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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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Introduction

The most reliable method to know the performance of a computeris 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. depends on the programmer

o Number of cycles that each instruction needs.

i depends on the HW design
o Cycle time (clock frequency). < P g

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.



Introduction

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

31/10/23 version

" 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.
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module 5:

o Multicycle processors: all transfers between registers that happen in an
instruction are distributed among several consecutive clock cycles.




Introduction

W)

" Processors are designed according to the global clock (rising) edge
synchronous timing model:
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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
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Reduced architecture RISC-V

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

lw rd, imm,, (rsl) rd & Mem|rsl + sExt(imm) ] I-type

sw rs2, imm,, (rsl) Mem][rsl+sExt(immg,.)] < rs2 S-type

" Arithmetic-logic with both operands in registers

add rd, rsl, rs2 rd & rsl + rs2 R-type
sub rd, rsl, rs2 rd ¢ rsl - rs2 R-type
and rd, rsl, rs2 rd & rsl & rs2 R-type
or rd, rsl, rs2 rd €& rsl | rs2 R-type

slt rd, rsl, rs2 rd < if(rsl<crs2)then(1)else(0) R-type




Reduced architecture RISC-V

Instruction set (ii)

31/10/23 version

" Arithmetic-logic with one immediate operand

addi rd, rsl, imm;,, rd & rsl+ sExt(imm), I-type
andi rd, rsl, imm;,, rd ¢ rsl& sExt(imm) I-type
ori rd, rsl, imm;,, rd & rsl | sExt(imm) I-type
slti rd, rsl, imm;,, rd < if(rsl<;sExt(imm))then(1)else(0) I-type

® Conditional branch instructions

beq rsl, rs2, imm;; PC<&if(rsl=rs2) B-type
then ( PC + sExt(imm,,., << 1)) else ( PC+4 )

® Branch to function instruction

[~
Ay
0
s
1 .
Q
(7,
v
Q
3
=
Q
§
i
]
—
(<))
S
*

module 5:

jal rd, imm,, PC & PC + sExt(imm,,., << 1), rd & PC+4 J-type




Reduced architecture RISC-V

Instruction format

" Theinstruction formats and field encoding will be the same as in the
complete architecture.
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31 2524 2019 1514 1211 7 6 0
funct7 rs2 rsl funct3 rd op R-type
imm, 4, rs1  |funct3 rd op I-type
S '
xS immy;.c rs2 rsl funct3| imm,, op S-type
S
O ) .
S iImmy; 105 rs2 rsl funct3| immy.q 44 op B-type
s
L4 MMy 10:1,11,19:12 rd op J-type
s 2
£ 5




Reduced architecture RISC-V

Instruction format: field encoding

S : funct7  funct3 op
7] Instruction  Type bits 31:25  bits 14:12 bits 6:0
S 1w | — 010 0000011
. Sw S - 010 0100011
add R 0000000 000
sub R 0100000 000
slt R 0000000 010 0110011
s or R 0000000 110
g and R 0000000 111
§ addi | - 000
& slti | = 010
i 0010011
gé ori I — 110
&G andi | = 111
beq B - 000 1100011
jal J - - 1101111
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Data path design

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:

Integrated in the processor.
Byte-addressable, but able to accept/offer 4 bytes per access.
Access time lower than the processor cycle time.

Split in two, because instructions must be read from memory in the same
clock cycle in which data are read/written.
e 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.



Data path design

Storage elements (ii)

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

31/10/23 version

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

Storage elements (iii)

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

31/10/23 version

Register file with 32 registers (32 bits each) with
2 output data ports and 1 input data port

< | S

S WE [ WE
o $5 fdra1 VE Eror |-
I - B/ S
A 'g' g + RA2 ‘5 2 RD2 A ‘g gRD

= i/— WA DT 1 Qo

WD WD
A A

" The 32 registers are organized in a 3-port Register File:

o In asingle-cycle processor, R-type instructions read 2 registers and write 1
register from the Register File in the same clock cycle.

add rd, rsl, rs2 RF[rd] ¢ RF[rs1]+RF[rs2], PC & PC+4
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Data path design

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.

31/10/23 version

S z
9 32 WE
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O
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A ZE RA2 %9 pny 31'_/32 A*E‘E’RD
= WA ?II 32 Qo
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32 Sign 32 . 32-bit ALU
+ extension +
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Data path design

Functional elements (ii)

" |t will have an additional adder to increment the PC

o In asingle-cycle processor, the PC is updated with the address of the
following instruction in the same clock cycle in which the ALU works.
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32-bit adder
S Z
R
S o b S rat VE RD1 1\ WE
g & AEEP g 3 A o SRD
° A 2 E RA2 %2 pno < 3
S = WA DUuW Q g
8 WD ©
S WD
S A A
Q
. Q
R
v 9
% < Sign
Q 2’ extension
€&

" It always adds +4 because the Memory is byte-addressable, and all the
instructions take 32 bits (4 bytes).
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Data path design

Functional elements (iii)

®" |t will have an additional adder to calculate branch addresses

o In asingle-cycle processor, beq instructions operate in the ALU, calculate
PC+4 and calculate the branch address in the same clock cycle.

> PC

4

>
Instruction

memory

beq rsl,rs2,imm

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

Z
WE
RA1 WE RD1 1\
“ ) >
RA2 -3 ° &I — A L s RD
wa S RD2 85
x =
WD WD
A A
Sign
extension

32-bit adder



Data path design

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).
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4
“““ The instruction memory contains the program to execute
c A“ Z
R WE WE
§1 3 o g RA1 RD1 1\
3 Q AS§D 8 3 3
8 A i e Rez 2 = P
S == RD2
S R = WA DT 85
g wp =
§ A WD N
Q
Q
e Q
Q3
3 R Sign
Q 2’ extension
€ &

“ The PC contains the address of the instruction to execute




Data path design

1w instruction: reading the base register
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Q lw rd, imm(rsl) immy . rs1  [funct3 rd op
5

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

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

S z
R WE WE
S o $5 RA1 RD1 I\ A
g & ASS g 3 A o SRD
< A 2§ RA2 G 9 cpo < %8
S = WA DUuW Q g
g WD «
S WD
S A A
2
o
noS
v ¥
% < Sign
Q 2’ extension
€ &

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




Data path design

1w instruction: calculating the offset

c

o

2 31 2019 1514 1211 7 6

> - .

2 lw rd, imm(rsl) imm; ;. rs1  [funct3 rd op
(=}

5

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

4
~ The imm instruction field contains the 12-bit offset
S z
o
o g ?; RA1 WE RD1 I\ 1\ WE
o A Eg D 5 ) >
A 3 8 RA2R o o) = A S gRD
= WA P Qg
K x S
o A A

Sign
extension

[~
Ay
0
s
1 .
Q
(7,
v
Q
3
=
Q
§
i
]
—
(<))
S
*

module 5:

" The Instruction Memory and the Sign Extension module are connected to
extend the 12-bit instruction offset to 32 bits.




Data path design

1w instruction: calculating the effective address
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> - .

Q lw rd, imm(rsl) immy . rs1  [funct3 rd op

5

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

4
The base address and the offset are added in the ALU to
calculate the effective address of the data that has to be loaded
< ""’Z
S WE

5 $5 rat E RD1 I\b\

b & A SE . )

N A B g RA2 2 2F— |r gRo

S = wa S RD2 85

A x s

Q

WD

§ A WD A

Q

Y
e Q
BN
v ¥
% < Sign
Q 2’ extension
€&

" The Register File and the ALU are connected to calculate the effective address




Data path design

1w instruction: reading the operand
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> - .

Q lw rd, imm(rsl) immy . rs1  [funct3 rd op
5

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

S y4
9
S o b S rat VE Rp1 I\ WE
e~ £5 0 . = o
3 A g 2 RA2 8o 2 A‘EgRD
S = WA DT S g
8 WD «
S WD
S A A
K
. Q
n X
v 9
% < Sign
Q 2’ extension
€&

" The ALU and the Data Memory are connected to read the data




Data path design

1w instruction: loading the operand
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§ lw rd, imm(rsl) immy rs1 funct3 rd op
=

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

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

S z
R WE WE
S o $5 RA1 RD1 I\ A
g & ASS g 3 A o SRD
< A 2§ RA2 G 9 cpo < %8
S = WA DUuW Q g
g WD «
S WD
S A A
2
o
noS
v ¥
% < Sign
Q 2’ extension
€ &

" The Data Memory and the Register File are connected to load the data into the
rd register




Data path design

1w instruction: incrementing the PC
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2 31 2019 1514 1211 7 6

> - .

