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PC’
4 —>A
+ s PC PC
Reg.
addr. =
Reg. file Input
| xird
Number of > Reg. _'40 E?i
register (rd) I
) > Reg. .
5-32
Decoder | Qutput
Output
Duplicate to access two regs.
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| _>'_> Reg %
clk = sel[4:0]

Datapath

DRAM memory symbol

(rs1orrs2)

memory

— data/instruction

rd e—
X[rd] om—
Reg. file
()1 R
[S2
D>

Reg. file symbol

‘_x[rsl]

X[rs2]




Datapath for B- type

25 24 15 14 12 11
| funct? [ rsl1 | funct3 | [ opcode | R-type
‘ imm|[11:0] | sl | funct3 | rd | opcode | I-type
| imm[11:5] | rs2 | sl [ funct3 | imm[4:0] | opcode | S-type
| imm(12] | imm[10:5] | rs2 | rsl | funct3 |[imm(4:1] | imm[11] | opcode | B-type
L
o—4 NI
1 b=—imm . _
~ instru[11:7] reg_en
PC V-, | g re we
. PC | Instruction | 'struction rd ] | |
Reg. memo
> 8 Y L o==== 151 X[rs1]
2= Data q
» s 152 addr. —out
I Reg. | lrs2] ALU ._|memory 5
instru[19:15] ! file , I >
instru[24:20] > X[rd] -
: alu result
PC=PC+4, when I=0 I wb_src
, > ALU ctrl i
PC=PC+imm, when =0 X !
I S /.
instru . S~ ’
—imm. Gen. Oop2_src S ’
[31:20]11:7] imm ' > Decided by ‘{L//
I (sign-extended) instrucvtion



lDatapath for B- type

25 24 15 14 12 11
[ funct7 | rs2 rs1 | funct3 | [ opcode | R-type
‘ imm[11:0] | sl | funct3 | rd | opcode | I-type
| imm[11:5] | rs2 | sl [ funct3 | imm[4:0] | opcode | S-type
| imm(12] | imm[10:5] | rs2 | rsl | funct3 |[imm(4:1] | imm[11] | opcode | B-type
e Recall beq
imm[12]10:5] rs2 rsl 000 imm[4:1]|11] 1100011 BEQ
Truth table

000 1100011 1

All the other cases 0



Datapath for B- type

{

25 24 15 14 12 11
| funct? [ rsl1 | funct3 | [ opcode | R-type
‘ imm|[11:0] | sl | funct3 | rd | opcode | I-type
| imm[11:5] | rs2 | sl [ funct3 | imm[4:0] | opcode | S-type
| imm(12] | imm[10:5] | rs2 | rsl | funct3 |[imm(4:1] | imm[11] | opcode | B-type
_L
of—4 _ _ \J
{ imm instru[11:7]
AN reg_en
re we
PC . | d
+ 4 PC | Instruction | |
Reg. memo
> g Y X[rs1]
2~ Data d out
| 2 7 2 addr. I|memo -
instru[19:15] ! file , I >
instru[24:20] > olrd] -
' aluresult
PC=PC+4, when I=0 I wb_src
, > ALU_ctrl i
PC=PC+imm, when =0 | N I
D - I'
instru . =~/
—imm. Gen. |-&— op2_src 1/
[31:20]11:7] imm ee__y Decidedby  4&
, ==> .
(sign-extended) instruction
| v .

