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|:|CPUr€|E PN ES

v 188 E BURTISAFImIEES
v CPI %DHJ‘%EFHHHJKF BURF-CPURE4
OFA T EZR=1RISC-VRISLIY
v — 1 EREMhRA
v — 1 2 ERRRA
 — I 2 E:& PREYIRIK ZehiR s ‘
O ISAEI’J B FERIICPUIRITHINZ 5
v ZfiE=s51518): Id, sd
v BNMEEEIZE : add, sub, and, or
v 12HEERS: beq




EA*&

IE<SEUERI&Overview L) TRz LLxs

OSCIARIESHZE TFEREERER, SESRELX
v Blig: &BPCIEEMEM
v ENERL: IRIEIS < F PRI LSS 7 RS
OHITEIES NN ES AR, BRZEESIEFEEU
v ERBIBIES
« RZEALUIES add x1, x2, x3
* IZRALUTES addi x3,x3,4
v ANEIRBENES BRI, WEPEFERALU
s IHEESHERALUTTEEIE Iw x1,100(x2)
- BIZ1ESERALUTERITE add x1, x2, x3
. ﬁﬁ?ﬁ%ﬁﬁﬁALUi&ﬁ%@blﬁiﬁ beq x1, x2, name
vHE, BTN ESHIENAET

CHEHESTHEEEITES  Iw x1,100(x2)
. EBIESBALUEREMERFE add x1, X2, X3

© DIGESHETIRERZE T —FIESHIELUL beqg x1, x2, name
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Name Field Comments
(Field Size) 7 bits 5 bits 5 bits 3 hits 5 bits
R-type funct? | rs2 rsi funct3 rd opcode Arithmetic instruction format
l-type immediate[11:0] rsi funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsi funct3 | immed[4:0] opcode Stores
SB-type immed[12,10:5] rs2 rsl funct3 |immed[4:1,11] opcode Conditional branch format
Ultype immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
Utype immediate[31:12] rd opcode Upper immediate format

add (add) 0000000 | 00011 | 00010 00001 | 0110011 | add x1, x2, x3

sub (sub) 0100000 | 00011 | 00010 | 000 | 00001 | 0110011 | sub x1,x2,x3
tvo otmotins | et | 13 {woh| 10| spocdo] _Dramete
addi (add immediate) | 001111101000 | ooo1o<‘ 000 | 00001 | 0010011 | addi x1, x2, 1000
1d (load doubleword) 001111101000 | 00010 00001 | 0000011 | Id x1, 1000 (x2)

S-type Instructions immed immed| opcode
-iate -iate

sd (store doubleword) 0011111 00001 | 00010 01000 \ 0100011 | sd x1, 1000(x2)
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add x1, x2, x3; x2+x3->x1

[RC]

Address A ——=

AddressB ——=

—— Address C

——
=
=

£l
=

Immediate value




VAT EIESHENER 2 O teAraLxE

OF— "N ESFesT o C
_LED &%Z_ﬁgc IR ~——  Address C

AddressB ——=

Immediate value
) 1 W
il
v
li

addi x3,x3,4; x3=x3+4 \I.J'A N
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add x1, x2, x3
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addi x3,x3,4 arithmetic load
lw x1,100(x2) FaN
sw x1,100(x2) ‘ ‘ //
\\\ / \\\\
Data ) ,/ .
://
Reqister # %
PC =~»| Address Instruction Registers Address
. A
Instruction Register # |
memory _ T :' Data _
Register # | memory
| Data
= X
Efg: E¥R, PC+1 IR v
. FEEHES N Y
PAT: addP4T, THEHME, beqSERk i
PYifE: IdiE, sd Madd52/% addr(offset) !
EH: Id5ERK store
H'.h,-pcl funct? | 152 rsl | funct3 rd | opoode
Hype | immediate[11:0] | st [ tunea] rd | opeode
Stype [ immed11:5] | r=2 |  rsi | funct3 | immed(d:0) |  opcode