Q lw rd, imm(rsl) immy . rs1  [funct3 rd op
5

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

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

‘0
‘O
*

o*
"
*

c "’Z
S WE R WE
S o b S RA1 RD1 I\L\ T
g 1" 55§ 5 3 A o SRD
s A g § A2 52 pp < T8
S = WA DL Qg
g « =
§ WD A WD A
S
2
. Q
° &
SQ Sign
T O .
SERS extension
€&

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




Data path design

Data path for 1w instructions

S
g " This data path can execute any sequence of 1w instructions. It will be
= expanded in order to execute others.
4
S z
§ O A ‘§ g RA1 ZVE RD1 I\:_'T WE
3 A 3 g RA2 € 2 A & SRD
§ £ WA 'qs,.,lt RD2 gé
§ wo WD
S_ A A
Q
S
U ¥
% 2 Sign
Q € extension
£ 5

e
e
LN ]
LN ]
......
...
"
"
I

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




Data path design

Data path for sw instructions

=

o

2 31 2524 2019 1514 1211 76

> . - .

2 sw rs2, imm(rsl) immy.c rs2 rsl Ifunct3 imm,., op
o

5

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

Increments PC ~ Reads base address

« Calculates effective address

S Z
o 19:15 WE WE
S o ® S RA1 Erp1 I\k j\
= a Gy A E &ED o = E.
s A 3 & RA2 & - A & SRD
5 g § 11.7 22 RD2 < % g
S = ' WA DL Qg
g « =
§ WD A WD A
Q.
Q
o §
% Q 31:20 Sign
Q 2’ extension
€ &

" Part of this data path can be reused to execute sw instructions
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Data path design

sw instruction: calculating the offset

31 2524 2019 1514 1211 7 6 0

sw rs2, imm(rsl) imm,,.c rs2 rs1 |funct3 imm,., op
Mem|[ RF[ rs1 ] + sExt(imm) ] €& RF[rs2 ], PC & PC+4

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

S Z
S WE
b S ra1 VE Rpi I\
o
n. e — A E QE, a ..0’ 3 A E‘RD
A 2 E RA2 % 2 RD2 < 3 S
= WA &.E Qo
X S
WD .- )
2 A

‘.; /
31:20,11:7 Sign
extension

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

sw instruction: storing the data

31

2524 2019 1514 1211 7 6

sw rs2, imm(rsl)| imm,. rs2 rsl Ifunct3 imm,_, op

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

4 The rs2 instruction field contains the number of the
* source register that has the data to be stored in memory
S y
Q
o 5 ?; ra1 VE RD1 I\ T WE
A v g RA2 ‘3 ° - A 86 RD
£ 23 RD2 < ® £
WA DUuW Qg
x S
WD WD
A A
31:20,11:7 Sign
extension

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

Data path for 1w/ sw instructions

" This data path can execute any sequence of 1w and/or sw instructions.
It will be further expanded.

> PC

>
Instruction

memory

31:20,11:7

Z
WE
rat WE Rp1 I\ A
“ ) >
RA2 ‘3 ° :tl A = sRD
wa S RD2 85
x =
WD WD
A A
Sign
extension

e
e
LN ]
LN ]
......
...
"
"
I

This adder is only used to calculate branch
addresses in jal/beq instructions
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addi rd, rsl,

Data path design

Data path for addi-like instructions

31 2019 1514 1211 7 6 0

imm rsl funct3

Imm, 4.9 rd op

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

Reads the operand contained in
the source register

Loads the result into
the destination register

Increments PC

> PC
>
Instruction

.+ Performs the operation
K “““‘ “Z““
g i a1 2E oo ) I\k WE
g o’ ) J
[ L -] y
2 RA2 22 v 3 A s gRD
WA “puw Qg
o =
WD WD
A A
31:20, 11:7 Sign
extension

Accesses the immediate
operand and extends its sign

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

instructions



Data path design

addi-like instructions: storing the result

c
o
'g 31 2019 1514 1211 7 6 0
> . ) .
< addi rd, rsl, imm immy rs1  |funct3 rd op
o
= RF[rd ] ¢ RF[rs1] op sExt(imm), PC & PC+4
4
Allows storing the result of an operation or a data read
from memory into the Register File ™
c Z ;“
S
o £5 ra1 VE RD1 I\_'T WE
A ZE RA2 32 ppy < o i
= WA DT 8§
x S
WD WD
A A

31:20,11:7 Sign
extension
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" A multiplexer is added in order to store the ALU operation result into register rd
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Data path design

Data path for 1w/sw/addi instructions

" This data path can execute any sequence of 1w, sw, and/or arithmetic-
logic with immediate operand instructions.

> PC

>
Instruction

memory

31:20,11:7

Z
WE
rat WE Rp1 I\ A
“ ) >
RA2 ‘3 ° :tl A = sRD
wa S RD2 85
x =
WD WD
A A
Sign
extension

e
e
LN ]
LN ]
......
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"
"
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This adder is only used to calculate branch
addresses in jal/beq instructions



add rd,

rsl,

rs2

Data path design

Data path for add-like instructions

31

2524

2019

1514

1211

7

funct?7

rs2

rsl

Ifunct3

rd

op
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RF[rd ] < RF[rs1]op RF[rs2], PC &< PC+4

Reds the 2 operands contained in
the source registers

Increments the PC Writes the result in a

o’
.
.

ot

o’
.
.

different register

“
*
*
*
*
*
*
*
*
*
*
*
“
*

“
*
*
*
*
*
*
*
*
*
*
*
“
*

.+ Performs the operation

R
.
e

g b E ““““““ ‘Z‘¢‘ WE

.g’ o ',.8 S RA1 M RD:I‘ .® N“‘
2 a— A 2§ P 5 e 31 >
S A W g RA2 % o = A g sRD
N £ £2= RD2 S
o WA “pW Qg
a 4 S
Q
3 WD WD
.
Q A A
Q

v §

3 % 31:20,11:7 Sign

Q € extension

€ &

" Part of this data path can be reused to execute add/sub/and/oxr/slt
instructions
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Data path design

addi-like instructions: calculating the operation

31

2524

2019

1514 1211

7

add rd, rsl, rs2 funct7 rs2
RF[rd ] < RF[rs1] op RF[rs2], PC &< PC+4

rsl

Ifunct3

rd

op

Allows operating with an immediate
operand or with a register operand

WD

emory

Data

> M

—Pr

4
c
i) WE
o ° g« RA1
o ] A E qE, 3
A 2 s P oe
= WA DU
x
WD
A
31:20,11:7 Sign

extension

A multiplexer is added in order to reuse the ALU to perform arithmetic-logic

operations with 2 registers
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Data path design

Data path for lw/sw/addi/add instructions

" This data path can execute any sequence of 1w, sw, and/or arithmetic-
logic instructions.