imm_ctrl



Datapath for the other

“ N A A S

imm_ctrl

| imm|31:12] | rd | opcode | U-type
| imm[20] | imm|[10:1] | imm|11] | imm[19:12] | rd | opcode | J-type
— |
imm instruf11:7]
A reg en
PC X I ! re we
PC | Instruction Hstruction rd | |
Reg. memo
> ¢ Y L -==== 7151 “: x[rs1] D
Pis ata d
» s 152 y) addr. Uk
! Reg. | #lrs2] ALU ._{memory 5
instru[19:15] ! file , I >
instru[24:20] > Alrd] L
I alu result
wb_src
P> ALU_ctrl T
\ !
~~~-__- 7
. —~~~ ,
Instru —{imm. Gen. |-&— op2_src N L
[31:20|11:7] . imm ‘\.} Decided by &
| (sign-extended) instruction



Control signals

* This is a datapath that supports R-type & I-type arithmetic and
logic operations, Ilw, sw and beq

Control signals
instru[11:7]

C A\ et re we
P 1 |

. . d
+ PC Instruction | 'nstruction rd 1 | |

Reg. memo
i L e8 i - rs1 X[rs1] Data
- N7 A[rs2] addr. |memo d_out
. ] Reg. AU f—e— YIS
instru[19:15] ! file , I >
instru[24:20] > x[rd] — :
: aluresult
Op— 4 I whb_src
1 > ALU_ctrl

pc_src - ‘ I
nstru = imm. Gen. op2_src

[31:20]11:7] imm
| (sign-extended)

imm_ctrl /_ |
|

is_beq_instruction




Datapath working example

IF
0x0 =» addix]ﬂru[llﬂ]
x1 A\ reg_en

re we
PC I a |n
PC | |
h— + | Reg 1L 4
L > X[rs1] Data Nout
2] addr. |memory T~
Reg. | *rs AU |—o— 0
file B | | >
1
4 ) alu result
O— I wb_src
1 ALU_ctrl

pc_src instru \ I
—limm. Gen. op2_src

[31:20]11:7] imm
| (sign-extended)

imm_ctrl

A

is_beq

d

0x0: addi x1, x0, -1

reg en re we |alu_ctrl imm_ctrl 'wb _src op2 src is_beq Ox4:ori x2,x0,128

0x8: add x3, x1, x2

Oxc: sw x3, 0(x3)

addi 1 0O O add I-type 1 1 0 0x10:lw X5, 0(x3)

Ox14:beq x3, x5, -12



Datapath working example

IF

0x0 addi x1,x0,-1 instru[11:7] DEC
reg_en
PC x1 A\l g|_ . re we
. . n
H N e | Instruction | 'struction rd i | |
Reg. memo .
|| ~ €& Y | —=== 151 x0 X[rs1] Data
—a= ¢ rs2 d out
4 i [rs2] addr. |memory
) 1 . ALU —e— 0
instru[19:15] ! file | I >
instru[24:20] > x[rd] :
4 ) alu result
o I whb_src
1 ALU_ctrl

> -1
C_Src ; I

| (sign-extended)

imm_ctrl / |

is_beq

0x0: addi x1, x0, -1

reg_ en re we |alu_ctrl imm _ctrl 'wb_src op2 src |is_beq @ Ox4:ori x2,x0, 128
0x8: add x3, x1, x2

| Oxc: sw x3, 0(x3)
addi 1 0 0 add I-type - 1 0 0x10:lw x5, 0(x3)

O0x14:beq x3, x5, -12



Datapath working example

IF

0x0 addi x1,x0,-1 instru[11:7] DEC EX
reg_en
PC x1 A\l g|_ . re we
. . .
H N e | Instruction Instpdction rd ] | |
Reg. memo .
- > °8 i L ——=== 151 X0 = Data
_"ﬁ - s 152 b—— d_out
! memory 5
instru[19:15] I >
' 1
instru[24:20] > x[rd]
4 ' alu result
o wb_src
1 > ALU_ctrl

pc_src instru \ I
—limm. Gen. op2_src

[31:20]11:7] imm
| (sign-extended)

imm_ctrl / |
