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Announcements

*Ongoing
* WAS: due Friday (April 18) @ 11:59 pm
* PA4: due Friday (April 18) @ 11:59 pm

*Upcoming
* PA5: TBA: planned for Friday
* WAg: TBA: planned for Friday



Reference Material

* Today’s lecture partially draws inspiration from:
 CS 61C @ UC Berkeley (Prof. Dan Garcia

And the RISC-V ISA Manual
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Summary: Overall Design

Datapath: all logic elements we need

NV
v v
A A A A A A

Control Signals

Control Logic: orchestrates the datapath



Our CPU So Far: Arithmetic/Logic

FETCH

4

—

H

PC

[

Y%

IMEM

inst[31:0]

(add, sub, xoF, and, or,

B_sel sit, sittu, sL|, sra, srlL)

DECODE AGEX MEMORY WRITEBACK
| | |
1 1 1
: : :
| | |
1 1 1
\V/ : Ja : |
— I I I
: >ALU | — :
> l ' :
| 1 |
£ i | T |
1 ﬁ | |
reg_wr_en alu_op : :
:
|
1
1
1
|

Control Logic

Today’s goal: implement everything else!




6 Types of RISC-V Instructions

31 25 24 20 19 15 14 12 11 7 0
funct7 rs2 rs1 funct3 rd opcode R-Type

31 20 19 15 14 12 11 7 0
imm[11:0] rs1 funct3 rd opcode I-Type

31 25 24 20 19 15 14 12 11 7 0
imm[11:5] rs2 rs1i funct3 imm[4:0] opcode S-Type

31 30 25 24 20 19 15 14 12 11 8 7 0
[12] imm[10:5] rs2 rs1 funct3 imm[4:1] [11] opcode B-Type

31 12 11 7 0
imm[31:12] rd opcode U-Type

31 30 21 20 19 12 11 7 0
[20] imm[10:1] [11] imm[19:12] rd opcode J-Type

add, sub, slt(u),
xor, or, and,
sll, srl, sra

addi, subi, slt(u)i,
xori, ori, andi, slli,
srli, srai, 1lb(u),
lh(u), lw(u), 1ld, jalr

sb, sh, sw, sd

b<cond>

lui, auipc

jal



Agenda

‘Memory Operations
°|-Type: Loads
*S-Type: Stores

*Control Flow Operations
*B-Type: Branches
Jumps and |-Type
*U-Type: AUIPC and LUI



RV64| Memory Operations

PS]l =——p

rsl+N

Load

1b rd, N(rsl)

rd = mem[rsl + N]

byte[0]

byte[1]

byte][..]

>

byte[N]

Memory

load

"

reg rd

Store

sb rs2, N(rsl)

mem[rs2 + N]

PSSl =—p

byte[0]
byte[1]
byte][..]
byte[N]

rsl+N =

Memory

store

rsil

reg rs2




Agenda

*Memory Operations
*|-Type: Loads
*S-Type: Stores

*Control Flow Operations
*B-Type: Branches
Jumps and |-Type
*U-Type: AUIPC and LUI



LOAD Instructions (I-Type)
1d rd, N(rsl)

31

| inl*lm[l‘l 1 :[I}] |

20 19

rs1

15 14 12 11
funct3

rd

opcode

000 1b
001 1h
010 1w
011 1d
100 1bu
101 lhu
110 lwu

000011
(LOAD)

I-Type

1b(u), 1lh(u),
lw(u), 1d

*Same encoding as the I-Type instructions we already implemented



Implementing LOAD Variants

1d/w/h/b(u) rd, N(rsl)

— t0 rd

31. . .20‘19. . .1514. .1211. _ .7 6. _ '0
imm[11:0] rs1 funct3 rd opcode I-Type
900 1b 0000011
016 1 (LoRD)
011 1d
100 lbu
101 1lhu N
110 lwu rd_data Z/SeXt
from
ALy~ addr 1
wr_data mem_width
. . . = funct3
*New logic block: zero and sign extension DMEM
t

* New control signal: mem_width

mem_rd_en = 1
mem_wr_en = 0

12



Example Sign Extension: 1b

* Easy to implement (just a couple gates to choose the width)