B-type | immed(12,10:5] |

rad sl

funct3 ||mmm|4:1.1 1]

opcode
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Data
\\
\
Register # \
. Al
» PC 1#> Address Instruction Registers Address
Register #
Instruction m:::r —
memory Register # y
Data
v,
addr(offset)
R-type | functT | rs2 rsl | Tunct3 rd | opcode
Hype | immediate]11:0] [ orst [ tumet3 | 1d | opcode
Stype | immed[11:5] |  rs2 s | funct3 | immedi4:0] |  opcode

Btype | immed[12,10;5] | s rsl [ functa ||mmeﬂ|4:1.11|| opcode
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Read register Write
number 1
Register 0 0 } c
. 1 Register 0
Register 1 = u
1D
Register number rEto2n
u » Read data g decoder } c
Register n - 2|—e = X i) Register 1
»|D
Register n-1}e¢ - n
Read register
number 2 D_ &
L] Registern-2
" D
c
gl > Eeadldeta Register n-1
o * Register data ® D
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O FERXHE—EERPER M —SEF.

v EERA, EAORECA LR TRIESERE, BEIEHBE E— 1 EEBANE
O FFEEFReERIH TIENSEERE. mMRITEA:

v |85 (late write) : fERIFEHIEEGE, HE+AHSEEGE.

v 85 (early write) : 5EFEHR.

v R ASBHTAERR? (B%)

Input data

|

C

Address A ——=

Register

Adr 1 file
Address B ——=

+—— Address C

A B

|

Output data
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g\/

o= Address Instruction

Instruction
memory

|
load
/
/ \
/ |
|—> Data !
Register # ‘;'
Registers Address
Register # Data i
Register # memory
Data
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Branch
M [
U
T
4 — g
%dd - Add M
= - u
X =1
! N
ALL operation
L= Data -
= I
I/ 1A i
o+ Register # MemWrite
| PC @ Address Instruction #— Registers >ALU » Address
o= Register # Zerg
Instruction mg::: -
memory - Register# RegWrite y
~| bata MemRead
7N
.'l:. ..I'l.
—HI Control
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it sl
SHEF?
SHIRIER?

LT
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O 15<EHA = m ¥le8EHA, #=sfEHA = RIs/ENEA
O REHEASCIL: $5<5EHA = 1 ¥=5EH = 1 BY+h/EHA
v All stages of an instruction are completed within one long clock cycle.

et ESEITER |
v ﬁﬁ E/\ | HH\ 1.Instruction 2. Decode/ ;o .. . Memory ?Verﬁe

Fetch Register
Read

] [
O Z/EHASCHL: 18<SEEA =m H1=8/EHA = mETs9/EHA
v Only one stage of instruction per clock cycle

v IRRTHHERR (= Y=sEH) ERSRIAMRERIES

L]

1. Instruction 2. Decode/ o i 5. Reg. '
Fetch Register 3. Execute 4. Memory Write
Read

]

15
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OEKE<SHEHS

v'All stages of ainstructioare completed within

one long clock

cycle.

e SRR VANE LY P

- FrE1E<SENHI— B EHRIT, EF—1MA%E
1.:Instruction : 2 Decode/ L 5 Reg. :
Fetch Register 3. Execute 4. Memory Write

Read

-

|
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ST K32Mz

Read
address

Instruction
memory

Instruction
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Name Field Comments
(Field Size) 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
[R—type l funct? l rs2 | rsl | funct3 [ rd [ opcode [ Arithmetic instruction format |
0...... ...::‘.ﬁ,:
0#,... : ‘:~~,... Read
*AReqister 1 Read
data 1 g
Read
Instruction Register 2
Write Read]
Register data 2
Write Register
Data File
RegWrite
Datapath (“write enable” control point)

Control —,

Points
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T |
Read 4 *ALU operation
register 1 Read

—
Reqd data 1
Instruction register 2
Registers > ALU aLU
Write
register Read
f—
Write data 2

data

RegWrite

funct? rs2 rsi funct3 rd opcode R-type

. RAERIE
- B AMEEBRES, A M AR R O
- §: RESERFHSNRMIESRegWrite, FEIIME
- E—AAHIN, REGH LR ERIESHEME, BiRlR E— M EHEANEGES)