0x0: addi x1, x0, -1

reg_ en re we |alu_ctrl imm _ctrl 'wb_src op2 src |is_beq @ Ox4:ori x2,x0, 128
0x8: add x3, x1, x2

| Oxc: sw x3, 0(x3)
addi 1 0 0 add I-type - 1 0 0x10:lw x5, 0(x3)

O0x14:beq x3, x5, -12

is_beq




Datapath working example

IF

0x0 addi x1,x0,-1 instru[11:7] DEC
reg_en
PC x1 A‘, g|_ ] re we
H N e | Instruction | 'struction rd | |
: memo )
L >Reg Y L ——=== 151 X0 = x[rs1] -1 Dat
— % ¢ 2 2 ade. | memory | 2248
' ! Reg. | *[rs2] ALU - |memory
instru[19:15] ! file , >
instru[24:20] > x[rd]
-1 ' alu result
0}— 4 |
1 ALU_ctrl
pc_src instru opZI_src
[31:20]|11:7] m WB
| (sign-exten ) —
imm_ctrl / |
\ ‘ is_beq
0x0: addi x1, x0, -1
reg_ en re we |alu_ctrl imm _ctrl 'wb_src op2 src |is_beq @ Ox4:ori x2,x0, 128
0x8: add x3, x1, x2
Oxc: sw x3, 0(x3)
addi 1 0O O add I-type 1 1 0

0x10:lw x5, 0(x3)

O0x14:beq x3, x5, -12



Datapath working example

IF

0x4 ori x2,x0,128 instru[11:7] DEC EX
A reg_en
PC x2 \ g| ] re we
. . n
H N e | Instruction Instpdction rd ] | |
| | . Reg. memory 1 rs1 X0 = x[rs1] 1'28 Data
—’.g ; rs2 b—— dd d out
! Reg. | *[rs2] AU Ele—memory 5
instru[19:15] ! file | I >
instru[24:20] < x[rd] 2
128 I aluresult
Of— 4 wb_src
1 D> ALU_ctrl
pezsre instru l o
—i p2_src
[31:20[11:7] imm. Gen. mm WB
| (sign-extended)
imm_ctrl / |
\ ‘ is_beq
0x0: addi x1, x0, -1
reg_en re we |alu_ctrl [imm ctrl 'wb_src op2 src is_beq Ox4:ori x2,x0,128
0x8: add x3, x1, x2
Oxc: sw x3, 0(x3)
ori 1 0O O or I-type 1 1 0

0x10:lw x5, 0(x3)
O0x14:beq x3, x5, -12



Datapath working example

IF
0x8 add x3.x1.x2 instru[11:7] DEC EX
T A reg_en
PC X3 \I g| g re we
. . .
L, ] Pc | Instruction | 'struction rd . ] | |
. memo i 3 :
- >Reg Y L o—=== 151 X1 = X[rs1]
- PR 127 |Data d out
» i X2 Reg. | *[rs2] ALU ﬂd.f-_memory TS
instru[19:15] ! file 0 | | >
instru[24:20] > X[rd] , 128 1
— aluresult
O 4 I wb_src
1 > ALU_ctrl
PECSKC instru \ o
— i p2_src
[31:20[11:7] imm. Gen. mm WB
| (sign-extended)
imm_ctrl / |
\ ' is_beq
0x0: addi x1, x0, -1
reg_ en re we |alu_ctrl imm _ctrl 'wb_src op2 src |is_beq @ Ox4:ori x2,x0, 128
0x8: add x3, x1, x2
Oxc: sw x3, 0(x3)
add 1 0O 0 add X 1 0 0

0x10:lw x5, 0(x3)
O0x14:beq x3, x5, -12



Datapath working example

IF

OXcC sw x3,0(x3) instru[11:7] DEC EX MEM
A reg en
PC _ _ \ | G| re we
H N e | Instruction | 'struction rd 127 i | |
: memo ) 1
] ~ Reg Y b----- rsl _)(3 — x[rs1] 127 Data
—’.g ; rs2 3™ d4d d out
i X Reg. X[rs2] ALU addr. fmemory 5
instru[19:15] I f£r- , I >
_ > 127 1
instru[24:20] x[rd] 0
— aluresult
Of— 4 I wb_src
1 D> ALU_ctrl
pc_src instru _l_ ; o
—i p2_src
(31:20[11:7] imm. Gen. 0 .«
| (sign-extended)
imm_ctrl / |
is_beq

|

