:0 op S-type

imm12,10:5 rs2 rs1 funct3 imm4:1,11 op B-type

rd op J-typeimm20,10:1,11,19:12

rs1 funct3 rd op I-typeimm11:0
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Instruction format: field encoding
op

bits 6:0
funct3

bits 14:12
funct7

bits 31:25
TypeInstruction

0000011010–Ilw

0100011010–Ssw

0110011

0000000000Radd

0000100000Rsub

0100000000Rslt

1100000000Ror

1110000000Rand

0010011

000–Iaddi

010–Islti

110–Iori

111–Iandi

1100011000–Bbeq

1101111––Jjal
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Storage elements (i)

 The storage elements are those that are visible to programmers: 
Memory, PC and 32 general purpose registers.

 The Memory will have an idealized behavior:
o Integrated in the processor.
o Byte-addressable, but able to accept/offer 4 bytes per access.
o Access time lower than the processor cycle time.
o Split in two, because instructions must be read from memory in the same 

clock cycle in which data are read/written. 
• Instruction memory: it will behave as a combinational ROM.
• Data memory: it will behave as a large Register File, with double data port for 

separate input and output.  

 The Program Counter will be an array of D flip-flops:
o Since instructions are executed in a single cycle, the PC must be updated in 

all the cycles and does not require a signal to control its load.
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Storage elements (ii)

 The storage elements are those that are visible to programmers: 
Memory, PC and 32 general purpose registers.

32-bit Program Counter
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A D

Memory with 32-bit addresses for (asynchronous) 
read/ (synchronous) write of 32-bit data

Memory with 32-bit addresses for 
(asynchronous) read of 32-bit instructions

32 32
32 32

32

32
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Storage elements (iii)

 The storage elements are those that are visible to programmers: 
Memory, PC and 32 general purpose registers.

 The 32 registers are organized in a 3-port Register File:
o In a single-cycle processor, R-type instructions read 2 registers and write 1 

register from the Register File in the same clock cycle.
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Register file with 32 registers (32 bits each) with
2 output data ports and 1 input data port

add rd, rs1, rs2   RF[ rd ] ← RF[ rs1 ] + RF[ rs2 ], PC ← PC+4 
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Functional elements (i)

 It will have an ALU and a Sign Extension module, both combinational:
o The ALU will perform all the arithmetic-logic operations of the ISA.

• With a Z flag, to perform the equality condition of beq instructions by means 
of a subtraction.

o The Sign Extension module will build the 32-bit immediate operand based 
on the imm fields (with a smaller width) of the instructions.
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Functional elements (ii)

 It will have an additional adder to increment the PC
o In a single-cycle processor, the PC is updated with the address of the 

following instruction in the same clock cycle in which the ALU works.

 It always adds +4 because the Memory is byte-addressable, and all the 
instructions take 32 bits (4 bytes).
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Functional elements (iii)

 It will have an additional adder to calculate branch addresses
o In a single-cycle processor, beq instructions operate in the ALU, calculate  

PC+4 and calculate the branch address in the same clock cycle.
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beq rs1,rs2,imm
PC ← if ( RF[ rs1 ] = RF[ rs2 ] ) 

then ( PC + sExt(imm) ) else ( PC+4 )

32
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32

32-bit adder
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Instruction fetch

 The execution of an instruction starts by reading it from memory (fetch).
o The PC and the Instruction Memory are connected to read the instruction to 

execute (the one whose address is stored in the PC).

The PC contains the address of the instruction to execute

The instruction memory contains the program to execute
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lw instruction: reading the base register
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19:15

20 19 1531 14 12 11 7 6 0

imm11:0 funct3 rd oprs1

RF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ], PC ← PC+4 

lw rd, imm(rs1)

 The Instruction Memory and the Register File are connected to read the base 
address contained in register rs1.

The rs1 instruction field contains the number of the
source register that stores the base address +

4

+
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lw instruction: calculating the offset
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31:20 Sign
extension

20 19 1531 14 12 11 7 6 0

funct3 rd oprs1imm11:0

RF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ], PC ← PC+4 

lw rd, imm(rs1)

The imm instruction field contains the 12-bit offset

+

+
4

 The Instruction Memory and the Sign Extension module are connected to 
extend the 12-bit instruction offset to 32 bits.
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lw instruction: calculating the effective address
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20 19 1531 14 12 11 7 6 0

funct3 rd oprs1imm11:0

RF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ], PC ← PC+4 

lw rd, imm(rs1)

The base address and the offset are added in the ALU to
calculate the effective address of the data that has to be loaded