1111 1111 1111 1111 .
From > — — — — —— to GPRs
—— 1100 0000 z/sext 1111 1111 1100 0000
memory 3 — — —

mem_width = byte

J

— ]
.1
— ]
— 1
1 | 64-Bit output
1= > 1 (Sign-Extended)
%) > 0
8-Bit Input < 9 > 9
0 >0
0 > 0
0 > 0
- >0

z/sext 13



LOAD: State Updates

1d/w/h/b(u) rd, N(rsl)

31 20 19 15 14 12 1 7 6 0
imm([11:0] rs1 funct3 rd opcode I-Type
width 0000011
(LOAD)

State Element  Action

PC PC += 4
GPRs WRITE(R[rd]) and READ(R[rsl])
DMEM READ: MEM[R[rsl] + sext(imm[11:0])]

14



N ew CO m p one nts State Element Action

PC PC += 4
GPRs WRITE(R[rd]) and READ(R[rsl])
DMEM READ: MEM[R[rsl] + sext(imm[11:0])]
| | | |
| |
FETCH | DECODE | AGEX i MEMORY i WRITEBACK
I I I I
: : : :
4 —> i I I I
| | |
8 | Vet R | |
: — (] : ! :
) I I
el I s : . —] alu
inst | » rd_id rs2 ! ! \/ !
- PC addr : GPRS : rd_data sext I »l mem
IMEM| | f ' Tl |
: reg_wr_en : : wr_data mem_width: wb sel
| | | DMEM | —_
E i B_sel E 5 |
|
: Imm. Gen. : : mem_rd_en :
1 1 | mem_wr_en 1
| | | |
inst[31:0]

Control Logic
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M emo ry to Regi Ste ¥sS State Element Action

PC PC += 4
GPRs WRITE(R[rd]) and READ(R[rsl])
DMEM READ: MEM[R[rsl] + sext(imm[11:0])]
| | | |
FETCH i DECODE i AGEX i MEMORY i WRITEBACK
I I I I
|
|
4 —p : :
>+ : rsl :
: r‘d\/ :
\V4 :Fzzirﬂid 5 o| alu
\/ inst : a :ziiéd rs2 : \/ :
> PC addr E GPRS E rd_data ﬂ@ : mem
IMEM| ! f | gy | |
: reg_wr_en : : wr_data mem_width: wb sel
| | ' |DMEM | -
s o B s
: Imm. Gen. : : mem_rd_en :
1 1 | mem_wr_en 1
| | | |
inst[31:0]

Control Logic
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Datapath fo r LO AD State Element ___Action

PC PC += 4
GPRs WRITE(R[rd]) and READ(R[rsl])
DMEM READ: MEM[R[rsl] + sext(imm[11:0])]
| | | |
| | | |
FETCH | DECODE | AGEX | MEMORY | WRITEBACK
I I I I
|
|
4 —> I :
>+ I I
! m !
| d |
Y% 'F: rsl_id ' » alu
\/ inst : a EZiIélj-d rs2 ! \/ :
- PC addr E GPRS rd_data* : mem
IMEM | 1 addr |
! reg_wr_en wr_data | mem width, Wb sel
: DMEM : -
| 1 |
| |
: Imm. Gen. mem_rd_en |
I mem_wr_en I
| |
inst[31:0]

Control Logic
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Agenda

*Memory Operations
°|-Type: Loads
*S-Type: Stores

*Control Flow Operations
*B-Type: Branches
Jumps and |-Type
*U-Type: AUIPC and LUI



STORE Instructions (S-Type)

sd rsl, N(rs2)

31 25 24 20 19 15 14 12 11 0
imm[11:5] rs2 rs1 funct3 imm[4:0] opcode S-Type sb, sh, sw, sd
000 sb 0100011
601 sh (STORE)
0190 sw
011 sd
imm[11:0] = imm[11:5] | imm[4:0]

*Key idea: rs2 bits are always in the same place (easy to decode)
* Consequence: fragmented imm field

19



STORE Instructions (S-Type)

sd/w/h/b rs2, N(rsl)

31. o .2524. _ .2019. _ .1514. .1211. . I .0
Iimrln[‘l‘!:5]l Ir32l .rS1. fLI,InCtI3 .im.m[4.:0]. | .O?Coc.le. | S-Type Sb, Sh, SW, sd

000 sb 0100011
901 sh (STORE)
010 sw
011 sd

State Element Action

PC PC += 4

GPRs READ(R[rsl1l] & R[rs2])

DMEM WRITE: MEM[R[rsl] + sext(imm[11:0])]