reg_ en re we alu _ctrl imm_ctrl wb src op2 src

SW 0 0O 1

add S-type X

is_beq

0x0: addi x1, x0, -1
Ox4: ori x2, x0, 128
0x8: add x3, x1, x2
Oxc: sw x3, 0(x3)
0x10:lw x5, 0(x3)
O0x14:beq x3, x5, -12




Datapath working example

IF
0x10 lw x5,0(x3) instru[11:7] DEC EX MEM
’ X5 A reg_en
PC _ _ \ | G| re we
H N e | Instruction | 'struction rd 17 ] | |
L >Reg. memory === 151 X3 = X[rs1] 1'27 Data
—,4 ¢ Is2  — d out
i Reg. | #lrs2] ALU addr. |memory 5
instru[19:15] ! file , I >
instru[24:20] > x[rd] 0 :
— aluresult
O— 4 I whb_src
1 D> ALU_ctrl
pc_src instru _l_ ; o
—i p2_src
[31:20(11:7] Imm. Gen. 0 weB
| (sign-extended)
imm_ctrl / |
\ ‘ is_beq
0x0: addi x1, x0, -1
reg en re we |alu_ctrl imm_ctrl ‘wb src op2 src is_beq Ox4:ori x2,x0, 128
0x8: add x3, x1, x2
Oxc: sw x3, 0(x3)
lw 1 1 0 add I-type 0 1 0

0x10:lw x5, 0(x3)
O0x14:beq x3, x5, -12




Datapath working example

IF
0x14 beq x3,x5,-12 instru[11:7] DEC EX
A reg en
PC . . \l | 4l re we
H N e | Instruction | 'struction rd 197 ] | |
L > Reg. memory - rs1 X3 = x[rs1] Data
WB ! Reg. | *[rs2] Ay Edg memory | T
instru[19:15] ! file . I >
instru[24:20] < X[rd] 127 L
—r—""1 aluresult
OF— 4 I 0 whb_src
1 — -12 > ALU_ctrl
pe_sre instru _l_ ' o I
—i _ p2_src
31:20]11:7] Imm. Gen. 12 m WP

| (sign-extended)

imm_ctrl / |
0x0: addi x1, x0, -1

reg_ en re we |alu_ctl imm _ctrl wb_src op2 src is_beq Ox4:ori x2,x0, 128
0x8: add x3, x1, x2

Oxc: sw x3, 0(x3)
0x10:lw x5, 0(x3)
Ox14:beq x3, x5, -12

is_beq

beq 0 o o X B-type X 0 1



Controller

instru[11:7]

v reg_en & we
|PC =T |
. . d
L, L P | Instruction | nstruction rd 1 | |
_F.g rs2 _out
a1 i/ Fﬁg. §[rs2] ALU —o—addlr' Sl o [0
: 1 e 1
instru[24:20] v X[rd] B , z
I alu result
OpF— 4 S wb_src
1 ALU_ctrl

pc_src instr , ‘ |
>y =imm. Gen. op2_src

[31:20]11:7] -
I (sign-extended)

imm_ctrl / 1

\ ' is_beq
Input Output
reg_en
Generate control signals guiding the datapath to execute re
instructions we
The inputs are instructions, the outputs are the control signals Instru. Al
imm_ctrl
Once the type of instruction is determined, the control signal is ——
. wb_src
determined -

is_beq




Controller

instru[11:7]

e Can be modeled

by an FSM

O

reg_en
o oo g|_ re we
_ inst S d |n
| PC | Instruction| 'NStru- rd 1 | |
> Reg. memaory b-==F rs1 x[rs1] Data d
5 _out
F i Reg. | }rs2] AU Py memory | TS
instru[19:15] file 0 » | =
instru[24:20] x[rd] 1 alu result r
|- > ALU_ctrl wh_stc
instru _L
_ . _ op2_src
31:20]11:7] imm. Gen imm
(sign-extended)
imm_ctrl / 1 wb_src
is_beq ALY ctrl
' re | we
imm_ctrl | yeo en is_bed op2 Jsrc
I Controller |

0x0: addi x1, x0, -1
Ox4: ori x2, x0, 128