+

+
4

z

 The Register File and the ALU are connected to calculate the effective address
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lw instruction: reading the operand
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extension

20 19 1531 14 12 11 7 6 0

funct3 rd oprs1imm11:0

RF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ], PC ← PC+4 

lw rd, imm(rs1)

 The ALU and the Data Memory are connected to read the data
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lw instruction: loading the operand
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31:20 Sign
extension

11:7
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RF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ], PC ← PC+4 

lw rd, imm(rs1)
20 19 1531 14 12 11 7 6 0

imm11:0 funct3 oprs1 rd

The rd instruction field contains the number of the destination
register where the loaded data has to be saved

 The Data Memory and the Register File are connected to load the data into the 
rd register
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lw instruction: incrementing the PC
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20 19 1531 14 12 11 7 6 0

imm11:0 funct3 rd oprs1

RF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ], PC ← PC+4 

lw rd, imm(rs1)

A
L

U

z

 The PC and the Incrementer are connected to update the PC with the address 
of the following instruction 

The ALU is being used to perform the calculation of 
the effective address, and therefore it cannot be used 

to increment the PC simultaneously

+
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Data path for lw instructions

 This data path can execute any sequence of lw instructions. It will be 
expanded in order to execute others.  
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+

This adder is only used to calculate branch 
addresses in jal/beq instructions 
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Data path for sw instructions
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20 19 1531 14 12 11 7 6 025 24

imm15:5 funct3 imm4:0 oprs2 rs1sw rs2, imm(rs1)

Mem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ], PC ← PC+4 

Calculates effective address

Reads base addressIncrements PC

+

 Part of this data path can be reused to execute sw instructions 

z
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sw instruction: calculating the offset
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20 19 1531 14 12 11 7 6 025 24

rs1 funct3 oprs2imm11:5 imm4:0sw rs2, imm(rs1)

This is a 12-bit offset, but the 5 least
significant bits are placed in another position

Mem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ], PC ← PC+4 

 The connection between the Instruction Memory and the Sign Extension module 
is expanded because the offset is placed in another position within the instruction.

+

z
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sw instruction: storing the data
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Mem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ], PC ← PC+4 

20 19 1531 14 12 11 7 6 025 24

imm11:5 rs1 funct3 imm4:0 oprs2sw rs2, imm(rs1)

The rs2 instruction field contains the number of the 
source register that has the data to be stored in memory 

31:20, 11:7

+

 The Register File and the Data Memory are connected to store the data 
contained in register rs2 into memory

z
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Data path for lw/sw instructions

 This data path can execute any sequence of lw and/or sw instructions. 
It will be further expanded. 
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31:20, 11:7

+

This adder is only used to calculate branch 
addresses in jal/beq instructions 

z



28

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Data path for addi-like instructions
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o
n

m
e
m
o
ry

A D

+
4 Increments PC

RF[ rd ] ← RF[ rs1 ] op sExt(imm), PC ← PC+4 

addi rd, rs1, imm

31:20, 11:7

20 19 1531 14 12 11 7 6 0

funct3imm11:0 rs1 oprd

Performs the operation

Loads the result into 
the destination register

 Part of this data path can be reused to execute addi/andi/ori/slti
instructions

Reads the operand contained in 
the source register

+ Accesses the immediate 
operand and extends its sign

z
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addi-like instructions: storing the result

D
at
a

M
em

o
ryA RD

WD

WE19:15

Sign
extension

A
L

U

11:7

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

+
4

addi rd, rs1, imm

31:20, 11:7

20 19 1531 14 12 11 7 6 0

funct3imm11:0 rs1 oprd

1
0

Allows storing the result of an operation or a data read 
from memory into the Register File

RF[ rd ] ← RF[ rs1 ] op sExt(imm), PC ← PC+4 

 A multiplexer is added in order to store the ALU operation result into register rd

+

z
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Data path for lw/sw/addi instructions

 This data path can execute any sequence of lw, sw, and/or arithmetic-
logic with immediate operand instructions.