RS HIHT-Id ) + (TS

immediate[11:0] rsl funct3 rd opcode lHtype

ALU operation
| Read 4
register 1 Read N
Read data 1

MemWrite

Instruction register 2 Zero—> |
, Registers >ALU ALU cond
write result | Address
register T ; data
Read . .
- data 2 > o
\d/\gtlffle Data

memory

RegWrite

32 64
\ Sign
>
N lextend SwW lw

\

Olw x1, offset(x2) M(x2+offset) -> x1

OB R R TO M ST B
o R Ep 2 TOUmT ST

MemRead
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1

funct3 | immed[4:0] opcode S-type

ALU operation
| Read 4
register 1 Read R
Read data 1

immed[11:5] rs2 rs

MemWrite

Instruction register 2 Zero—> |
, Registers >ALU ALU cond
write result | Address
register T ; data
Read . .
- data 2 > o
\d/\gtlffle Data

memory

RegWrite

32 64
\ Sign
>
N |extend SW [w

\

I:Isw x1, offset(x2); x1-> M(x2+offset)

EERE S e oA
bR 3o Ry S

MemRead

Pl
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T
I'RI:I

HYEUEIE

’ funct? ‘ rs2 | rsi | funct3 ‘ rd | opcode | R-type
‘ immediate[11:0] | rsi | funct3 l rd | opcode ‘ Hype
o ‘ immed[11:5] ‘ rs2 | rsi | funct3 ‘ immed[4:0] | opcode IS-WPG
» » AYAY ?
S add R-type or l/S-type HiZorvifF?
4
Read Registers
“|register 1 |
PClbe| Re2d
< address Read dReald Ji
. register 2~ data
Instruction .
Write Read Address Read
register data 2 M data M
Instruction - u
Write X Data >l€
memory data p—)>
A data
32\ [ Sign 64 /
7| extend
” S-type ki
I/S-type R-type
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Instruction ‘

PC + 4 from instruction datapath =
> Add Sum Branch target
—)
ALU operation
Read
register 1 Read
Read data 1
register 2 To branch
Registers .
Write control logic
register Read
Write data 2
data
RegWrite
sBtype | immed(12,10:5] | rs2 |  rs1 | funct3 [immed[4:1,11]]  opcode
32 si 64
\ ign
>
| oxtend O beq x1, x2, offset

v LD SIESHY F—FIe< e EIr

v ImmBRS J= E%fvl* _jflf%id
FoRk “6AfRIEHERE"  (PCHH
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N\
L JI 2
SAdd , A?
4 wp
-‘,
Registers .
] Read L Uer 4 ] ALU operation MemWrite
| PC s R;g register 1 Read e
address Read data 1 il MemtoReg
register 2
Instruction _

Write Read - Address Readl
. register  data 2 Ml data M
Instruction _ U fb U
memory -] VVrite X Data X

data — o Mmemory |p>

_ Write y
Regertel ) | data
3\2‘ Sign 64
™| extend MemRead

FERIE 5 I AL 2 ?
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r Branch
i e
u
W,
4 —
%dd N Add M
= o [V
x -
* Nt
ALU aperation
Data l
o F!egistar# MMemiWrlea
+ PC @ Address Instruction re— Registers >ALU ~ Address
o= Register # M Zero
Instruction ’ mE:-:t: B
memory o~ Register # Reqwrite || * L
«{ Data
MemRead
Il_n'-;. ‘\.l-
~| Control |
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Oopia, (7) FEEREHIES:
v RegWrite: E7=sS12(F=H
v ALUSrc: ALURYE —/MERIESCKRR

' \ Branch
- R-typeigs (0) 5 IIS/SB-typeig< (1) Instruction | | MemRead
- [6-0] I | MemtoReg
\/ALUOp R—typeil:b/‘\ (211[) —'ycontrm] ALUOp '
' | MemWrite
v MemRead: fFfisgiiz=hl, loadfg< ~ALUSrC

v MemWrite: Ffifzs51cH], storeig<
v MemtoReqg: BHHIEFEHIERR

« R-type (IZBALU) 1S 5loadig<S —i%—
v Branch: 89 %i8< (FF&EPCSrc)