0x8: add x3, x1, x2

Oxc: sw x3, 0(x3)

0x10:lw x5, 0(x3)
O0x14:beq x3, x5, -12



Controller

PC

Reg.

instru[11:7]

e Can be modeled

by an FSM

O

reg_en
o | ) S i 1 re we
| Instruction| NStru. rd 7 | |
memory L--—F 2 X[rs1] Data d
_’.g _out
rs2 Reg. X[rs2] ALU addr. |memory 5
instru[19:15] file 0 » | =
. 1
24:2
instru[24:20] x[rd] 1 alu result
|- > ALU_ctrl wh_src
instru _L
_ . _ op2_src
31:20]11:7] imm. Gen imm
(sign-extended)
imm_ctrl / 1
re | we
reg_en is_beg
| Controller |

» Can be implemented by a
Mealy machine



Controller

instru[11:7]

reg_en
o | ) S i = re we
B I I e | Instruction Instru. rd 1 | |
| >Reg. memaory == rs1 x[rs1] Data d out
_’-Q rs2 Reg. X[rs2] ALU addr. memory |__ 5
instru[19:15] file 0 » | =
instru[24:20] x[rd] 1 alu result r
Ob— 4 S whb_src
. ALU_ctrl
pc_src instru _L
_ . _ op2_src
31:20]11:7] imm. Gen imm
(sign-extended)
imm_ctrl / 1
re y we
reg_en is_beg
| Controller |

e Can be modeled
by an FSM

O

optional

e Can also be implemented by
read-only memory (ROM),

2
1



Full stack explained

Program (e.g., C)

High Level Language ‘

Assembly Language
Program (e.g., RISC-V)

Machine Language ‘
Program (RISC-V)
| |

Machine
Interpretation

Hardware Architecture Description
(e.g., block diagrams)

Architecture
Implementation

Logic Circuit Description
(Circuit Schematic Diagrams)

temp

= v[k];

v[k] = v[k+1];
v[k+1] = temp;

lw
lw
SwW
SwW

t0, O(s
t1, 4(s
t1, O(s

(

2)
2)
2)
t0, 4(s2)

00001001 11000110 10101111 0101 1000
10101111 0101 1000 0000 1001 1100 0110
11000110 10101111 0101 1000 0000 1001
0101 1000 00001001 11000110 1010 1111

instru[11:7]

Instruction

instru. o

reg_en
L

memory

pc_src

="
instru[19:15]
instru[24:20]

X[

file

Reg.

d_in

.

x[rs1]

ad
ALU

Data

x[rs2]
- !
A

instru
[31:20(11:7]

L=

LU ctd

d_gut
dr I memory
alu
result
wh_src

= imm. Gen.

=

imm

imm_ctrl

(sign-extended)

op2_src

Iis_beq

reIweI

Con

troller




Datapath timing analysis

PC

Reg.

f

pc_src

N

reg_en
BC | ‘__~\ i d I re we
| Instruction '”Str:‘- . rd 7 | |
memo -
Y L----- rs1 x[rs1] Data
—rs ’/ rs2 Reg. X[rs2] ALU addr. memory d_out
instru[19:15] i file B s | 2 °
. 1
24:2
instru[24:20] X[rd] I alu result
b
> ALU_ctrl N
instru =l _l_ op2I src
[31:20]11:7] e imm -
I (sign-extended)
imm_ctrl / ].
is_beq

tclk—to—q + tadd + tsetup

|

tclk-to—q + Uimem + treg + Lnux + tatu + Lnux + tsetup

LiF

tpEc

tex twe

R-type datapath

Assume the control signal
is fast



Datapath timing analysis

PC

Reg.

f

pc_src

N

reg_en
A | \ S & ], re we
| Instruction '”Str:‘- . rd 7 | |
memo -
Y L----- rs1 x[rs1] Data
—rs ’/ rs2 Reg X[rs2] addr. memory d_out