+

This adder is only used to calculate branch 
addresses in jal/beq instructions 

D
at
a

M
em

o
ryA RD

WD

WE19:15

Sign
extension

A
L

U

11:7

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

+
4

31:20, 11:7

1
0

z
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Data path for add-like instructions

D
at
a

M
em

o
ryA RD

WD

WE

Sign
extension

A
L

U

R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

31:20, 11:7

20 19 1531 14 12 11 7 6 025 24

funct3funct7 rs2 rs1 oprd
RF[ rd ] ← RF[ rs1 ] op RF[ rs2 ], PC ← PC+4 

add rd, rs1, rs2
P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

+
4 Increments the PC

19:15

11:7

24:20

Performs the operation

Writes the result in a 
different register

Reds the 2 operands contained in 
the source registers

1
0

 Part of this data path can be reused to execute add/sub/and/or/slt
instructions

+

z
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addi-like instructions: calculating the operation

D
at
a

M
em

o
ryA RD

WD

WE19:15

Sign
extension

A
L

U

11:7

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

+
4

31:20, 11:7

20 19 1531 14 12 11 7 6 025 24

funct3funct7 rs2 rs1 rd op
RF[ rd ] ← RF[ rs1 ] op RF[ rs2 ], PC ← PC+4 

add rd, rs1, rs2

0
1

Allows operating with an immediate 
operand or with a register operand 

1
0

+

 A multiplexer is added in order to reuse the ALU to perform arithmetic-logic 
operations with 2 registers

z
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Data path for lw/sw/addi/add instructions 

D
at
a

M
em

o
ryA RD

WD

WE

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

19:15

31:20, 11:7 Sign
extension

A
L

U

11:7

+
4

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

1
0

 This data path can execute any sequence of lw, sw, and/or arithmetic-
logic instructions.

+

This adder is only used to calculate branch 
addresses in jal/beq instructions

z



34

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Data path for beq instructions

D
at
a

M
em

o
ryA RD

WD

WE19:15

31:20, 11:7 Sign
extension

A
L

U

11:7

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

beq rs1,rs2,imm
20 19 1531 14 12 11 7 6 025 24

imm12,10:5 rs2 rs1 funct3 imm4:1,11 op
PC ← if ( RF[ rs1 ] = RF[ rs2 ] ) then ( PC + sExt(imm) ) else ( PC+4 )

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

+
4 Increments the PC

Accesses the immediate 
operand and extends its sign

Compares operands 
by subtracting

1
0

z

 Part of this data path can be reused to execute beq instructions

+
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beq instructions: calculating the branch address

D
at
a

M
em

o
ryA RD

WD

WE

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

19:15

31:20, 11:7 Sign
extension

A
L

U

11:7

+
4

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

beq rs1,rs2,imm
20 19 1531 14 12 11 7 6 025 24

imm12,10:5 rs2 rs1 funct3 imm4:1,11 op

+

The ALU is being used to perform the 
comparison, and therefore it cannot be used to 

calculate the branch address simultaneously

1
0

PC ← if ( RF[ rs1 ] = RF[ rs2 ] ) then ( PC + sExt(imm) ) else ( PC+4 )

z

 The PC, the Sign Extension module and the Adder are connected to calculate 
the branch address.

The PC content and the offset are added
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beq instructions: updating the PC

D
at
a

M
em

o
ryA RD

WD

WE

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

19:15

31:20, 11:7 Sign
extension

A
L

U

11:7

+
4

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

+

0
1 P

C

beq rs1,rs2,imm
20 19 1531 14 12 11 7 6 025 24

imm12,10:5 rs2 rs1 funct3 imm4:1,11 op

Allows loading the PC with either the address of the 
following instruction or with the branch address

1
0

PC ← if ( RF[ rs1 ] = RF[ rs2 ] ) then ( PC + sExt(imm) ) else ( PC+4 )

z

 A multiplexer is added to be able to load the branch address into the PC
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Data path for lw/sw/addi/add/beq instructions 

D
at
a

M
em

o
ryA RD

WD

WE

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

19:15

31:20, 11:7 Sign
extension

A
L

U

11:7

+
4

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

+

P
C0

1

 This data path can execute any sequence of lw, sw, arithmetic-logic
and/or conditional branch instructions.

1
0

z
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Data path for jal instructions

D
at
a

M
em

o
ryA RD

WD

WE

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

19:15

31:20, 11:7 Sign
extension

A
L

U

11:7

+
4

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

+

P
C

31 12 11 7 6 0

opimm20,10:1,11,19:12 rd
PC ← PC + sExt(imm), RF[ rd ] ← PC+4

jal rd, imm

Calculates the return address 
(address of the following instruction) Loads the return address

Calculates the branch address

1
0

z
0
1

 Part of this data path can be reused to execute jal instructions
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jal instructions: calculating the branch address

D
at
a

M
em

o
ryA RD

WD

WE

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

19:15

Sign
extension

A
L

U

11:7

+
4

24:20
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

0
1

+

0
1

20-bit offset; some of the bits are 
placed in other positions

31 12 11 7 6 0

rd opimm20,10:1,11,19:12jal rd, imm

1
0

z

 The connection between the Instruction Memory and the Sign Extension module 
is extended.