> PC

>
Instruction

memory

31:20,11:7

Z
WE
rat WE Rp1 I\ A
“ ) >
RA2 ‘3 ° :tl A = sRD
wa S RD2 85
x =
WD WD
A A
Sign
extension

e
e
LN ]
LN ]
......
...
"
"
I

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



Data path design

Data path for beq instructions

31 2524 2019 1514 1211 7 6 0

beq rsl,rs2,imm| imm, s rs2 rsl  [funct3] imm,, ,, op

31/10/23 version

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

Increments the PC Compares operands
R by subtracting

I~ o7
o -
o $5 ra1 WVE RD1 I\‘\ A WE
S—1* 3§ ° 5 3 >
< 2 = RD2 < ® £
= WA DL Q g
&
WD WD
A A

—

Sign

extension 1 T

31:20,11:7
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Accesses the immediate
operand and extends its sign

" Part of this data path can be reused to execute beq instructions
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Data path design

beq instructions: calculating the branch address

31 2524 2019 1514 1211 7 6 0
beq rsl,rs2,imm| imm, s rs2 rsl  [funct3| imm,, ,, op

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

4
The ALU is being used to perform the
comparison, and therefore it cannot be used to
calculate the branch address simultaneously
$» WE -~ Z WE
&) S 9 RA1 RD1 T
A - O RA2 & - A w S RD
2§ 22 Rp2 < T £
= WA DUuW Qg
x S
WD WD
A A

—

31:20,11:7 Sign
extension

The PC content and the offset are added

" The PC, the Sign Extension module and the Adder are connected to calculate
the branch address.
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beq instructions: updating the PC

C

o

'g 31 2524 2019 1514 1211 7 6

> - . .

g beq rsl,rs2,imm| imm, s rs2 rsl  Jfunct3] imm,, 4 op
5

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

Allows loading the PC with either the address of the
following instruction or with the branch address
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31:20,11:7 Sign

extension
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" A multiplexer is added to be able to load the branch address into the PC
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Data path design

Data path for 1lw/sw/addi/add/begq instructions

" This data path can execute any sequence of 1w, sw, arithmetic-logic
and/or conditional branch instructions.

31/10/23 version
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Data path design

Data path for jal instructions

31 1211 7 6 0
jal rd, imm IMM>610.1.11.19:12 rd op

PC & PC + sExt(imm), RF[ rd | ¢ PC+4

S z
o WE WE
o 5 RA1 RD1, I\ 1\
a1 A E &ED Lo et oD E‘
A - O RA2 8 o* | A ] °RD
2 E 485 RD2 < % £
= WA &puW Qo
x S
WD WD
A A

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

o
.
.

“
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*
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“
*

“
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*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
“
*

31:20,11:7 sign | | INU e Calculates the branch address

extension

Part of this data path can be reused to execute jal instructions
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Data path design

jal instructions: calculating the branch address

31 1211 7 6 0

jal rd, imm IMMy510.1.11.19:12 rd op

PC & PC + sExt(imm), RF[ rd | ¢ PC+4

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

S z
o
o §5 WE RD1 N A WE
A 32 A2 2 0 A & SRD
£ ST RD2 < T £
& o2
WD
A A

Sign

extension
F+

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




Data path design

jal instructions: saving the return address

31 1211 7 6 0

jal rd, imm IMM>610.1.11.19.12 rd op

31/10/23 version

PC & PC + sExt(imm), RF[ rd | ¢ PC+4

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

S y
e) 2
o g5 ra1 VE RO I\ T WE 1
N A S aE> 3 3 A E‘RD 10
A 2§ RA2 %2 png < % 8
= WA DUuW Qg
x S
WD WD
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—

Sign

extension
#+

" The multiplexer is extended to be able to save the return address into rd.
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Data path design

Reduced RISC-V data path

" This data path can execute any sequence of instructions of the RISC-V

reduced ISA.
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extension
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£§ RA2 & 3 A & SRD 0
2§ 22 Rp2 < % E
= WA DUuW Qg
x S
WD WD
A A
Sign
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Data path design

Connection with the controller

c
o
Iz
2 g PCsre i o SINGLE-CYCLE CONTROLLER mmsiel-.
% E‘ 8‘ ~§ BRwr ALUsrc  ALUctr zero MemWr ResSrc :
= ARA : . - : _
K e3E s e 2
4
+
s Y \
S o S ra1 WE X
g A - RA2 & |,
& A 2 o
S = wA DI
0 x
S WD
3 A
-
SQ Sign
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£ 5 A +




Data path design

Connection with the clock and reset

c
o]
I3
g g PCsre i o SINGLE-CYCLE CONTROLLER mmsiel..
% rst E‘ S § BRwr ALUsrc  ALUctr zero MemWr ResSrc :
p AN : : A T v
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Data path design

Full system

c
)
Iz
5 . .................................. PCsrc ﬁ: % SINGLE_CYCLE CONTROLLER Immereh. g
% E‘ 5 ~§ BRwr ALUsrc  ALUctr zero MemWr ResSrc :
= ARA ; : = : _
3 O - 2
4
+
S ¥ \
S o A ° ra1 WE X
0 Q g RA2 5 .
o A 7 %o
S = WA DI
0 x
S WD
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oo F" SINGLE-CYCLE
f DATA PATH
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Controller design

Controller structure (i)

" In the single-cycle processor, the controller is a combinational circuit:

o Itis composed of 4 subcircuits to facilitate its design:

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

' controls the ALU operation by controls what kind of sign
branch logic: controls whether decoding the arithmetic extension has to be performed by
the processor branches or not operation codes decoding the operation code

zero op funct3 funct7s e ‘
SINGLE-CYCLE py
CONTROLLER K3 ~

Branch

PCsrc BRwr ALUsrc ResSrc MemWr ALUctr ImmSrc



Controller design

Controller structure (ii)

" Inthe single-cycle processor, the controller is a combinational circuit:
o Itis composed of 4 subcircuits to facilitate its design:

c
iel

7

—

[}

>
™
N
~~
S
-
~
=
™

ALUop: indicates the ALU operation:
* 00: add (1w/sw effective address calculation)
+ * 01:subtract (beqcomparison)

\d
*

i Branch: indicates if it is a beqinstruction .~ 10: operation based on the instruction (I-type / R-type)

Jump: indicates if it is a jal instruction

Ny

* The jal instruction does not use the ALU
zero: op funct3 funct7,
< : 3 '
2 SINGLE-CYCLE ‘ ;\
s CONTROLLER -
s e
S : Branch
Q - .
s ¥ Jump >~ Main decoder
3
9
(o))
S
vy

module 5:

PCsrc BRwr ALUsrc ResSrc MemWr ALUctr ImmSrc




Controller design

Controller structure (iii)

oo ' Main DEC ..........................

..................................... ALUsre ALUop

31/10/23 version
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Controller design
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

c
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™

funct3 funct7, Truth table
3~|\ ALUop | op; | funct7, funct3 ALUctr
Op5 00edd) X X XXX 000 A +8)
Ol(subtract) X X XXX 001 (A-B)
S ALUop e "
£ 1pteperate) | X 000@d4) 000 A *8)
B
x 1O(operate) 1 0 Ooo(add) 000 (A+B)
2 ALUctr
(] (operate) (sub) (A=B)
§ ALUctr R 10 1 1 000 001
;‘ 000 A + E A _> 1O(operate) X X Olo(slt/slti) 101 (A< B)
@R 001 A-B :
v ? n—b 1O(operate) X X 110(or/or1) 011 (A| B)
33 010 A&B R _
g ;E, 011 A | E 1O(operate) X X 111(and/and1) 010(A & B)
101  A<B B—>

others




Controller design
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

c
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funct7s;  funct3, Truth table
OPs ALUop, ALUop | op; | funct7, funct3 ALUctr
ALUop, funct3, funct3, ooadd) X X XXX 000 A+B)
g fsubtract) | ¥ X XXX 001 -8
5 100eee) | g | x | gpoladdi) 000 +8
§ l 6 1gtperte) | g 0 | 000 000 **#
§ SJ ElJ pploperate) | q 1 000's?l 001 A8
g- | 1O(operate) X X Olo(slt/slti) 101 (A<B)
i-:j ?, jploperate) |y X 11000¥/cx3)  } 011 A18)
E E’ J 1O(operate) X X 11 1(and/andi) 010 (A & B)
AlLUcrt, AlLUcrt,

ALUcrt,




Controller design

Controller design: Sign Extension local DEC

" This circuit indicates what type of extension is performed by the Sign
Extension module.
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op Truth table
I Op ImmSrc I
7
0000011** 00 tvpe)
E 0100011%* | 0161w
(7,
3 00100110¥°¢) | ggt-tvee)
S
@ (R-type) -
§ - ImmSre 0110011
5 ——— R 1100011%=2 | 10(B-tvpe)
5 S 00 SExt(X) I-type . 1101111034 | 170
QL % gn
K] 01 sExt(X) S-type extension > R
S 5 10 sExt(X) B-type

11 sExt(X) J-type




Controller design

Controller design: Sign Extension local DEC

" This circuit indicates what type of extension is performed by the Sign
Extension module.