' . ALU
instru[19:15] i file B | 2 °
. 1
24:2
instru[24:20] X[rd] I alu result
b
> ALU_ctrl N
instru ~timm. Gen _l_ op2I Src
[31:20]11:7] e imm -
I (sign-extended)
imm_ctrl / ].
is_beq

tclk—to—q + tadd + tsetup

|

tclk—to—q + tImem + treg + talu + tmux + tsetup

tclk—to—q + tImem + timm + tmux + talu + tmux + tsetup

tir + tpect+ tex+ twyp

} max

I-type arithmetic & logic datapath

N



Datapath timing analysis

v reg_en re\ .we
PC . S l d In
B gl PC | Instruction '”Str:- . rd 1 | |
| mem :
— . Reg emory b= rsl x[rs1] Data
! Reg. | xlrs2] AL Elgmemory 5
instru[19:15] I file ! | >
instru[24:20] v X[rd] , z
alu result
ﬁ— 2 I wb_src
L1 > ALU_ctrl -
pc_src instru l I
- _ ] op2_src
[31:20]11:7] pom. GeR imm
I (sign-extended)
imm_ctrl / 1
\ ' is_beq

tclk—to—q + tadd + tsetup

tir + tpgct+ tex+ tmem + tws

tclk—to—q + tImem + treg + talu + tDmem + tmux + tsetup

tclk—to—q + tImem + timm + tmux + talu + tDmem + tmux + tsetup

I-type load datapath

} max



Datapath timing analysis

pc_src

tclk—to—q + tlmem + treg + talu + tDmem

tclk—to—q + tImem + timm + tmux + talu + tDmem

S-type datapath

instru[11:7]
reg_en
PC ) STROY i re we
. d_in
B gl PC | Instruction '”Str:- . rd 7 | |
I mem ’
. Reg emory b= rs1 x[rs1] Data 4 out
_F“ ¢ 1S2 ¥rs2] addr. | memo _ou
! Reg. e ALU o= V1o
instru[19:15] i file b | >
instru[24:20] v x[rd] , alu result L
ﬁ_ 4 S I wb_src
Ll ALU_ctrl
instru —Limm. Gen _l_ op2| src
[31:20]11:7] A imm -
I (sign-extended)
imm_ctrl / |
\ ' is_beq
tetk—to—a T tada + T
clk—to—q add setup tIF + tDEC u s tEX <4 tMEM
tclk—to—q + tImem L treg + tDmem
max



Datapath timing analysis

v reg_en re\ we
PC . S l d Jn
I I I | Instruction '”Str:‘- rd 1 | |
| mem
— >Reg emory == 15l x[rs1] Data
! Reg. X[rs2] ALU a_.-_ memory 5
instru[19:15] i file . | &
instru[24:20] v X[rd] . z
alu result
ﬁ— 4 I wb_src
Ll > ALU_ctrl -
pc_src instru 1 I
=l _ ] op2_src
[31:20|11:7] jm. Gen imm
I (sign-extended)
imm_ctrl / l

is_beq

|

tclk—to—q + tlmem + treg + tmux + talu + tand + tmux + tadd + tsetup

tir + tppct+ tpx+ tws

} Mmax
tclk—to—q + tImem L timm + tmux + tadd + tsetup

B-type datapath



Summary

We have built a single-cycle CPU
It supports R-type, I-type arithmetic & logic and load (lw), S-type sw and beq
Datapath and controller are built seperately

Different instruction activates different parts or steps/stages (IF/DEC/EXE/MEM/WB)
of the datapath, thus has different delays. The longest delay (critical path) is used to
estimate maximum frequency

Nearly no CPU uses single-cycle design today.

28
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