-« PCSrc: nPCEEﬁT H, RSB —
- "B&Bbegig$ (Branch) " & "ALUE’JZeroJk,U\E§&”
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Instruction Funct? Funct3 Desired ALU control
opcode Operation field field ALU action input

load doubleword XXHXXXX 0010
'sd 00 | store doubleword | XXXXXXX xxx adci 0010
beq 01 branch if equal XOOOOCK XXX subtract 0110
Rtype 10 add 0000000 000 add 0010
R-type 10 sub 0100000 000 subtract 0110
R-type 10 and 0000000 111 AND 0000
R-type 10 or 0000000 110 OR 0001

| functz | rs2 | rs1 | funct3 | rd | opcode | Riype

[ immediate[11:0] [ rsi | funct3 [ rd | opcode ‘ Hype

‘ immed[11:5] | rs2 ‘ rsi | funct3 ‘ immed[4:0] | opcode ‘ S-type

| immed12,10:5] |  rs2 |  rs1 | funct3 |immed[4:1,11]|  opcode  |B-ype

2fIALUop5Funct7. Funct3#&, F24EALU ctrl_input (BP4AZALU operation)
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= Shift
P loft 1

! "., Branch

f | MemRead

Instruction [5-0] | MemtoReg
Contro

ALUDE
| Mearm\Vrile
\ | ALUSH:
Y./ RagWrie
Instruction [19-15] Read
Pias *| register 1 gaaq

address ;
Instruction [24-20
[ ] Read datal

Instruction | _L register 2
31011 T nstrugtion [11-7] Write  Read
Instruction register data 2
memory

Read q
Address date

HE=

Write 4
dala Registers

Writg_Data
- data mﬂmﬂw

: ) 42 m 64 A —
Instruction [31-0] 2 imm | L [ aLu | |

) @ A \control)
L I

\__/

Instruction [30,14-12] |




—\ * '*'ﬁ %
R-typefs SHIHITIZIE & ¥ Sl 2

O addxl, x2, x3; X2+X3->x1

OFE— N EEIR TRl RaE
/%_/' B3gf0PC + 4
VETL: IR NIRIEEEEFEIx2F0x3
VE=: ALUERE
vENX: ZRERIEREFeIX1

funct7 rs2 rsi funct3 rd opcode R-type
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R-typetg<

"
F L
i L1
! "., Branch
f | MemRead
Instruction [&-0] | MemtoReg
Control ALLD
L p
| [ Mem\Wrile
\ J ALUSrc

Y ! ReqWrite

% }—4]

Instruction [19-15] Read
A L Eﬁrﬁs : *| register 1 gaad
Instruction [24-20
[ ] Read data 1
Instruction | L g 4
(371011 T instruction [11-7] Write Read W’Eﬁaﬁu?t: ==
Instruction ragister dala 2 u
memary x
N Write
dats Registers Writg_Data
data memory,
- a2 m 64 . T
Instruction [31-0] 2= imm | [ ALU | |

. Y
Gen control|
\ y
\

add x1, x2, x3 Instruction [30,14-12) |
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O lw X1, offset(x2); M(x2+offset) -> x1
05— : BYSFAPC +4

O e

OF=2: ALUBREEmx25fST EaHloffset/N
O ALURNERIEAREELE, XESUEMEM
O5Hh: REFFRIZEREIEEX]L

L -

immediate[11:0] rsl funct3 rd opcode l-type
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e
i L
I L1
! ".I Branch
f | MemRead
Instruction [6-0] | MemtoReg
Control ALLD
L R
\ [ MamWrile
\ J ALUSrc
L ! RegWrite