31/10/23 version

o0ps  Op; Truth table 7
op2 I Op ImmSrc I
00000114 | oottveel
0100011¥ | 016tee)
0010011%9*¢ | oo-tvee)

0110011%%°e) | —
11000112 | 106vee)
ImmSrc, 110111132 11 (I-tvee)

ImmSrc,
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Controller design

Controller design: main DEC

S
S " This subcircuit rules the general behavior of the processor.
op Truth table
7 S o s 8 8 3
op Sl gl 3|3 > s | @
_ s | 3| &/|< < S | &
0000011 "

Main
t DEC 0100011 (=%

00100171 (-vee)

oI~ 2[F | o110011 Roee)
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v v v 1100011 ®=9
lij Branch \f BRwr v Memer ALUop
3 Jump  ALUsrc ResSrc 1101111 9=V
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lw rd,

imm(rsl)
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Controller design

Controller design: main DEC

op

Branch

Jump

BRwr

ALUsrc

ALUop

MemWr

ResSrc

0000011 ¥

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

>
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Controller design: main DEC

S .
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(O] S }
S 0| 2| o < < S | x
b 0000011 3¥l....3: o 0:
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Single-cycle processor design
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Controller design

Controller design: main DEC

Slal s 8| 8 |2
- op S| €| 3|2 = s | @
lw rd, ll'ﬂl'ﬂ.(rSl) 5 | 3 g 2 2 s | 2
oo™ [0 | 0 | 1AL |0 [
. RF[ rd ] ¢ Mem[ RF[ rs1] + sExt(iimm) ], PC & PC+4 °
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Controller design: main DEC

S
S " This subcircuit rules the general behavior of the processor.
op Truth table
7 Slals 5 8 |3
°p s E| 2|3 2 |§|%
@ | 3| & < < S |
_ 0000011 | o | o |1 |1 [00™ | 0o |o00
Main
5 t DEC 0100011 &%
S 0010011 (vee)
(o]
¢ s~ 2 | o110011 Rtveel
S.
3 M v M 1100011 =¥
‘f,j% Branch A BRwrvMemer ALUop
§§, Jump  ALUsrc ResSrc 1101111 9=
£ &
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SW rs2,

imm(rsl)

Controller design

Controller design: main DEC
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Controller design

Controller design: main DEC

fla 5|8 & %%
. op % £ 3 D = o %
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Controller design: main DEC

S
S " This subcircuit rules the general behavior of the processor.
op Truth table
7 S o s 8 8 3
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Controller design: main DEC
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Controller design: main DEC
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Controller design: main DEC
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Controller design: main DEC

g
S " This subcircuit rules the general behavior of the processor.
e
op Truth table
p Sl al|lc| B 3 S| o
(72
°p s E (3| 2 §|¢
0| 3| a| < < S | x
. 0000011 | o | o | 1|1 |00™ |0 |00
Main
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(o]
g T 2 |orwoo11®e | o0 | 0 | 1| o | 100k | o | 01
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Controller design: main DEC

2
S " This subcircuit rules the general behavior of the processor.
=
Truth table
Op20P3 Op4 OPs  OPg -
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o c 4 )
P s E| 2/ 32| 2 |ag|%
@ | 3 | o | < < S | x
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Single-cycle processor

Simulation (i)
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L7 -
0x100C beq x4, x4, 7 0xFE420AE37 PC 0x1000
_’g imm,;. rsl funct3 rd op
§ 111111111100 01001 010 | 00110 0000011 OxFFC4A303
S
% immy;.c rs2 rsl funct3 imm,., op
3 11
3 0000000 00110 01001 010 | 01000 0100011 0x0064A423
§ funct?7 rs2 rsl funct3 rd op
79 0000000 00110 00101 110 | 00100 0110011 0x0062E233
E 2
= ° imm,, 100 rs2 rs1 funct3  immy, g op
1111111 00100 00100 | 000 10101 1100011 OxFE420AE3
31 2524 2019 1514 1211



Single-cycle processor

Simulation: 1st cycle

— Main DEC . Resslgrmmmne

..................................... ALUsrc ALUop

31/10/23 version

0x00001004

010 funct3

0x00001004

i 0x00002000

ALUctr:000

0x00002004

RD1 ’ :
: g -
%. -
0XFFFFFFFC< 0x00002000

0x00000000
0x00000000

19:15: 0x9

m

memory
o

24:20£0x1C E’RD I

: g 0x0000000A
(9]
S

Register s

>
Instruction

RD2

2
>
File

0x00001004
0x00001000 I

S
o

)

0x0000000A

0x00000FFC

OXFFC4A303
OXFFFFFFFC

Sign
extension OXFFFFFFFC F
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module 5:

A
00 ImmSrc 0x00001000

lw x6, -4(x9)
1002, RF[ 6] & Mem([ RF[ 9 ] + SExt(-4) ], PC & PC+4




Single-cycle processor

Simulation: 2nd cycle

— Main DEC . Resslgrmmmne

ALUsrc ALUop

c
iel

7

—

[}

>
™
N
~~
S
-
~
=
™

: 0x23 0 f1 00 1 00
g 130 + ; : : — :
S i : : op; : : i 0x00001008
S T A funct7, : :
° funct3 i :
D e i iremmemrmesmneasneacas E --------------------------------------- E Oxoooozooc
0 : PCSrc :  ALUctri000
: s | b0 Y 0x00002004 : A4 \
S S WE : WE
.9 3 o © RA1 RD1 : : 1
r Q ) A E €D “ : g - E"
3 ] S - RA2 & 0x0000000A | A & SRD {0
5 - =1 = WA DL Qo
a S ] 3 & s
v
Y 2 S 3 n WD 0x0000000A
o S ) S a -~ WD
S_ S g A =) A
v & D 3 OXXXXXXXXX
s S 8 e
3 3 8
@ 3§ ; =
3 % Sign =
S £ extension 0x00000008
2 A
01: ImmSrc 0x00001004
sw x6, 8(x9)

225 5} Mem[ RF[ x9 ] + SExt(8) ] < RF[x6 ], PC ¢ PC+4



Single-cycle processor

Simulation: 3rd cycle

— Main DEC . Resslgrmmmne

ALUsrc ALUop

c
iel

7

—

[}

>
™
N
~~
S
-
~
=
™

: 0x33 1 i0 10 0 01
SRR 4 : :
o : : H H H
S iiio + - : : : ; :
g i : : ops | - : i 0x0000100C
e !l  p—-—S g i:\----------------------s ........................................ H H
g (9 30 Do funct?, s
: funct3 :
0l e e § -------------------- (! [ T E OXOOOOOOOE
oirese | [ e i - aerTon 3
. < s ;
- §x e 0X0000000A NE )
S o A 38 p RA1 RD1 : .0 )
(7, S ~ H ammn
3 Q ~ @ ﬁ 2 RA2 & 0x00000006 g_l A o §Rn {0
& o o = g
“ = x
3 2 8 8 o WD 0x00000006 |\ 1y
o § S 1S N A < A
S w S
@ = 9 8 0x0000000E
5 2 g S
v 9 © §
S 9 Sign S
T O . é
S £ extension 0x00000004
E o) A
01: ImmSrc 0x00001008
or x4, x5, x6

1022, RF[x4 ] < RF[x5 ] | RF[x6 ], PC & PC+4



Single-cycle processor

Simulation: 4th cycle

e Main DEC

..................................... ALUsrc ALUop

c
iel

7

—

[}

>
™
N
~~
S
-
~
=
™

: 0x63 0 fo 01 0 00
o 4 : H
- H H
o + - H
-l H
S -/ B Gl P s 0x00001010
g T SO A functls s
: funct3 : : :
0l e et § .................... (.l ......... § ........ E E 0x00000000
1:PCSrc : V V
: < | E2- :
- S NE 0X0000000E = \
S o 58 RA1 RD1 : _ .
r Q ) A E €D “ : g: E‘
N g = B g : RA2 2 o OXOOOOOOOE'g - < [oosooooool® € SR Sooooooon I/
5 S S £ 117 foxashiaa -gE RD2 0x0000000EC JOx 3 o X
N & 5 ¢ = : S g
(7,
. = 8 8 n WD 0x0000000E
(=) x x [T} WD
E S © © = <t A
Q 8 8 A Prd
() x < r OXXXXXXXXX
.0 e E w
n > = e
v ¥ o e
% QS Sign S
S g extension OXFFFFFFF4
2 A
: ImmSrc 0x0000100C beq x4, x4, -12