PC ← PC + sExt(imm), RF[ rd ] ← PC+4
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jal instructions: saving the return address

19:15

24:20

11:7

+
4

A
L

U

+

0
1

2
1
0

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE

R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

31 12 11 7 6 0

rd opimm20,10:1,11,19:12jal rd, imm

Allows saving either an operation result, a data read from memory 
or the return address into the Register File

z

 The multiplexer is extended to be able to save the return address into rd.

PC ← PC + sExt(imm), RF[ rd ] ← PC+4
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Reduced RISC-V data path

19:15

24:20

11:7

+
4

A
L

U

+

0
1

2
1
0

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE

R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

 This data path can execute any sequence of instructions of the RISC-V 
reduced ISA.

z
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Control signals

19:15

24:20

11:7

+
4

A
L

U

+

0
1

Sign
extension

0
1

PCsrc

ImmSrc

BRwr MemWr ResSrcALUsrc ALUctr

D
at
a

M
em

o
ryA RD

WD

WE

R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
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2
1
0

z
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Status signals

19:15

24:20

11:7

6:0

30

14:12

+
4

A
L

U

+

0
1

Sign
extension

0
1

PCsrc

ImmSrc

BRwr MemWr ResSrcALUsrc ALUctr zerofu
n
ct
7 5

o
p

fu
n
ct
3
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M
em
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WD
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F
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Connection with the controller

19:15

24:20

11:7

6:0

30

14:12

+
4

A
L

U

+

0
1

Sign
extension

0
1

SINGLE-CYCLE CONTROLLERPCsrc ImmSrc

BRwr MemWr ResSrcALUsrc ALUctr zerofu
n
ct
7 5

o
p

fu
n
ct
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a

M
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Connection with the clock and reset

19:15

24:20

11:7

6:0

30

14:12

+
4
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+

0
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Sign
extension

0
1

SINGLE-CYCLE CONTROLLERPCsrc ImmSrc
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Full system

19:15

24:20

11:7

6:0

30

14:12

+

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

4

A
L

U

+

0
1

Sign
extension

0
1

SINGLE-CYCLE
DATA PATH

SINGLE-CYCLE CONTROLLERPCsrc ImmSrc

BRwr MemWr ResSrcALUsrc ALUctr zerofu
n
ct
7 5
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fu
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ct
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Controller structure (i)

 In the single-cycle processor, the controller is a combinational circuit:
o It is composed of 4 subcircuits to facilitate its design:

7 3

3

ALUop

2

2

ALU
DEC

Branch

Jump

PCsrc ALUctr ImmSrcBRwr ALUsrc MemWrResSrc

2

Main decoder sExt
DEC

op5

funct75zero op funct3

controls the global activity of the data path by 
decoding the operation code

controls what kind of sign 
extension has to be performed by 

decoding the operation code

controls the ALU operation by 
decoding the arithmetic 

operation codes
branch logic: controls whether 
the processor branches or not

SINGLE-CYCLE
CONTROLLER



48

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Controller structure (ii)

 In the single-cycle processor, the controller is a combinational circuit:
o It is composed of 4 subcircuits to facilitate its design:

7 3

3

ALUop

2

2

ALU
DEC

Branch

Jump

PCsrc ALUctr ImmSrcBRwr ALUsrc MemWrResSrc

2

Main decoder sExt
DEC

op5

funct75zero op funct3

ALUop: indicates the ALU operation:
• 00: add (lw/sw effective address calculation)
• 01: subtract (beq comparison)
• 10: operation based on the instruction (I-type / R-type)
• The jal instruction does not use the ALU

Jump: indicates if it is a jal instruction

Branch: indicates if it is a beq instruction

SINGLE-CYCLE
CONTROLLER
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Main DEC

Controller structure (iii)

19:15

24:20

11:7

14:12

30

6:0

+
4

A
L

U

+

0
1

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE 2
1
0

sExt
DEC

ALU
DEC

5

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

ResSrc

ALUsrc MemWr

Jump

Branch op BRWr ALUop

PCSrc

ImmSrc

ALUctr

P
C

R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

op

funct3

funct75

op5

2

2

3

7

7

3

2
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Controller design: ALU local DEC

 This circuit indicates what type of operation is performed by the ALU.
o Adapts the instruction operation encoding to the ALU operation encoding