20



U pd atEd Co m po ne nts State Element Action

PC PC += 4
GPRs READ(R[rs1l] & R[rs2])
DMEM WRITE: MEM[R[rsl] + sext(imm[11:0])]
| | | |
| | | |
FETCH | DECODE | AGEX | MEMORY | WRITEBACK

I I I I
| 1 1 1
. | | | |
Sl | ~_ | |
| 1 : | |
: I > A : :

\/ : rsl_id : _L. : > alu
val NI = (= i PALU ™ :
| | |
—> PC el | GPRs B | :

IMEM : reg_wr_en : /( : r‘d\_{ata z/sext I » mem

: : alu_op | addr : /(

: : ' wr_data mem_width: wb_sel
I I : DMEM :
| | | 1 |
| | | |
! . ! I mem_rd_en !

inst[31:0] 1mm_seL mem_wr_en

Control Logic
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Datapath fo r STO RE State Element ____Action

PC PC += 4
GPRs READ(R[rs1l] & R[rs2])
DMEM WRITE: MEM[R[rsl] + sext(imm[11:0])]

1 1 1
FETCH i DECODE i AGEX MEMORY i WRITEBACK
: : :
1 1 1
- | | |
ol | |
1 rd 1 1
I ) I I
aShher'= 111 i
1 T rd 1 | |
— PC addr E GPRS E
IMEM| | reg_ptr_en r‘d\_{ata z/sext : » mem
: addr : /
: wr_data | mem_width, wh sel
: DMEM : -
: Imm. Gen. 5 :
; . ) mem_rd_en :
inst[31:0] imm_sel mem_wr_en

Control Logic
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« Arith/logic: add(i), sub, slt(u)(i), xor(i), or(i),
Our CPU So Far and(i), s11(i), srl(i), sra(i)

* Loads: 1b(u), 1lh(u), 1lw(u), 1d,
e Stores: sb, sh, sw, sd

| | | |
FETCH i DECODE i AGEX i MEMORY i WRITEBACK
: : : :
1 1 1 1
. | | | |
il | | |
: rsl : : :
| Y . A | |
I ) I I I
AL L i
i ' rd 1 1 1 I
o e | GPRs . B I :
| 1 | 1 —
IMEM : reg_htr_en : /( : r‘d\_{ata z/sext I » mem
| | Bser atuop | Llolaer | /(
: : r—pwr_data mem_width: wb sel
1 1 1 1 -
: Imm. Gen. | | : DMEM :
1 1 1 1 1
: ) 1 : ' mem_rd_en !
inst[31:0] 1mm_seL mem_wr_en

Control Logic
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Agenda

*Memory Operations
°|-Type: Loads
*S-Type: Stores

*Control Flow Operations
*B-Type: Branches
Jumps and |-Type
*U-Type: AUIPC and LUI



Branch Instructions (B-Type)

b<cond> rsl, rs2, <PC offset>

3(%24 20 19 15 14 12 11 ; L? 6

[12] |mm[105] rs2 funct3 |mm[4 ‘I] [11] | D;Jcoc;e r
900 eq 11@@@11
001 ne (BRANCH)
100 1t
101 ge
110 ltu
111 geu

imm[12:0] = |[inst[31] | inst[7] [ inst[30:25] | inst[11:8] | ©

five-piece immediate!

- {rs2, rs1, funct3, opcode} are in the same places as R/I/S-Type

B-Type

25



Branch Instructions (B-Type)

b<cond> rsl, rs2, <PC offset>

31 30 25 24 20 19 15 14 12 11 8 7 6 0

[12] imm[10:5] rs2 rs1 funct3 imm([4:1] [11] opcode B-Type

900 eq 1100011

901 ne (BRANCH)
100 1t

101 ge
110 ltu
111 geu

First time we’re modifying the PC!

State Element  Action /

PC PC += taken ? sext(imm[12:0]) : 4;
GPRs READ(R[rs1l] & R[rs2])
DMEM -

26



Evaluating the Branch Condition <cond>

000 eq

001 ne

b<cond> rsl, rs2, <PC offset> 100 1t

101 ge
110 ltu

*We have two separate calculations to do 111 geu

*We only have one ALU

pc + imm rsl <cond> rs2
, "% \
Design 1 N o+ [/ \ ALU /
° \/ \/ °
Design 2 \ ALU / \. CMP / [ Our Choice

27



1. Use ALU for pc+imm

FETCH

DECODE

State Element

Action

PC
GPRs
DMEM

PC += taken ? sext(imm[12:0]) : 4

READ(R[rsl1l] & R[rs2])

