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OCHIARIIESRIZET(EEPEMERRN, 588X
v Big: 1BPCIE{EMEM
VU RIS R SR
OTIRES ME<SARE, BEZHEIFERU
v BARNEHEIES
- RZEALUIES add x1, x2, x3
- |IZEALU$ES addi x3,x3,4
v A RIERBIESHEEREZA, WNEBE{ERALU
.« HTEESERALULTEBIE lw x1,100(x2)
- BZ1ES{ERALUSSRLITE add x1, x2, x3
. %ﬁ?ﬁ%ﬁ%ALUi&ﬁ%ﬁFtbﬁ beq x1, x2, name
vEE, EMNMESHIIEMAR T
« IFTFESNFEESHTES Iw x1,100(x2)
- EIZIESHBALUERENZE{FEE add x1, x2, x3
« DIESHEETFIVRGRIEN T —5KIESAUMBLE beq x1, x2, name
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Name Field Comments
(Field Size) 7 bits 5 bits 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 rsi funct3 |[immed[4:1,11] opcode Conditional branch format
UJtype 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 J00010 000 00001 | 0110011 | sub x1, x2, x3

addi (add immediate) 001111101000 | 00010 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
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add x1, x2, x3
addi x3,x3,4

arithmetic load
lw x1,100(x2) p
sw x1,100(x2) /
/ \\\\
Data /, \\
/ A
/
Register #
PC =-»| Address Instruction Registers Address
Instruction Register #
memory o
Register # memory -
Data
Bdg: Edg, PC+1 v

. FEERES
PAT: addfT, HEHEE, beqZEmk
Vife: 1dik, sd Mladd52hk

HE.: |d5ERKk store
R-type | funct? | rs2 rsl | funct3 rd | opcode
Hype | immediate]11:0] | w1 | funet3 | rd | opeode
Stype | immed[11:5] | rs2 |  rs1 | funct3 | immedd:0) | opcode

B-type | immed[12,10:5] | rs2 rsl funct3 ||mm|=.-d|¢1:1.11| opcode




CPUISS IR BIREE Q) FEAZLL% g

|—> Data / |
Register # ‘;’
-+ PC [#» Address Instruction Registers Address
Register #
. D
Instruction ‘ me;t:r —
memory Register # W y
Data
= ~ ~
addr(offset) ;'
R-type | functT | rs2 rsl | functd rd | apeode S-'to re
Hype | immediate[11:0] | sl | funct3 | rd | opcode
Stype | immed[11:5] | re2 1 | funct3 | immedi4:0) |  opcode

Btype | immed[12,10:5] | rs2 rsl [ tuncta ||mm&d|4:1.11|| opcode
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Read register Write
number 1
Register 0 |——e» 0 } C
. 1 Register 0
Register 1 o=
; Register number n-to-2n 2
u ~ Readdata 9 decoder } c
Register n - 2|—e = 2 el Register 1
=D
Registern - 1}e » n
Read register
number 2 l } C
Lpf Registern-2
" D
1M
Read dat ¢
= U -
R Register n-1
- X Register data D
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O SEHRNEE— N ERPERNEN— 1 SEE.

v ENEBR, EORIGALIERRIESEE, EiRHNE L1 EHSARIE
O SHERG AR TIEANSERE, WA EA:

v |55 (late write) : ERIFEHNEENE, ERFASEEE.

v 55 (early write) : 5EE#H&K.

v BRASEtAliR=? (B%)
Input data
> C
Address A ——»=
Register

file —— Address C
Adr 1
AddressB ——»

A B

|

Output data
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4 —» A
> load
/
Add , \
> y y
Np \
Register # \*
» PC [#»~ Address Instruction Registers Address
Register #
Instruction m::'nt:r —
memory Register # y
." Data
S Y '
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Branch
M |-
U
T
4—> "
%dd R Add M
= o u =
X =1
* NN
AL operation
L Data -
= |
[N, YA
o+| Register # MemWrite
= PC @~ Address Instruction #— Registers >ALU ~ Address
&= Reqgister # Zero
Instruction mg;t: -
memory L oo Regiﬁter# RegWrite ry
~| bata MemRead
N
.'l.: ..I'I.
—HI Control
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O {5<BHA = m #1288, V=8/EHA = BITh/EHA
O ERFRASCIL: 18<0BEA = 1 W188/EHA = 1 Bysh/EHR
v All stages of an instruction are completed within one long clock cycle.