PC< if(RF[x4]1==RF[x41])

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




Single-cycle processor
Cost and cycle time (90 nm CMOQS )

W)

area = 59181 um?
tclk = 27.6ns

1 1
feue = teye  27.6- 107

register transfer critical
: path

c
iel
)
—
o
>
™
N
~~
S
-
~
=
™

= 36.2 MHz

PC & PC+4 various 9,692 ps
.§ RF[ rd ] ¢ Mem[ RF[ rs1 ] + sExt(imm) ] lw 27,616 ps | L7:
Q
; Mem[ RF[ rs1 ]+ sExt(imm) ] ¢ RF[rs2 ] sSwW 26,661 ps lw x6, -4(x9) --> 1 cycle
§ RF[ rd ] ¢ RF[ rs1] op sExt(imm) I-type 19,116 ps sw x6, 8(x9) 4> 1 cycle
g or x4, x5, x6 {->» 1 Cyc/e
s RF[rd] ¢ RF[rs1] op RF[rs2] R-type 18,928 ps beq x4, x4, L7 > +1cycle
o PC < if(RF[rs1]=RF[rs2])
QL G .« o e
~§ %, then ( PC + sExt(imm) ) else ( PC+4 ) beq 18,547 ps 7 4 cycles
[~
S
RF[rd ] & PC+4 5al 10,073 ps forec =4%X27.6ns =110.4ns
PC & PC + sExt(imm) 17,033 ps

max. 27,616 ps




Single-cycle processor

Conclusions

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

c
iel

7

—
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>
™
N
~~
S
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™

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

* Inreal ISAs, there are some very long instructions: slow memories, complex
arithmetic operations, complex addressing modes...

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

§ 27.6 ns
s
M 1w MEM (ol ALU MEM Jr7]
8
S | MEM = ALU MEM L
Y
Al -type MEM SExtf ALU 7 ki PR WASLE (31%) e,
3 ,
I R-type MEM RF ALU S i TESEETY .
beq MEM RFf ALU % WAStE (33%) e .
jal MEM SExt + ;P bvbadl socia A
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e Register File design.

e Memory design.

e ALU design.

e Sign Extension module design.

e Cost calculation.

e Cycle time calculation. PATTTIN

Technology




Register File design

W)

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

31/10/23 version

wd ral ra2 wa

32 5 5 5

clk Register file we

1 32-bit data input
rdl, rd2 2 32-bit data outputs
Wa 1 5-bit write address input

rd1 rd2

ral, ra2 2 5-bit read address inputs
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module 5:

5

1 write enable input

Clk 1 clock input




Register File design

clk

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

31/10/23 version

The other 31 registers (x0-x31) __j ° 31 '
are actual registers ~ : : registers
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Register File design

S wd clk
g 32
(4]
S 0
> |
| 32,

R’
Id x1 <l—°

)
: 31 registers

32,

<
A2
0
B
&
Q
\
[
Q
Q
Q
Q
§
s
)
—
(&)
S
(%)

module 5:

¢ x31 4




Register File design

5 wd clk
g 32 b
0
32
® ,' \1'
> Id x1 <l —e

)
: 31 registers

32,

Single-cycle processor design

module 5:




Register File design

5 wd clk
: 324
™
0
5 |32
7
32,
® 7 ‘1'
> Id x1 <l—°
S 32,
§ /4
S
a o .
] ® 31 registers
o o
Q
Y
.S
° 2 32
S 7
3P v
€& <]
> Id x31

32,




Register File design

15 wd clk
g 32
™
0
® I 35/ .
32,
[ 7 ‘1'
> Id x1 <l—°
S 32
% 4 d
o
S
a ® .
Y ® 31 registers
o o
° 2 32
S 7
3P v
€& <j
> Id x31

32,




Register File design

15 wd clk
g 32
™
0
2 | 32
4 ®
32,
® 7 ‘1'
> Id x1 <l—°
S 32
.% ,I ®
<
S
a o .
] ® 31 registers
o o
g <§ rd2
@ o 32
S 7
3P v
€& <]
> Id x31

32,

S
N



Memory design

31/10/23 version

32 ; wd 1 32-bit data input
"
32 = o rd 1 32-bit data output
a L] a 132-bit address input

= 32 we 1 write enable input

wd

clk 1 clock input

'\
clk Memory with double data port, byte

addressable and with little-endian
232x8 RAM = 230x32 organization
(239 words with 32 bits)
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module 5:

Memory design

wd

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

the address

+
® ®

A48 A8 A48

\"4 \"4 \"4
301 MEM 30 MEM 301 MEM
/ 230x8 / 230x8 / 2308

LSB
48 A8 A8
’ ¢

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

32

Multimodule implementation rd
230x32 MEM (4 GiB) byte addressable using 4 239%8 MEM (1 GiB)




54’ ALU design

A B
° 32 32
. A, B 2 32-bit data inputs
op 1 operation selector input
z op
3 R 1 32-bit data output
32 z 1lzeroflag
R

" The ALU is a combination module that performs:
o The memory effective address calculation in 1w/sw instructions.
All arithmetic-logic operations in I-type / R-type instructions.
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module 5:

O
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 beqg/jal instructions.




module 5:

31/10/23 version
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W)

| >

32

32

R

ALU design

lvy]

32

A, B 2 32-bit data inputs

op
0
3—95

Zz

1 operation selector input
1 32-bit data output

1 zero flag

arithmetic operations

logical operations

op, Op; 0P, R op, Op; 0P, R
0 0 0 A+B 0 1 0 A&B
0 0 1 A-B 0 1 1 A|B
1 0 0 — 1 1 0 —
1 0 1 | if (A<B) then 1 else O 1 1 1 -
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1> |3

OPo

ALU design

arithmetic operations

logical operations

op, 0p; Op, R
0O 0 O A+B
0o 0 1 A-B
1 0 O —
1 0 1 | if (A<B) then 1 else O

op, 0p; Opg R
0 1 O A&B
o 1 1 AlB
1 1 0 —
1 1 1 —




1> |3

31/10/23 version

OPy

sign bit

.
Py
----
Pyl

OPo

Oop;

arithmetic operations
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31
@ Op, 0P; 0P R -
3 0 0 O A+B
S 0o o0 1 A-B
1 0 0 -
1 0 1 | if (A<B) then 1 else O




ALU design

W)

31/10/23 version

arithmetic operations logical operations

op, OPp; 0P, R op, OPp; 0P, R
0 0 0 A+B 0 1 0 A&B
0 0 1 A-B 0 1 1 A|lB
1 0 0 - 1 1 0 —
1 0 1 | if (A<B) then 1 else O 1 1 1 -
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ALU design

Q| <

UOISIBA €2/0L/1LE

OPy




module 5:

31/10/23 version
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Sign Extension module design

X

X 1 32-bit data input (instruction)
Sign

. 0 : -
extension op op 1 operation selector input

z 1 32-bit data output (immediate operand)

Z

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 O in the case of branch addresses.



Sign Extension module design

2

§ 3130 2524 212019 1514 1211 8 7 0
Eﬁl . . B
£ Immy . imm,, | g B-type
Eﬁil . E: .

OP |Z31 Z30 Z39 238 237 236 Z35 294 233 233 231 2y 219 218 217 216 215 214 213 219 291 290 29 Zg Z7 Zg Is Z4 I3 I ZIp I

00 X31 X309 Xp9 Xo8 X27 X6 Xo5 X54 X33 X357 X517 Xpq
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Sign Extension module design

2

§ 3130 2524 212019 1514 1211 8 7 0
Eﬁl . . B
£ Immy . imm,, | g B-type
Eﬁil . E: .