AGEX

MEMORY

addr

inst

IMEM

i

rd \v/

rsi

rsi_id
rs2 id

rd_id rs2

GPRs

Imm. Gen.

t

reg_wr_en

inst[31:0]

1

imm_sel

WRITEBACK

>

\

rd_data
addr

wr_data

DMEM

—@

mem_width

t

mem_rd_en
mem_wr_en

» alu

» mem

wb_sel

Control Logic
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Branch Comparator

* Decides whether a branch is taken (or not)

* Just another combinational logic block

br _cond

000
001
100
101
110
111

rsl
rsl
rsl
rsl
rsl
rsl

== PS2
I= rs2
< rs2
>= rs2
< rs2 (unsigned)
>= rs2 (unsigned)

br _cond

rsil

!

N

Branch
Compare

rs2

!

branch
taken?

A 4

mux to select

next PC

‘ pc_sel

taken? pc_sel

no pc + 4
yes pc + imm

Control Logic
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2. Use BR CMP for cond &

GPRs
DMEM

FETCH

DECODE

State Element

Action

PC += taken ? sext(imm[12:0]) : 4
READ(R[rsl1l] & R[rs2])

AGEX

PC

L addr

IMEM

inst

inst[31:0]

Y%
rd rsil
rsi_id
rs2_1id
rd_id rs2

GPRs

Imm. Gen.

t

reg_wr_en

t

imm_sel

bn_takén

MEMORY : WRITEBACK
|
|
|
b—p>
c+4
4E-> g o
. » alu
|
: t
I pc_sel
|
i
: » alu
\/ _1/_ |
rd_data Z/SeXt jum » mem
addr :
wr_data mem_width: wb_sel
DMEM I
f :
mem_rd_en :
mem_wr_en -

Control Logic
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Full BRANCH Datapath

FETCH

inst[31:0

inst I"Sl_'l._d
I rs2_id
: rd_id rs2

IMEM

S

DECODE

AGEX

State Element

Action

PC
GPRs
DMEM

PC += taken ? sext(imm[12:0]) : 4
READ(R[rsl1l] & R[rs2])

MEMORY !

WRITEBACK

rd \v/

rsi

GPRs
t

reg_wr_en

t

imm_sel

) qddr

NV |
rd_data Z[SeXt i » mem

p|wr_data | mem_width

br_cond ‘

br_taken

wb_sel

t

mem_rd_en
mem_wr_en

DMEM i

Control Logic
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Agenda

*Memory Operations
°|-Type: Loads
*S-Type: Stores

*Control Flow Operations
*B-Type: Branches
*Jumps and J-Type
*U-Type: AUIPC and LUI



Jump and Link (J-Type)

jal rd, <PC offset>
3( /21219,....,1211,.r?6 .
[20] . |mm[10 ‘I] . [11] . ir!1m[1IQ:1?] . .rd. opcode .
11@1111
(JAL)
imm[20:0] = |inst[31] | inst[19:12] [ inst[20] | inst[30:21] | ©

(new) five-piece immediate!

- {rd, opcode} are in the same places as R/I/S/B-Type

J-Type

33



All These Crazy Immediates!

31 20 19 15 14 12 11 7
imm[11:0] rs1 funct3 rd opcode
31 25 24 20 19 15 14 12 11 7
imm[11:9] rs2 rs1 funct3 imm[4:0] opcode
31 30 25 24 20 19 15 14 12 11 8 7
[12] imm[10:5] rs2 rs1 funct3 imm[4:1] [11] opcode
31 12 11 7
imm[31:12] rd opcode
31 30 21 20 19 12 11 7
[20] imm[10:1] [11] imm[19:12] rd opcode
a1 Immediate [~ imm[63:0]
inst[31:0] Generation

1

imm_sel = {ITYPE, STYPE, BTYPE, UTYPE, JTYPE}

Fyee | Amm[11:0]
STye | imm[11:0]
see | Amm[12:0]
UTyee | imm[31:0]
J-Type imm [ 20 : 0]

All get sign extended
to 64 bits

34



Example: ADDI

addi x11, x10, -1
31 20 19 15 14 12 11 7 6 0
o e ] ] e
1111 1111 1111 10 add 11 OP IMM