RALUctr
A + B000
A – B001
A & B010
A | B011
A < B101

–others

3

3

ALUop
2 ALU

DEC

ALUctr

funct75funct3

A

B

R

z

A
LU

op5

Truth table

ALUctrfunct3funct75op5ALUop
(A + B)000XXXXX(add)00
(A – B)001XXXXX(subtract)01
(A + B)000(addi)000X0(operate)10
(A + B)000(add)00001(operate)10
(A – B)001(sub)00011(operate)10
(A < B) 101(slt/slti)010XX(operate)10
(A | B)011(or/ori)110XX(operate)10
(A & B)010(and/andi)111XX(operate)10
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Controller design: ALU local DEC

 This circuit indicates what type of operation is performed by the ALU.
o Adapts the instruction operation encoding to the ALU operation encoding

ALUop1

funct31

ALUcrt2

ALUcrt1

funct32

funct30

op5

ALUop0

ALUcrt0

funct75
Truth table

ALUctrfunct3funct75op5ALUop
(A + B)000XXXXX(add)00
(A – B)001XXXXX(subtract)01
(A + B)000(addi)000X0(operate)10
(A + B)000(add)00001(operate)10
(A – B)001(sub)00011(operate)10
(A < B) 101(slt/slti)010XX(operate)10
(A | B)011(or/ori)110XX(operate)10
(A & B)010(and/andi)111XX(operate)10
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Controller design: Sign Extension local DEC

 This circuit indicates what type of extension is performed by the Sign 
Extension module.
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 This circuit indicates what type of extension is performed by the Sign 
Extension module.
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Controller design: main DEC

 This subcircuit rules the general behavior of the processor.
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Controller design: main DEC

 This subcircuit rules the general behavior of the processor.

Re
sS

rc

M
em

W
r

AL
U

op

AL
U

sr
c

BR
w

r

Ju
m

p

Br
an

chop

000(add)001100(lw)0000011

(sw)0100011

(I-type)0010011

(R-type)0110011

(beq)1100011

(jal)1101111

Truth table

7

Branch

Jump

BRwr

ALUsrc ResSrc

MemWr

2

op

2

Main
DEC

ALUop

2



60

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Controller design: main DEC

19:15

24:20

11:7

+
4

A
L

U

+

2
1
0

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

z

Mem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ], PC ← PC+4

Re
sS

rc

M
em

W
r

AL
U

op

AL
U

sr
c

BR
w

r

Ju
m

p

Br
an

chop

00(sw)0100011
In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D
0
1

sw rs2, imm(rs1)



61

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Controller design: main DEC

Re
sS

rc

M
em

W
r

AL
U

op

AL
U

sr
c

BR
w

r

Ju
m

p

Br
an

chop

1000(sw)0100011

sw rs2, imm(rs1)

19:15

24:20

11:7

+
4

A
L

U

+

2
1
0

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

z

Mem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ], PC ← PC+4
In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D
0
1



62

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Controller design: main DEC

Re
sS

rc

M
em

W
r

AL
U

op

AL
U

sr
c

BR
w

r

Ju
m

p

Br
an

chop

–1(add)001000(sw)0100011

sw rs2, imm(rs1)

19:15

24:20

11:7

+
4

A
L

U

+

2
1
0

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE
R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

z

Mem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ], PC ← PC+4
In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D
0
1



63

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Controller design: main DEC

 This subcircuit rules the general behavior of the processor.
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Controller design: main DEC

 This subcircuit rules the general behavior of the processor.

Re
sS

rc

M
em

W
r

AL
U

op

AL
U

sr
c

BR
w

r

Ju
m

p

Br
an

chop

000(add)001100(lw)0000011

–1(add)001000(sw)0100011

010(operate)101100(I-type)0010011

010(operate)100100(R-type)0110011

–0(subtract)010001(beq)1100011

100––110(jal)1101111

Truth table

7

Branch

Jump

BRwr

ALUsrc ResSrc

MemWr

2

op

2

Main
DEC

ALUop

2



69

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

Controller design: main DEC

 This subcircuit rules the general behavior of the processor.
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Simulation: 3rd cycle
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Simulation: 4th cycle

beq x4, x4, -12
PC ← if ( RF[ x4 ] == RF[ x4 ] )

then ( PC + sExt(-12) ) else ( PC+4 )