OP |Z31 Z30 Z39 238 237 236 Z35 294 233 235 231 290 219 218 217 216 215 214 213 212 291 290 29 23 Z7 Zg I5 24 I3 Z; 29 I

00 [X31 X371 X371 X31 X31 X31 X371 X371 X371 X31 X31 X371 X371 X371 X379 X371 X31 X31 X371 X371 X371 X309 Xp9 Xpg X97 X9 X5 X4 Xa3 Xpp X971 X0
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0
imm, I-type
immy,.c imm,., S-type
g . ) &l
£ Immy . imm,, | g B-type
Eﬁil . E: .
£ IMMy0.1 £ IMMyg.15 J-type

OP |Z31 Z30 Z39 238 237 236 Z35 234 233 233 231 290 219 218 217 216 215 214 213 212 291 290 29 23 Z7 Zg Ig 7, I3 Z; ZIp I

00 |X3q X31 X371 X31 X371 X371 X31 X371 X31 X31 X379 X31 X371 X379 X31 X371 X31 X31 X317 X31 X371 X309 Xp9 Xog X57 Xpg X5 X4 Xp3 X25 Xp1 X0

01 X11 X190 X9 Xg X7
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
E . B
£ Immy . imm,, | g B-type
Eﬁil . E: .

OP |Z31 Z30 Z39 238 237 236 Z35 234 233 233 231 290 219 218 217 216 215 214 213 210 291 299 29 Zg Z7 Zg Is Z4 I3 Z; Z9 I

00 |X3q X31 X371 X31 X371 X371 X31 X371 X31 X31 X379 X31 X371 X379 X31 X371 X31 X31 X317 X31 X371 X309 Xp9 Xog X57 Xpg X5 X4 Xp3 X25 Xp1 X0

01 X31 X309 Xp9 Xog Xy7 Xo6 Xo5 X171 X109 X9 Xg X7




Sign Extension module design

2
g 3130 2524 212019 1514 1211 8 7 0
E . B
£ Immy . imm,, | g B-type

OP |Z31 Z30 Z39 238 237 236 Z35 294 233 235 231 290 219 218 217 216 215 214 213 212 291 290 29 23 Z7 Zg I5 24 I3 Z; 29 I

00 |X3q X31 X371 X31 X371 X371 X31 X371 X31 X31 X379 X31 X371 X379 X31 X371 X31 X31 X317 X31 X371 X309 Xp9 Xog X57 Xpg X5 X4 Xp3 X25 Xp1 X0

01 [X31 X371 X31 X31 X31 X31 X37 X371 X379 X31 X31 X31 X37 X371 X319 X31 X31 X31 X371 X371 X371 X309 X9 Xpg X97 X9 Xo5 X117 X109 Xg Xg X7
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0
imm, I-type
& . . &l
£ Immy . imm,,; |g B-type
Eﬁ i E: 1 -
£ Immy .4 £ IMMyq.15 J-type

231 230 29 238 237 236 L35 294 233 29 231 290 219 218 217 216 215 214 213 293 291 290 29 2g 27 Zg I5 21, I3 1, 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7

X11 X10 X9 Xg
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0
imm, I-type
q . . E
gl MMy MMy, | € B-type
£ immyg., £ immg.;; J-type

231 230 29 238 237 236 L35 2p4 233 29 231 290 219 218 217 Z16 215 214 213 293 291 290 29 Zg Z7 Ig 15 24 I3 I 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7

X30 X9 X8 X57 Xp6 X35 X1 X19 Xg Xg
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Sign Extension module design

3130 25 24 212019 1514 1211 8 7 0
imm, I-type
immy,.c imm,., S-type
_g iImmyg.c immy., g B-type
_g immyg.4 g immyq.q5 J-type

231 230 29 238 237 236 L35 294 233 29 231 290 219 218 217 216 215 214 213 293 211 210 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7

X7 X30 Xp9 Xpg X37 X6 X35 X191 X109 X9 Xg




module 5:

31/10/23 version

[~
Ay
0
s
1 .
Q
(7,
v
Q
3
=
Q
§.
i
]
—
(<))
S
*

Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
ER . E
£ Immy . imm,, | g B-type

231 230 29 238 237 236 L35 294 233 29 231 20 219 218 217 216 215 214 213 299 291 210 Z9 2g 27 Zg I5 24 I3 Z; 11

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7

X31 X7 X309 X9 X8 X537 Xp6 Xo5 X1 X19 Xg Xg
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
g . ) &l
£ Immy . imm,, | g B-type
E2 1 3 1 -
£ IMMy0.1 £ IMMyg.15 J-type

231 230 29 238 237 236 L35 294 233 29 231 20 219 218 217 216 215 214 213 293 291 290 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7

X31 X7 X309 Xp9 Xog Xa7 Xo6 Xp5 X171 X9 Xg Xg O
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
g . ) &l
£ Immy . imm,, | g B-type
£ immyg., £ immg.;; J-type

231 230 29 238 237 236 L35 294 233 29 231 20 219 218 217 216 215 214 213 293 291 290 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7

X371 X31 X31 X31 X31 X371 X379 X31 X31 X31 X31 X371 X379 X319 X31 X31 X37 X371 X371 X319 X7 X309 Xo9 Xog Xa7 X26 Xp5 X171 X9 Xg Xg O
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
g ) &l
£ Immy . imm,, | g B-type
E8 1 3 1 -
£ MMy £ IMMyg.15 J-type

231 230 239 238 237 236 L35 Zp4 233 29 231 290 219 218 217 Z16 215 214 213 2193 291 290 29 Zg Z7 1Zg I5 2, I3 1, 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7
X31 X31 X371 X31 X371 X371 X31 X371 X319 X31 X371 X31 X371 X371 X371 X371 X31 X371 X371 X371 X7 X309 Xpg Xog X57 Xpg X5 X11 X9 Xg Xg O

X30 X9 X8 X57 Xp6 Xo5 Xpgq X33 Xp5 Xy
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
E . B
£ Immy . imm,, | g B-type

231 230 29 238 237 236 L35 294 233 29 231 290 219 218 217 216 215 214 213 293 211 210 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7
X31 X31 X371 X31 X371 X371 X31 X371 X319 X31 X371 X31 X371 X371 X371 X371 X31 X371 X371 X371 X7 X309 Xpg Xog X57 Xpg X5 X11 X9 Xg Xg O

X0 X30 X29 Xog Xp7 X6 Xo5 X4 Xp3 X35 X1
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0
immy;. I-type
& . ) &l
£ Immy . imm,, | g B-type
£ immy £ immq., J-type

231 230 29 238 237 236 L35 294 233 29 231 290 299 218 297 216 215 294 213 299 291 290 L9 2g L7 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7
X31 X31 X371 X31 X371 X371 X31 X371 X319 X31 X371 X31 X371 X371 X371 X371 X31 X371 X371 X371 X7 X309 Xpg Xog X57 Xpg X5 X11 X9 Xg Xg O

X19 X8 X17 X16 X15 X14 Xq3 X175 X0 X309 X9 X8 X537 Xp6 X5 Xpgq X33 Xp5 Xy
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0
imm, I-type
& . ) &l
£ Immy . imm,, | g B-type
£ - £ : _
£ Immy .4 £ IMMyq.15 J-type

231 230 29 238 237 236 L35 294 233 29 231 290 219 218 217 Z16 215 214 213 293 291 290 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7
X31 X31 X371 X31 X371 X371 X31 X371 X319 X31 X371 X31 X371 X371 X371 X371 X31 X371 X371 X371 X7 X309 Xpg Xog X57 Xpg X5 X11 X9 Xg Xg O

X31 X19 X158 X17 X16 X15 X14 X13 X1 X509 X309 X39 Xpg X37 X6 Xp5 Xo4 Xp3 X35 X1
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
g . ) &l
£ Immy . imm,, | g B-type
£ immyg., £ immg.;; J-type

231 230 29 238 237 236 L35 294 233 29 231 20 219 218 217 216 215 214 213 293 291 290 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7
X31 X31 X371 X31 X371 X371 X31 X371 X319 X31 X371 X31 X371 X371 X371 X371 X31 X371 X371 X371 X7 X309 Xpg Xog X57 Xpg X5 X11 X9 Xg Xg O