Immediate
Generation

1

imm_sel = I-Type

I-Type

— oxffff_ffff_ffff_ffef

35



Example: BEQ

beg x10, x11, -4

31 30 25 24 20 19 15 14 12 11 8 7 6 0

[1 2]| 1 i:mm[:1 0:5:] ' l :rsz: r r :rs1: . funct3 |mm[4 1] [11] 1 l ogacoc;e r 1 B-Type

1 111111 10 eq 1110 1 BRANCH
A -

— oxffff_ffff_ffff_fffc

Tomediat
1 1111 1111 1100 G"e“ﬂgr-;;ilgn

imm_ sel = B-Type



Jump and Link (J-Type)

jal rd, <PC offset>

31 30 21 20 19 12 11 7 6 0
[20] imm[10:1] [11] imm[19:12] rd opcode J-Type
1101111
(JAL)

State Element Action

PC PC += sext(imm[20:0])
GPRs WRITE(R[rd]) save ra (pc + 4)
DMEM -

37



J-Type Datapath Updates

FETCH

DECODE

AGEX

State Element Action

PC PC += sext(imm[20:0])
GPRs WRITE(R[rd])

DMEM -

MEMORY

WRITEBACK

PC

L addr

pc+4

gV
rsil
inst I"Sl_'l'.d 1
rs2_id !
IMEM rd_id rs2 :
: GPRs : :
I 1 I I
: reg_wr_en : B : ;
| ] 1 | \/ |
| | | |
alu_op )| adldr
: : B _sel : rd_data —@ :
: : I »|(wr_data T :
1 1 1 . 1
i Imm. Gen. i L> BR i DMEM mem_w1dth: wb_sel
| | CMP | t .
| . ) '!—’ ' mem_rd_en !
inst[31:0] tmm_sel " br_cond |, e, MEM_Wr_en '

Control Logic




JAL: Saving the Return Address

FETCH

DECODE

AGEX

State Element Action
PC PC += sext(imm[20:0])
GPRs WRITE(R[rd])
DMEM -
MEMORY : WRITEBACK

PC

IMEM

inst

r'd\/

rsil
rsi_id
rs2_1id
rd_id rs2

GPRs

t

reg_wr_en

pc+4

alu

Y%

1

1

1

|

1

1

1

alu_op )| adldr

: B _sel rd_data e z/sext

: - > wr_data T :

1 1 . 1

i Imm. Gen. L> BR i DMEM mem_w1dth: wb_sel

: CMP : t :

: t 'l_’l : mem_rd_en :
) imm sel . . X
inst[31:0] - br_cond vbr_taken mem_wr_en

Control Logic
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JAL: Updating the PC itcate Tt ﬁéti:: sext(imm[20:0])

GPRs WRITE(R[rd])
DMEM -

FETCH : DECODE | AGEX | MEMORY I WRITEBACK

\V4 :I
addr : rd \/

rsi

inst | r‘sl_ig 1
—E 1
IMEM| | rd id rs2 pc_sel
: GPRs | =
| 1 |
: reg_wr_en ' @ ; > alu
| : 1IN | > pc+d
l . alu_op | b==jaddr |
| | : r‘d_data—@ ' » mem
: : I p(wr_data T :
| | | . |
i Imm. Gen. i BR i DMEM mem_w1dth: wb_sel
| | CMP | t !
| . ) '!—’ ' mem_rd_en !
inst[31:0] tmm_sel " br_cond |, e, MEM_Wr_en '

Control Logic
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Jump and Link Register (I-Type)

jalr rd, rsl, <PC offset>

* 2019 1514 21 76
imm([11:0] rs1 funct3 rd opcode
1100111
(JALR)
* Our datapath already handles I-Type instructions ©
State Element Action
PC PC = R[rsl] + IMM
GPRs WRITE(R[rd]) save ra (pc + 4)
DMEM -

I-Type
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JALR: Updating the PC

FETCH

DECODE

| AGEX

State Element

Action

PC PC

R[rsl1] + IMM

GPRs WRITE(R[rd])
DMEM -
MEMORY : WRITEBACK

Y L
addr .

—~7 RS
rsil
inst —Ersé_@g 1
1
IMEM : 'Cé—_id rs2 >ALU pc_sel
: GPRs | ;
| 1 | |
| reg_wr_en 7 : ; > alu
- Y% -
: : aLuf op : | addr I - pC+4
1 1 | 1 1
| | : r‘d_data—@ ' » mem
: : I p(wr_data T :
1 1 1 . 1
: Imm. Gen. | cI?WRP : DMfEM mem_w1dth: wb_sel
E . t 'i_’ E mem_rd_en E
inst[31:0] tmm_sel " br_cond |, e, MEM_Wr_en '

Control Logic
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Datapath So Far (Almost Done!)