\"\. - |

Instruction [19-15] [ Raead

register 1 pagd
Instruction [24-20 *
nstruction [ ] Read 98131

Instruction |_L register 2
31011 T instruction [11-7] Write ~ Read

Instruction register data 2

memary

Head
address

fero
DAL
rasull

Wirite
dald Registers

32 m 64 7\
» = L —Ii
Instruction [31-0] 2= imm | L [ ALY | |

M T
Gen control|
\ y
\

N

lw x1, offset(x2); Instruction [30,14-12] |

L
o
7]

]
'-‘.ﬂim
3
o

b=




begig<THIFITIIAE

Obeq x1, x2, offset
O%F—: BUsFIPC +4
OF 2. i£5Feaxl, x2

O =C: ALUBXAFOx28iE;;: PCHASHA
BUUFHITR ST BERoffsettEiN, {E
S99 2 Hpiteiik

OZE0025: ALUBYZeroffiENIX{EPCRIE

immed[12,10:5] rs2 rsi funct3 [ immed[4:1,11] opcode B-type
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N,
F N
¥ L1
/ "., Branch

f | MemRead
Instruction [6-0] | MemtoReg
Contral

ALUD
\ || Marmrile
\ J ALUSrc
! ! Reqg\Writa

\"\. - |

Instruction [19-15] Read
Ll e s g:ggﬂs *| register 1 gaaq
Instruction [24-20] data 1 "
Read T
Instruction | L register 2 ALU i
3100 | T |nstruction [11 i Read Ay frwr
. Wirite | Address —-1
Lt [11-7] rgisr data ? resul data M
memary _ :
Write
| datE  Registers Writa Data
. —y = datz MEmory
; . 32 m 54 7 \ |
Instruction [31-0] 2= lmm | 2 [ awu | 1

& e
Gen control |
\ )
,

N

Instruction [30,14-12) |

beq x1, x2, offset
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imm[19:12] rd opcode

T T 5 bits 7 bits

imm[20] imm[11]

OUITCHEEERS, REET BIrtitAyaEk
v PC#219

CEN0—Numptg <SRBI
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s
\;\J
-]
=1
o
¥
- weg &

>A.dd Sum

Shift
P left 1

! \ Branch
f | MemRead
Instruction [6-0] | MemtoReg
Contral

ALUD
\ || MermWrile
\ J ALUSr:
\ /_RegWrite
Instruction [19-15] Read
Read -

ragister 1
address : Read =
Instruction [24-20 >
[ ] Read data 1

Instruction L4 register 2
(3701 | T instruction [11-7] Wrte  Read

Instruction register data 2

memaory

ZBrm
ALU 4 1
result

Read

e =

Wirite
dala Registers

| Writa Data

' | data TREIOEH
-’__.—\.‘_\.
Instruction [31-0] 32  m | B4 / \ ———

- [ ALU | |

b3 T
@ \control|
L ¥

~

jal XO, 2000 Instruction [30,14-12] |
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Instruction [25-0] \ [ shift \\ Jump address [31-0]
N
26 left 2 28 +(o | 1
PC+4 [31-28] ) M M
u u
\ : X
ALU —
Add result \1_/ g
>Add
Jump
4] —]
Instruction [31-26]
Control
Instruction [25-21] | Read
»| Read register 1
PC address , 9 theald
Instruction [20-16] | Read ata
. register 2
Instrg(itlog I—> 0 Registers Read
(31-0] Write > Read
. M | data 2 Address 1
Instruction u register data M
memor’ : X
y Instruction [15-11] ! Write Data g
data memory 0
Write
data
Instruction [15-0] {6 | Sign ?\’2

N lextend

Instruction [5— 0] r

37



Single-Cycle Processor: ) FRDBZLL %S

University of Science and Technology of China

Clocking

N
F '\.I‘
f ".I Branch
| JemMead
InstruciMg/6-0] g Reg
Ceontrel <
ALUODNY
\ MemWrile )
J ALUSH:
"l RegWrite

Instruction [19-15] [ Read

Read *| ragister 1
address Instruction [24-20] dI:EEEI’ "
Read R0
Instruction | L register 2 ALU B
(3701 | T instruction [11-7] Write  Read AL
Instruction registar data 2 e
memory