X31 X19 X18 X17 X16 X15 X14 X13 X15 X90 X30 X29 X2g X7 Xp6 Xo5 Xoq X23 X52 Xp1 O
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Sign Extension module design

3130 2524 212019 1514 1211 8 7 0

imm, I-type
g . ) &l
£ Immy . imm,, | g B-type
£ immyg., £ immg.;; J-type

231 230 29 238 237 236 L35 294 233 29 231 20 219 218 217 216 215 214 213 293 291 290 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X6 Xo5 X554 X33 X35 X571 Xpq
X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X30 Xp9 X8 Xp7 X56 X5 X117 X1g9 X9 Xg X7
X31 X31 X371 X31 X371 X371 X31 X371 X319 X31 X371 X31 X371 X371 X371 X371 X31 X371 X371 X371 X7 X309 Xpg Xog X57 Xpg X5 X11 X9 Xg Xg O

X371 X31 X31 X31 X371 X371 X319 X31 X31 X31 X371 X371 X19 X18 X17 X16 X15 X14 X13 X175 X0 X309 Xo9 Xog X27 X26 Xo5 Xp4 Xp3 X92 X571 O




Sign Extension module design

X

31/10/23 version

X 1 32-bit data input (instruction)

Sign

. 0 : -
extension op op 1 operation selector input

z 1 32-bit data output (immediate operand)

Z

OP |Z31 Z30 Z39 238 237 236 Z35 294 233 235 231 290 219 218 217 216 215 214 213 212 291 290 29 23 Z7 Zg I5 24 I3 Z; 29 I

00 |X3q X31 X371 X31 X371 X371 X31 X371 X31 X31 X379 X31 X371 X379 X31 X371 X31 X31 X317 X31 X371 X309 Xp9 Xog X57 Xpg X5 X4 Xp3 X25 Xp1 X0

01 |X3q X31 X33 X31 X371 X371 X31 X371 X31 X31 X371 X31 X371 X371 X31 X371 X31 X31 X317 X31 X371 X309 Xp9 Xog X57 Xpg X5 X11 X19 Xg Xg X7
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module 5:

10 X531 X31 X31 X371 X3 X319 X31 X31 X31 X371 X3 X319 X31 X31 X371 X371 X379 X319 X31 X317 X7 X309 Xa9 Xog X7 Xpg Xp5 X171 X19 Xg Xg O

11 |X3q X31 X31 X33 X373 X319 X31 X31 X31 X371 X317 X371 X9 X18 X17 X16 X35 X14 X13 X15 Xp0 X309 X29 Xag X7 Xp6 Xo5 Xoq X23 X55 Xp1 O
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Sign Extension module design

31

I 2] 31:20

32

I><

32

IN

231 230 239 238 237 236 L35 234 L33 233 231 2y

219 218 217 216 215 214 213 212 291 299 29 L3 Z7 L5 15 Z4 I3 Z; 29 I

X31 X371 X371 X371 X371 X371 X371 X371 X371 X379 X371 X34
X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X371 X34
X31 X371 X371 X371 X371 X31 X371 X391 X371 X379 X371 X34

X31 X371 X371 X371 X371 X31 X371 X391 X371 X371 X31 X34

X31 X371 X371 X371 X371 X371 X371 X371 X371 X309 X9 X8 X537 Xy Xo5 Xpgq X33 Xp5 X531 Xpg
X31 X371 X371 X371 X371 X371 X371 X371 X371 X309 X9 Xp8 X537 Xp6 X55 X171 X19 X9 Xg X7
X371 X31 X31 X31 X31 X371 X371 X371 X7 X309 Xo9 Xo8 X57 Xo6 Xp5 X171 X9 Xg Xg O

X19 X18 X17 X16 X15 X14 X13 X172 X0 X309 Xo9 Xo8 X27 X26 Xo5 Xp4 Xp3 X92 X57 O
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Sign Extension module design

31

|+

~

sl

1912 1

I><

g/ 19:12

32

IN

g4
U

231 230 239 238 237 236 L35 24 L33 ) 231 2y

219 218 217 216 215 214 213 213

211210 Z9 2g 27 Zg I5 24 I3 Z; 11 I

X31 X371 X371 X371 X371 X371 X371 X371 X371 X379 X371 X34
X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X371 X34
X371 X371 X371 X371 X371 X371 X371 X371 X319 X371 X371 X34

X371 X31 X371 X371 X371 X31 X371 X391 X371 X379 X31 X34

X371 X371 X371 X371 X371 X371 X371 X34
X371 X371 X371 X371 X371 X371 X371 X34
X31 X371 X371 X371 X371 X391 X31 X34

X19 X18 X17 X16 X15 X14 X13 X13

X31 X309 Xp9 Xo8 X27 X6 Xo5 X4 X33 X357 X517 Xpq
X31 X309 Xp9 X8 Xp7 X56 X5 X171 X190 X9 Xg X7

X7 X309 Xpg Xpg Xp7 X9 Xa5 X171 X109 Xg Xg O

X20 X30 X9 Xa8 X97 X9 Xa5 Xo4 X3 Xpp Xp1 O
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Sign Extension module design

+ +
31 . 1
/ 2
32 20 32
X Z
2
op

231 230 239 238 237 236 L35 234 233 29) 231 270 219 218 217 Z16 215 214 213 213

Z19 L9 L3 27 L5 15 24 I3 Iy 29 I

X31 X371 X371 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X379 X371 X371 X31 X371 X391 X3
X31 X371 X371 X371 X371 X371 X371 X391 X371 X379 X371 X379 X371 X379 X371 X371 X371 X371 X371 X3
X371 X371 X371 X371 X371 X371 X371 X371 X371 X379 X371 X371 X319 X379 X371 X371 X379 X371 X371 X34

X31 X31 X371 X371 X371 X371 X371 X391 X371 X319 X31 X371 X9 X18 X17 X165 X15 X14 X13 X3

X30 X9 X8 Xo7 Xp6 Xo5 Xp4 X3 Xp5 X531 Xpg
X30 X9 Xz X57 Xp6 Xo5 Xq1 X19 X9 Xg X7
X30 Xa9 Xo8 X7 Xo6 Xo5 X171 X19 Xg Xg O

X30 X9 Xag Xp7 Xo6 X5 Xag X3 Xpp Xp1 O




Sign Extension module design

31/10/23 version

30:25 6/ 10:5

I><
IN

OP |Z31 Z30 Z39 238 237 236 Z35 234 233 233 231 Zp0 219 218 217 216 Z15 214 213 21 Z91)210 Z9 23 Z7 Zg I5|Z4 I3 Z; 24 I

00 |X3q X31 X3 X31 X37 X317 X31 X371 X31 X31 X379 X31 X371 X379 X31 X371 X31 X31 X317 X31 X31[X30 Xo9 Xog X57 Xpg X55|Xo4 Xp3 X25 Xp1 X0

01 |X3q X31 X371 X31 X31 X317 X31 X371 X31 X31 X371 X31 X371 X317 X31 X371 X31 X31 X317 X31 X31[X30 Xo9 Xog X57 Xpg X55|X11 X9 Xg Xg X7
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module 5:

10 X531 X31 X31 X371 X3 X379 X31 X31 X371 X371 X379 X319 X31 X31 X371 X371 X379 X319 X31 X31 X7 [X30 X509 X5 X57 Xpg Xp5X11 X19 Xg Xg O

11 X531 X31 X31 X33 X317 X319 X31 X31 X31 X371 X317 X371 X9 X138 X17 X16 X35 X14 X13 X15 Xp0X30 X29 Xog X7 Xp6 Xp50%aq X23 X22 Xp1 O
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Sign Extension module design

+ +
24:21 4/
| 0 4] 4:1
11:8 4] 1 7
7/
32 32

I><
.
L

IN

231 230 239 238 237 236 L35 2p4 233 29 231 230 219 218 217 Z16 215 214 213 2193 291 2909 Z9 2g Z7 Zg Ig