FETCH : DECODE : AGEX : MEMORY I WRITEBACK
| | | |
\ : : : :

” PC : : : : pc+4

\/ 1 1 1 1 4

addr : d N/ : : : > alu

| rsi 1 1
I —ar | : : f
IMEM| | rd_id rs2 : ' & | pc_sel

: GPRs | ! :

: t : L @ : > alu
, reg_wr_en : V | 1

: : t : V : - pC+4
I I alu op | =—paddr |

I I B _sel I Pd_Aat 0 ] Z[ S EXT frm » mem
: : L I »|(wr_data T :
1 1 1 . 1

: Imm. Gen. | cE,BWRp : DMtEM mem_wzdth: wb_sel

E . t :' g E mem_rd_en E
inst[31:0] tmm_sel * br_cond 3 br_taken’ mem_wr_en -

Control Logic
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Agenda

*Memory Operations
°|-Type: Loads
*S-Type: Stores

*Control Flow Operations
*B-Type: Branches
Jumps and J-Type
‘U-Type: AUIPC and LUI



Load Upper Immediate: U-Type

lui rd, 1imm

auipc rd, imm

31

rd = sext(imm[31:0])

rd

12 11 7

6

pc + sext(imm[31:0])

0

imm[31:12]

rd

opcode

imm[31:0] =|inst[31:12]

0000 0000 0000

(last) new immediate format

- {rd, opcode} are in the same places as R/I/S/B/]-Type

U-Type

0110111 (Lu1)
0010111 (AuIPC)
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Load Upper Immediate: U-Type

31

auipc rd, imm rd

12 11

7

lui rd, imm rd = sext(imm[31:0])

6

pc + sext(imm[31:0])

0

imm[31:12] rd

opcode

State Element Action

PC PC += 4
GPRs WRITE(R[rd])
DMEM -

U-Type

0110111 (Lu1)
0010111 (AuIPC)



Load Upper Immediate

FETCH

DECODE

AGEX

State Element Action
PC PC += 4
GPRs WRITE(R[rd])
DMEM -
MEMORY WRITEBACK

PC

L

IMEM

dr

inst

inst[31:0]

rd \v/

rsil
rsi_id
rs2_1id
rd_id rs2

GPRs
t

reg_wr_en

Imm. Gen.

Y%

addr
rd_data
wr_data

BR

t

imm_sel

CMP

br—cond w br_taken

DMEM

pc+4

t

mem_rd_en
mem_wr_en

mem_width

Control Logic
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Add U I d' t t PC State Element Action
pper Immediate to = T
GPRs WRITE(R[rd])
DMEM -
FETCH : DECODE : AGEX : MEMORY I WRITEBACK
1 1 1 1
Vv : : : :
=P , : |
PC N : : : 4 pc+4
addr : rd\/ : : > alu
1 rsi | 1
i"sf—lgﬁié—%a’ : | 1
IMEM| | rd_id rs2 l | pc_sel
| GPRs ! .
1 1 1 1
: reg_wr_en B/( | . alu
| g IR | pc+4
acu_op addr
: = add : rd_data e z/sext : » mem
: ' »|(wr_data T :
I I . I
: Imm. Gen. CE,BWRP : DMfEM mem_w1dth: wb_sel
E . t '!_’ E mem_rd_en E
inst[31:0] tmm_sel " obr_cond |, o, MEM_Wr_en :

Control Logic




The Final Datapath

FETCH : DECODE : AGEX : MEMORY : WRITEBACK
1 1 1 1
LY ; ; = ;
PC I : I 4
N/ I I 1 4 per
addr E » \/Ps1 ’N E E > alu
inst —Emé—@g : : 1
IMEM| ! rd id rs2 >ALU ' 4 ! pc_sel
GPRs | ; ~_
1 1 1
reg_wr_en B/( A ¢ ' > alu
: vV - pC+4
1
1

_\

DMEM mem_width wb_sel

|

|

|

| t

| mem_rd_en
br_cond br taken ! mem_wr_en

Control Logic
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|

alu_op | addr :

rd_data Z/SeXt fumd » mem

' »|(wr_data :
|

|

|

|

|

|

inst[31:90]
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We've Done It: RISC-V CPU!