19:15

24:20

11:7

14:12

30

6:0

+
4

A
L

U

+

0
1

Sign
extension

0
1 D

at
a

M
em

o
ryA RD

WD

WE 2
1
0

sExt
DEC

ALU
DEC

5

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

PCSrc

ImmSrc

ALUctr

funct3

funct75

op5

R
eg
is
te
r

F
il
e

RA1

RA2

WA

WD

WE

RD2

RD1

P
C

0x
00

00
10

10

0x00001010
0x

FE
42

0A
E3

0x0000000E

0x0000000E

0x0000000E 0x00000000

0x0000000E

0xXXXXXXXX

0x00000000

0xXXXXXXXX

0xFFFFFFF4

0x
FF

FF
FF

F4

0x0000100C

0x
00

00
10

00

0x
00

00
10

0C

0x
00

00
10

00

0x4

0x15

0x4

1
1

000

0x63

1

10

1

1

0 0 01 00x63 00

Main DEC ResSrc

ALUsrc MemWr

Jump

Branch op BRWr ALUop
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Cost and cycle time (90 nm CMOS )

critical 
path

instr.register transfer

9,692 psvariousPC ← PC+4 

27,616 pslwRF[ rd ] ← Mem[ RF[ rs1 ] + sExt(imm) ]

26,661 psswMem[ RF[ rs1 ] + sExt(imm) ] ← RF[ rs2 ]

19,116 psI-typeRF[ rd ] ← RF[ rs1 ] op sExt(imm)

18,928 psR-typeRF[ rd ] ← RF[ rs1 ] op RF[ rs2 ]

18,547 psbeqPC ← if ( RF[ rs1 ] = RF[ rs2 ] )
then ( PC + sExt(imm) ) else ( PC+4 )

10,073 ps
jal

RF[ rd ] ← PC+4

17,033 psPC ← PC + sExt(imm)

27,616 psmax.

...
L7: 
lw x6, -4(x9)
sw x6, 8(x9)
or x4, x5, x6
beq x4, x4, L7
...

𝒕𝒆𝒙𝒆𝒄 = 4 × 27.6 𝑛𝑠 = 𝟏𝟏𝟎. 𝟒 𝒏𝒔

1 cycle

1 cycle
1 cycle
1 cycle

4 cycles

+

𝒕𝒄𝒍𝒌 = 𝟐𝟕. 𝟔 𝒏𝒔 

𝒇𝒄𝒍𝒌 =  
1

𝑡௖௟௞
=  

1

27.6 ȉ 10ିଽs
= 𝟑𝟔. 𝟐 𝐌𝐇𝐳

𝒂𝒓𝒆𝒂 = 𝟓𝟗𝟏𝟖𝟏 𝝁𝒎𝟐
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Conclusions

 The single-cycle implementation has some problems:
o The cycle time is determined by the slowest instruction

• All the instructions take the same time to execute regardless of its complexity:  
time is wasted in the execution of the faster instructions.

• In real ISAs, there are some very long instructions: slow memories, complex 
arithmetic operations, complex addressing modes...

o It is not possible to reuse hardware: 
• It requires one ALU and 2 adders, separate instruction and data memories...

MEM ALU MEM RFsExt

MEM ALU MEMsExt

ALU RFMEM sExt

ALU RFMEM

MEM ALU

MEM +sExt

lw

sw

I-type

R-type

beq

jal

waste (31%)

waste (38%)

waste (32%)

waste (33%)

27.6 ns

RF

RF
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• Register File design.
• Memory design.
• ALU design.
• Sign Extension module design.
• Cost calculation.
• Cycle time calculation.

Technology
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 The Register File contains 32 data registers, each one with 32 bits.

Register file

wd

rd1

32

32

weclk

1 32-bit data inputWd

2 32-bit data outputsrd1, rd2

1 5-bit write address input  Wa

2 5-bit read address inputs  ra1, ra2

1 write enable inputWe

1 clock inputClk

ra2

5

ra1

5

wa

rd2

32

5
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x1

x31

clk

ld

ld

0

31 registers

Register x0 (zero) is not an actual register, 
but a direct connection to32 0’s

The other 31 registers (x0-x31)
are actual registers
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x1

x31

32

clk

ld

ld

32

32

wd

0

31 registers
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0

31

1
wa

x1

x31

32

clkwe

E

ld

ld

32

32

wd

5

0

31 registers
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0

31

1
wa

x1

x31

32

clk

0

31

32
rd1

ra1we

E

ld

ld

32

32

32

32

32

wd

1
5

5

0

31 registers
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0

31

1
wa

x1

x31

32

clk

0

31

32
rd1

ra1we

E

ld

ld

32

32

32

32

32

wd

0

31

1

32
rd2

ra2

5

5

5

0

1
31 registers
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0

31

1
wa

x1

x31

32

clk

0

31

32
rd1

ra1we

E

ld

ld

32

32

32

32

32

wd

0

31

1

32
rd2

ra2

5

5

5

0

1
31 registers
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M
E

M

we

rd

a

32

wd
32

clk

1 32-bit data input wd

1 32-bit data output rd

1 32-bit address inputa

1 write enable inputwe

1 clock inputclk

32

Memory with double data port, byte 
addressable and with little-endian 

organization232×8 RAM = 230×32
(230 words with 32 bits) 
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30 30