Z, 23 2, 74

X31 X371 X371 X371 X371 X371 X371 X379 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X379 X371 X379 X309 Xp9 X358 Xp7 X536 X35
X31 X371 X371 X371 X371 X371 X371 X319 X371 X379 X371 X379 X371 X371 X371 X371 X371 X371 X371 X371 X379 X309 Xp9 X358 Xp7 X536 X35

X31 X371 X371 X31 X371 X391 X371 X319 X371 X379 X371 X371 X371 X371 X31 X371 X391 X371 X379 X317 X7 X309 Xp9 X8 Xp7 X6 X5

X371 X31 X371 X31 X371 X31 X371 X371 X31 X371 X371 X371 X9 X18 X17 X16 X15 Xq4 X13 X135 X390 X309 Xp9 X358 X327 X6 X5

X4 X23 X357 X1
X11 X10 X9 Xg

X11 X10 X9 Xg

X4 X23 X357 X1
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Sign Extension module design

+ +
20 0
7 1 0
Z 32 |_c 32 Z
0Py OP+ B

OP |Z31 239 Z39 238 237 236 225 224 223 233 231 220 219 218 217 216 215 214 213 212 211 210 Z9 28 27 Zg Zs Z4 I3 Z; Z3]7
00 |X31 X371 X3q X31 X31 X31 X31 X31 X379 X3q X31 X31 X31 X31 X371 X379 X31 X31 X31 X31 X31 X30 Xo9 Xo5 X27 X6 Xo5 Xa4 Xp3 %52 X1[X50
01 |X31 X371 X31 X31 X31 X31 X31 X31 X379 X31 X31 X31 X31 X31 X371 X3q X31 X31 X31 X31 X371 X30 Xo9 X258 X27 X6 Xp5 X11 X19 Xg Xg | X7
10 [X31 X31 X31 X31 X371 X3q X31 X31 X31 X31 X31 X371 X31 X31 X31 X31 X31 X31 X371 X371 X7 X30 X9 Xog Xp7 Xp6 X5 X11 X309 Xg Xg| O
11 X371 X371 X371 X371 X371 X371 X31 X31 X31 X31 X31 X31 X19 X183 X17 X6 X5 X14 X13 X172 X20 X30 X29 X258 X27 Xo6 Xo5 Xoa Xo3 X932 Xpq| O




Sign Extension module design
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Cost and cycle time calculation

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 Inthe 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.



Cost and cycle time calculation
90 nm CMOQOS

§ $2 ‘1’ ‘1’ " ‘1’ ‘1’ $32 $2
= < FA [€— - € FA [
. Y v v V/ area: 3,052 um?
ALU .
~ area: 32x29.49 = 944 ym? delay: 8,360 ps
delay: 32x226 = 7,232 ps $Z 5

Sign area: 202 pm?
extension delay: 460 ps

2

area: 32x11.05 = 354 um?
delay: 223 ps
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el vV Y Y N — RAT . area: 51,405 pm?
3 L = RA2 @ o ppp| readdelay: 723 ps
WA PR .
g o write setup: 705 ps
32 area: 32x23.04 = 737 ”mz WD « (due to the addrer)s DEC) P
delay: 250 ps A

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




Cost and cycle time calculation
90 nm CMQOS

\©Y

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

31/10/23 version

..
o
N
o
o
o
.
L]
o
~
.
L]
o
~
L2
L]
o
..
e

..
.
.
L]
L]
.
.
4
L2
e
..

area: — L A « SRo| area: - ey
access time: 8,500 ps access time: 8,500 ps

$2 area: 56 umz area: 65 umz

S | | delay: 490 ps delay: 451 ps
cI PC >D| ... PD

32

¥l
area: 32x32.26 = 1,032 um? area: 21 um? j — area: 15 um?
CLK—Q delay: 1x167 = 167 ps delay: 451 ps delay: 351 ps

setup: 0 ps

>
Instruction
memory
(w)
Data
memo
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module 5:

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




59181 pm?

944

354

21

o
S
| I
<2
ESUUPOTOTN OO OON SOOO SN | I S 2 |gerrefo :
it 202 epsiboy A @
A e ot
Il “0 e
| 3 <0 ;
10

Cost calculation

944

Aiowaw
o= uonanisu|

<

4 |

AN
0 S od <

354

ubisap 40ssazoud ajahr-a|buis

UOISIBA €2/0L/1LE

:G a|npow
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O o

O

O c A

.m m ............. ....V_._W._ Lmu“.mmm A Wm A ...........

=7 L Y < o ©

Q@

O

S

O

223

ubisap 40ssazoud ajahr-a|buis
G 3|hpow

UOISIBA €2/0L/1LE

PC & PC+4



Cycle time calculation

PC increment: critical path

............................................................................................................................................. 57

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

c
iel
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---------

c § WE E 2
S s RA1 1
(7)) 1 S
Kt % RA2 & x SRD 0
o < 2 %’ © S
Q = WA DF Qg
(7Y
(7)) [0S S
3 WD
S A A
Q
e Q
1 S
v 9
SQ Sign
T O
SERS
€ &

exteg\sion #-I-
9692 ps

.............. PC & PC+4



Cycle time calculation

1w instruction (i)

S
E ..................................................................................................................................................
(]
>
8 ..............................................................................................................................................
S ......................................................................................
g © iiteeterreserrssssressserssseessssessssserssssrsssseeshasennsseransttenssrnnn.rnnnrraLtran_.rrnnrrnnntrennternnnernnnrnnnnrrnnnn,
T S S ' :
LT SN O N
L4125 e e nnnnnnnseens e
. 605 v _[723 M
< S : WE :
D )
a ~ 24:20 sy W2
§ 8 g 117 RAZ ﬁi’ RD2 3 £
) = WA D¥ Qg
a : 3 — 8360 S 250
O : WD
o . p
S 8500 A (705 & A 8500
S .
e Q
% < Sign
Q 2’ extension
£ & A F+
27205 ps

e RF[ rd ] < Mem[ RF[ rs1 ] + sExt(imm) ]



Cycle time calculation

1w instruction (ii)

S
f£ ..................................................................................................................................................
- | ettt ettt et et e e et e ettt Main —
S EC 2
g .....................................................................................................................................
+ :
SO ST OO ST :
0 R ,. ..... > lé 490
AI2M e T, :
. V 1--7-2--3--: H @ \
° . : IIIIIII
.§1 $ g« 19.15: Rave s 'VE « RDA WE
0 S o 24:20% 5 L 4
S g E . RA2 G e pp < ® £
S £ 117 wA DT SE
8 . x 8360 E 250
S N WD 8500
@ :
.. O
S
% < Sign
Q 2’ extension
S A F+
27423 ps

e RF[ rd ] < Mem[ RF[ rs1 ] + sExt(imm) ]



Cycle time calculation

1w instruction: critical path

---------
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31/10/23 version
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Single-cycle processor design

module 5:

27616 ps

451 RF[ rd ] & Mem[ RF[ rs1 ] + sExt(imm) ]




Cycle time calculation

sw instruction: critical path

--------------------------------------------------------------------------------
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Single-cycle processor design

module 5:

26661 ps

Mem|[ RF[ rs1] + sExt(imm) ] ¢ RF[ rs2 ]




Cycle time calculation

addi-like instructions: critical path

---------
..............................................................................................................................................

---------

31/10/23 version
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Single-cycle processor design

module 5:

19116 ps

451 RF[ rd ] & RF[ rs1] op sExt(imm)




Cycle time calculation

add-like instructions: critical path

---------
..............................................................................................................................................

---------
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--------------------------------------------------------------------------------
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Instriiction

Single-cycle processor design

module 5:

18928 ps

- RF[rd] ¢ RF[rs1] op RF[rs2]
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Cycle time calculation

beq instruction: critical path
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18547 ps

PC< if(RF[rs1]=RF[rs2])
then ( PC + skxt(imm) ) else ( PC+4 )




Cycle time calculation

jal instruction (return address store): critical path
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.............. RF[rd ] < PC+4
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Cycle time calculation
jal instruction (PC update): critical path
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17033 ps

PC & PC + sExt(imm)
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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.
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