*We've designed a computer that can execute any* code you want
* Takeaway: everything boils down to logic operations on numbers

#include <stdio.h>
#include <stdlib.h>

{

int main(int argc, char *argv[])

print("Hello, World");
return EXIT_SUCCESS;

hello.c

main:

addi sp,sp,-32
sd ra,24(sp)
sd s0,16(sp)
addi s0,sp,32
mv a5,a0

sd al,-32(s0)
sw a5,-20(s0)
11a a0, .LCO
call puts

11 a5,0

mv a0,a5

1d ra,24(sp)
1d s0,16(sp)
addi sp,sp,32
jr ra

hello.S

00001050
00001060
00001070
00001080
00001090
000010a0:
000010b0:
000010c0:
000010d0:
000010e0:
0000100:
00001100
00001110
00001120
00001130
00001140
00001150
00001160
00001170
00001180
00001190
000011a0:

4743
342e
3034
7269
6932
3270
7368
002e
2d69
6700
7379
2e76
7273
6e00
7400
616d
6500
002e
6e69
6300
7300
762e

433a
302d
2920
7363
7030
305F
7374
6e6f
6400
2e67
6d00
6572
696f
2e72
2e72
655F
2e70
696e
5f61
2e64
2e63
6174

2028
3175
3131
7600
5f6d
6432
7274
7465
2ebe
6e75
2e64
7369
6e5f
656¢C
664
6864
7265
6974
7272
6174
6f6d
7472

5562
6275
2e34
0128
3270
7030
6162
2e67
6f74
2e68
796e
6f6e
7200
612e
6174
7200
696e
5f61
6179
6100
6d65
6962

756e
6e74
2e30
0000
305F
5f63
002e
6e75
652e
6173
7374
002e
2e72
706¢
6100
2e65
6974
7272
002e
2e67
6e74
7574

7475
7531
0041
0005
6132
3270
696e
2e62
4142
6800
7200
676e
656¢C
7400
2e65
685
5f61
6179
6479
674
002e
6573

2031
7e32
3200
7276
7030
3000
7465
7569
492d
2e64
2e67
752e
612e
2e74
685f
6672
7272
002e
6e61
002e
7269
0000

312e
322e
0000
3634
5f66
002e
7270
6c64
7461
796e
6e75
7665
6479
6578
6672
616d
6179
6669
6d69
6273
7363
0000

GCC: (Ubuntu 11.
4.0-1ubuntul~22.
04) 11.4.0.A2...
riscv..(....rv64
i2p0_m2p0_a2p0_f
2p0_d2p0_c2p0. . .
shstrtab..interp
..note.gnu.build
-id..note.ABI-ta
g..gnu.hash. .dyn
sym..dynstr..gnu
.version..gnu.ve
rsion_r..rela.dy
n..rela.plt..tex
t..rodata..eh_fr
ame_hdr. .eh_fram
e..preinit_array
..init_array..fi
ni_array. .dynami
c..data..got..bs
s..comment..risc
v.attributes....

hello

PC

inst[31:8]

y

& br_taken

? + pc+4
| o 4 —p
addr » alu
id rsl rsil
inst _E rsi_id
rs2_id
IMEM i a2 asel  DALU peset
GPRs
> s?2
reg_wr_en o g
- 1mm
/1/ alu_op addr pere
B_sel rd_data mem
p|wr_data 1
o DMEM mem_width wh_sel
CMP t
mem_rd_en
imm_sel br_cond mem_wr_en

Control Logic

50




Compare: Another RISC-V Datapath

| PCSrc
Control

Unit ResultSrc

MemWrite

6:0

op ALUControl,.q
funct3 [ALUSrc
funct7s | ImmSreq.q

14:12

30

Zero  |RegWrite
[
CLK oLk
CLK I |
. N WE3 - v
'F"IPCNextMPC A gp Most [P AT RD- SreA ™=~ Zero
ReadData
Iy l—l Instructi . 3 | ALUResuilt Ao
ion 24:20 ~ 3
Memory A2 RD2 0 |SrcB Data

11:7

o i : — WriteData Memory

WD3 Reg.lster | o

File
PCT t
— . arge
) ImmExt
7 Extend
PCPlus4
Result
4

Figure 7.12 Complete single-cycle processor

Harris & Harris, "Digital Design and Computer Architecture: RISC-V Edition"
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