TS S FRTLERL -
\/ FET‘I’E:I I IZI? ] H\ 1. Instruction 2. Deche/ 3 Execute 4. I\/Iemory5 s\ﬁﬁe

Fetch Register
Read

]
O Z/EHASCH: 18<EEA = t=3/EHA = AUs/EIEA
v Only one stage of instruction per clock cycle

v IZRTHHERR (= Y=sEHE) ERSRIAMFRERIES

=

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

]

15
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OE K< A
v’ All stages of ainstructioare completed within
one long clock cycle.

v KRR af AT
- FIBIESHENTHHN—MAFRIT, £ —TEER

* > & i > & > » >

1. Instruction 2. Decode/ 5. Reg.
Fetch Register 3. Execute 4. Memory Write

Read _‘ I_
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ST K3211

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 |
.

Read
*ARegister 1 Read
data 1 .
Read
Instruction Register 2
Write Read| |
Register data 2
Write Register
Data File
RegWrite

Datapath (“write enable” control point)
Control — 1

Points
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T |
Read 4 *ALU operation
register 1 Read

[r—
Read data 1
Instruction register 2
Registers > ALU Al U
\rlggifter result
Read :
Write data 2

data

RegWrite

funct7 rs2 rsi funct3 rd opcode R-type

- WFAERME
- B AHEEBRRT, WSRO A EI D
- 5. RESEBRTNEHESRegWrite, HEHHRME
- TP, REGH CIRN SRS e, ERHKR E— M EHEANEES)
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immediate[11:0] rs1 funct3 rd opcode I-type

ALU operation
| Read 4
register 1 Read . MemWrite
Read data 1

Instruction register 2 cero—> |
_ Registers >ALU ALU Read
er_tet result —| Address data
register Read ‘
: data 2 g [
—_— \é\gt';e Data

memory

v

RegWrite

32 64
\ .| Sign

N | extend SwW lw

\

I:IIW X1, offset(x2) M(x2+offset) -> X1

EENE S PR32 RS T oM S
2N R S

MemRead

Pl
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immed[11:5] rs2 rs funct3 | immed[4:0] opcode S—type

ALU operation
| Read 4
“| register 1 Read MemWrite
Read data 1
Instruction register 2 zero—> |
_ Registers >ALU ALU Read
er_tet result —| Address data
register Read ‘
: data 2 g -
—_— \é\gt';e Data

memory

v

RegWrite

32 64
\ .| Sign

N | extend SwW lw

\

Osw x1, offset(x2)° x1 -> M(x2+offset)

OEER RS 2 T AT S
T R e A AL TOMITERS

MemRead

Pl
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[ funct7 ‘ rs2 | rsi | funct3 } rd | opcode | R-type
‘ immediate[11:0] | rsi | funct3 [ rd | opcode ‘ Itype
R ‘ immed[11:5] ‘ rs2 | rsl | funct3 ‘ immed[4:0] | opcode ]S-type
BoriifE?
BAdd R-type or I/S-type H&oryitf
4 w—
Read Reqgisters |
Read register 1 mend
address Read data 1 J >
. register 2 ata
Instruction .
Write Read Address Readp,
register data 2 M data M
Instruction Write S u
memory data — Data X
.| Write memory
ks data
32\ [ Sign 64 /
7\ extend
/ﬂ S-type A
I/S-type R-type
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Instruction ‘

PC + 4 from instruction datapath e
> Add Sum Branch target
—p>
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(12,0:5] | rs2 |  rs1 | funct3 [immed[4:1,11]]  opcode
32 si 64
\ Ign
| extend O beq x1, x2, offset

v LJ%%E%EET}:%;E?@E%EMTK
v T I 1 (FEFX IT)
ﬁr%nlz ”134%?—%&" (PC%XELE}EE ) )