8

MEM 
230×8

MEM 
230×8

30 MEM 
230×8

30 MEM 
230×8

rd

32

2

+

+

+
8 8 8

8 8 8 8

32

32

wd

LSBMSB

we

Since the reduced architecture only operates with 32-bit data, byte 
addressing is achieved by getting rid of the 2 least significant bits of 

the address

In the full architecture, the memory would have an additional signal 
to indicate the access size (8/16/32 bits), which together with these 

two bits would be used to determine what modules are read/written

Multimodule implementation
230×32 MEM (4 GiB) byte addressable using 4 230×8 MEM (1 GiB)
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 The ALU is a combination module that performs:
o The memory effective address calculation in lw/sw instructions. 
o All arithmetic-logic operations in I-type / R-type instructions.
o The operand comparison in beq instructions.
o In the multicycle data path, it will also be used to increment the PC and 

perform the branch address calculation in beq/jal instructions.

2 32-bit data inputsA, B

1 operation selector inputop

1 32-bit data outputR

1 zero flagz

BA

R

3232

32

opz ALU 3
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2 32-bit data inputsA, B

1 operation selector inputop

1 32-bit data outputR

1 zero flagz

BA

R

3232

32

opz ALU 3

Rop0op1op2

A & B010
A | B110

–011
–111

logical operationsarithmetic operations

Rop0op1op2

A + B000
A – B100

–001
if (A<B) then 1 else 0101
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+/– op0

A
B

10op0

Rop0op1op2

A & B010
A | B110

–011
–111

logical operationsarithmetic operations

Rop0op1op2

A + B000
A – B100

–001
if (A<B) then 1 else 0101

32

32

32 32

32

32
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+

10

+

op2

+

+/– op0

A
B

10op0

arithmetic operations

Rop0op1op2

A + B000
A – B100

–001
if (A<B) then 1 else 0101

sign bit

32

32 32

32

32

31

31

31

32
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01
op1

R z

Rop0op1op2

A & B010
A | B110

–011
–111

logical operationsarithmetic operations

Rop0op1op2

A + B000
A – B100

–001
if (A<B) then 1 else 0101

32

3232



92

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

+/– op032

32 32

32

32

A
B

01
op1

R z
32

32 +

10

+

31

31

op2

+
31

10op0

32
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 The Sign Extension module is a combinational module that builds the 
32-bit immediate operand based on the information contained in the 
imm fields of the instruction:  
o For each instruction type, the imm field has a different size and position

within the instruction.
o Therefore, apart from extending the sign, it must reorder the bits and fill 

with 0 in the case of branch addresses.

1 32-bit data input (instruction)x

1 operation selector inputop

1 32-bit data output (immediate operand)z

Sign
extension

op
2

32

32

x

z
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S-type

B-type

J-type

I-type

im
m

12

imm10:5

imm19:12im
m

20

im
m

11

im
m

11

imm4:1

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x3100

imm11:5 imm4:0

imm11:0

imm10:1
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im
m

12

imm10:5

imm19:12im
m

20

im
m

11

im
m

11

imm4:1

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

imm11:5 imm4:0

imm11:0

imm10:1

S-type

B-type

J-type

I-type
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im
m

12

imm10:5

imm19:12im
m

20

im
m

11

im
m

11

imm4:1

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

x7x8x9x10x1101

imm11:0

imm11:5 imm4:0

imm10:1

S-type

B-type

J-type

I-type
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im
m

12

imm10:5

imm19:12im
m

20

im
m

11

im
m

11

imm4:1

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

x7x8x9x10x11x25x26x27x28x29x30x3101

imm11:0

imm11:5 imm4:0

imm10:1

S-type

B-type

J-type

I-type
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im
m

12

imm10:5

imm19:12im
m

20

im
m

11

im
m

11

imm4:1

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

x7x8x9x10x11x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3101

imm11:0

imm11:5 imm4:0

imm10:1

S-type

B-type

J-type

I-type
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imm10:5

imm19:12im
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20
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11

im
m

11

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

x7x8x9x10x11x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3101

x8x9x10x1110

imm11:0

imm11:5 imm4:0

imm4:1

imm10:1

S-type

B-type

J-type

I-type



100

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

im
m

12

imm19:12im
m

20

im
m

11

im
m

11

imm4:1

24 20 19 152531 30 14 12 11 7 021 8

z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

x7x8x9x10x11x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3101

x8x9x10x11x25x26x27x28x29x3010

imm11:0

imm11:5 imm4:0

imm10:1

imm10:5

S-type

B-type

J-type

I-type
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z0z1z2z3z4z5z6z7z8z9z10z11z12z13z14z15z16z17z18z19z20z21z22z23z24z25z26z27z28z29z30z31op