- Addraﬁst;tg i1

Write !
data Registers

x2S

Write Data
data meamory|

32 m 64 7\
v a 1 —i—
Instruction [31-0] £ [ Imm | 2 | ALU | 1

By
@ \control
1Y __f

N

Instruction [30,14-12) |
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DR AR KR R HEE

O K E R SRIEERE=TFE ST TR Bl &R I<?
v PCHI 40881t =30ps 1ERTF=250ps
v E{Fea1E=150ps EFHfFEs5=20ps
vALUTTE=200ps BRI ERsHE25ps (JU1N? )
OEHCEER, FitEEm

Tc =

tpcq-PC + tmem-1 + tRFread + tALU + tmem-D + tmux + tRFsetup
(30 + 250+ 150+ 200 + 250 + 25 + 20) ps

925 ps

1.08 GHz
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O iRFEFFloadF24%, storeF12%, Rtype7|'§44%, beqi18
%, jumpB2%. {Rigload, store,R,beq Jumpjr SHFTELRIR
8,7,6,52ns (WIFK) . WNRATHERAETE, Eéh 1=l SERERYS
8ns; WNERATERERAA ZEJLt, EHEHARYRSTFRILAZ2ns ~ 8ns, 13,

VAR $PE 1< ER B HASCIN AN B 1< B A HASCIN AV T4 RE.

T84 inst Reg ALU Data Reg Total
MEM | Read MEM | Write

R-Type 2 1 2 1 6ns
lw 2 1 2 2 1 8ns
SW 2 1 2 2 ns
beq 2 1 2 5ns
JAL 2 2ns

40
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OiEFHATHTIE = 152 CPIx BTt A HART (]
O15< A = t==/EHA = BTsR/EAR

v CPI=1

OIS ITRTE =8%x24% + 7x12% + 6x44
% +5x18% +2%x2% =6.3ns

ORI, i< FEEISCINE R EEASCINR
8/6.3=1.27{=

41
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Single-cycle Implementation: E#84 E

clock‘
ﬁ
add x0,x1,x2 beqg x0,x1,L

Multicycle Implementation: AEKIE4 A

clock

add x0,x1,x2 begq x0,x1,L
* Multicycle Implementation:
less waste = higher performance
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O .:.?E%\mﬁ)f_ﬁf% JHIDDREEMS,

PRZTIER

v BEETRAVIE <RI LR ERE
DR ERRRE

fUTIS RIS

FE—1ERR (1=8EEH7)

v BN EHIRC

VIRIR— 1M EEARR LS

Read

= __/ﬁ_ 1. Instruction 2. Decode/ 5. Reg.
1’E).\ai— —1*]' Fetch Register ° Execute 4. Memory Write

]

« —/RXMEMIf[E], or
o —/REF1F2815(a) (2 reads or one write) , or
« —IRALURE

43
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O35 e (JEER)

v Bl3E

viifE: WiE, storeFIR-typed
a: IwWsERkBTER

vE
O3
v BN EEE

1. Instruction 2. Decode/ 5. Reg.

Fetch Register

3. Execute 4. Memory Write

Read

i ]

vIEIBMER. TTRbeqETRIBIE
v HAT: R-typeig<HT. IHEANTE, o3 TeRbER

=< TohbER

HA: #ESEHA=RT%F

1EEA

V AEKESHEN: 251733, 4. 5MM=sEE

O =l esRIE Y L s E I A AL
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= Mem[PC]
FE PC+4
ID A = Reg[IR[25-21]] Rrmd] (B
B = ReglIR[20-16]] Big4PC+offset
ALUOut = PC + (SE(IR[15-0]) << 2}
EX ALUOut=AopB ALUOQOut = If (A==B) PC=PC[31-28]
A +SE(IR[15-0]) then | |
W4 PC+offset  PC=ALUOut  (IR[25-0]<<2
rd
MEM  Reg[IR[15-11]]= MDR=Mem[ALUOut] Bh#s$8 & PC+offset
ALUOut Mem[ALUOut] =

WB Reg[IR[20-16]] = MDR
rd
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