x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100

x7x8x9x10x11x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3101

x8x9x10x11x25x26x27x28x29x30x710

imm11:0

imm11:5 imm4:0
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m

11

imm10:1

S-type

B-type

J-type

I-type
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x20x21x22x23x24x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3100
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x8x9x10x11x25x26x27x28x29x30x7x3110

imm11:0

imm10:5 im
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imm4:0imm11:5
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m
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imm10:1

S-type

B-type

J-type

I-type
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x7x8x9x10x11x25x26x27x28x29x30x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3101

0x8x9x10x11x25x26x27x28x29x30x7x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3110
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op
2

32

32

x

z

Sign
extension

1 32-bit data input (instruction)x

1 operation selector inputop

1 32-bit data output (immediate operand)z
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0x8x9x10x11x25x26x27x28x29x30x7x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x31x3110
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+

32 z

+

32x
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19:12
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+
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1131

7

20

+

32x

+

32 z
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30:25 10:56

+
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+
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31

+

30:25 6

10:5

0

1
4:1

11:8 4

24:21 4

0

1
0

20

7

8

19:120

1

8

11

32

8

6

4

31:2012

op0

0
1
2
3

op

32 zx

op1

+

19:12

76:0
2
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 The processor cost is the addition of the costs of each of the 
components that form it.
o The cost of each component is calculated by adding the cost of its cells.

 The processor cycle time is the maximum critical path of the register 
transfers performed by the processor.
o The critical path of a register transfer is the data path with the largest delay 

among all the paths involved in that transfer.
o In the single-cycle processor, one instruction involving 1 or 2 register 

transfers is executed per cycle: the PC update and the specific of each 
instruction.  

 The same cell library (90nm CMOS) used in FC-1 will be utilized for all 
the calculations.



120

FC-2

31
/1

0/
23

 v
er

si
on

m
od

ul
e 

5:
Si

ng
le

-c
yc

le
 p

ro
ce

ss
or

 d
es

ig
n

90 nm CMOS

10

32

32

32

32

area: 32×11.05 = 354 m2

delay: 223 ps

+

3232

32

FAFA
32

area: 32×29.49 = 944 m2

delay: 32×226 = 7,232 ps

ALU

3232

32

area: 3,052 m2

delay: 8,360 ps

z

0

32

32

32

area: 32×23.04 = 737 m2

delay: 250 ps

2

32

1

32

area: 202 m2

delay: 460 ps

R
eg
is
te
r

fi
le

RA1

RA2

WA

WD

WE

RD2

RD1
area: 51,405 m2

read delay: 723 ps
write setup: 705 ps
(due to the address DEC)

90 nm CMOS cell library, source: Synopsys (SAED EDK 90 nm)

Sign
extension

32

32
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90 nm CMOS

In
s
tr
u
c
ti
o
n

m
e
m
o
ry

A D

D
at
a

m
e
m
o
ryA RD

WD

WE

area: −
access time: 8,500 ps

area: −
access time: 8,500 ps

area: 21 m2

delay: 451 ps
sExt
DEC

area: 65 m2

delay: 451 ps
main
DEC
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32
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area: 32×32.26 = 1,032 m2

CLKQ delay: 1×167 = 167 ps
setup: 0 ps

D D

Idealized behavior: delay comparable to the one of the ALU 
(so that it can be read in one clock cycle)

90 nm CMOS cell library, source: Synopsys (SAED EDK 90 nm)
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PC increment: critical path
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lw instruction: critical path
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sw instruction: critical path
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addi-like instructions: critical path
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add-like instructions: critical path
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beq instruction: critical path
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then ( PC + sExt(imm) ) else ( PC+4 )
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jal instruction (PC update): critical path
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PC ← PC + sExt(imm)
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 CC license (Creative Commons)
o This license enables reusers to distribute, remix, adapt, and build 

upon the material in any medium or format for noncommercial 
purposes only, and only so long as attribution is given to the creator. 
If you remix, adapt, or build upon the material, you must license the 
modified material under identical terms:

More information: https://creativecommons.org/licenses/by-nc-sa/4.0/

Attribution: 
Credit must be given to the creator.

Non commercial: 
Only noncommercial uses of the work are permitted. 

Share alike:
Adaptations must be shared under the same terms.