—



R-/I-/SISB-typez{iEiB I/t E

N\
l i ?
SAdd 75X ?
4 b
Registers :
| Read U 4 J ALU operation MemWrite
| PC d> R;g\ register 1 Read ore
adadress Read data 1 g MemtoReg
register 2
Instruction _
er_tet dReazd =l Address %Z?g —
Instruction register ata U [t W
memory \é\gt';e X Data X
: T_'V | Write Memory
Regertel ”| data
3\2‘ Sign 64
"\ extend MemRead

RS ST ALHE ?
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r Branch
P |-
u
v
4 —
%ﬂd " Add M )
- s u
x -
- e
ALU operation
Data l
v F!egistar# MMemiVrte
= PC [#= Address Instruction - Registers >ALU = Address
i M
_ o> Register # ¥ Zero Data 1
Instruction memaory
memory ¢~ Rogister # Regwrite | |[M
+ [ata
MemRead
_.'II'.- t'\h
f
~ Control |
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I [ ]

Oopigl (7i2) 1FE=ERNEHNES:
v RegWrite: {7 SE(EET
v  ALUSrc: ALURYSE —MREECRR

J
J

" \ Branc
- R-typeg< (0) 5 I/S/SB-typeiEg< (1) Ins[gL_Joc]bon "MemRead
s | MemtoReg
v ALUOp: R-typeig4 (231) ———{Control 2755
| | MemWrite
v’ MemRead: ﬁﬁ%ﬁ% j:fﬁﬁ%] |Oadj:l§/7\ T ALUSrc

v MemWrite: 7Z{i&zs515H, storeig<
v MemtoReg: BRIF FEsERR

+ R-type (IZ2ALU) 15 5loadig<$=ik—
v Branch: B89 %< (FF4£PCSrc)

« PCSrc: nPCRIEEH, IMFESDmkII—
- "B&Bbeqig$ (Branch) " & ALUE’JZeron(,U\E&&"
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Instruction Funct? Funct3 Desired ALU control
opcode Operation field field ALU action input

load doubleword XXX 0010
'sc{ 00 | store doubleword | XXXXXXX | XKX add 0010
beq 01 branch if equal JOOOOX XXX subtract 0110
R-type 10 add 0000000 000 add 0010
R-type 10 sub 0100000 000 subtract 0110
R-type 10 and 0000000 111 AND 0000
Rtype 10 Jor 0000000 110 |OR 0001

| funct7 | rs2 | rs1 | funct3 | rd | opcode | Riype

[ immediate[11:0] [ rs1 | funct3 [ rd | opcode ‘ Hype

‘ immed[11:5] | rs2 ‘ rsl | funct3 ‘ immed[4:0] | opcode ‘&type

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

2frALUop5Funct7. Funct3#H &, F=4AEALU ctrl_input (BJ44LALU operation)
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1
U
b2
o
o

- Shift
Pl loft 1
! \ Branch

f | MemRead

Instruction [6-0] | MemtoReg
Contro

ALLID
\ || Mearm\Vrile
\ J ALUSr;

|
L}

! RegWrite
o —

Instruction [19-15] [ Read

Read *| register 1
address : g Read .,
Instruction [24-20 -
[ 1 Read data 1

Instruction | L register 2

(310 T instruction [11-7) wite Read [ ]

Instruction [Hg|slﬂ.|' data 2
memory

Zern
ALY 5 1
result

Read
data

HEe=

—mEE

data Registers

Wriite_Data
data memao r}'

i . 33 m 64 / A I
Instruction [31-0] 2 imm LS [ ALU | 1

L Y
@ |control |
L i
-, _‘,i-'

"

Instruction [30,14-12] |
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O addxl, x2, x3; X2+X3->x1

OF— 1 [EEAR AN FaE
vE—: BUEFIPC + 4
v %_9: R EEE 72X 2 0X3
V= ALURE
vEIL: FRERENSFEIX1

funct7 rs2 rsi funct3 rd opcode R-type




RtypelSSMfTIRE 2 O teAraLxg

i L
L1
/ 'I.I Branch
{ \ MemRead

Instruction [6-0 | MemtoRe
[5-0] Control e

AL UC'E
\ MMermVrile
\ J ALUSH

i
!

!  RegWrite
\"\. -

Instruction [19-15] Read
A = Eﬁrﬁs : *| register 1 gaag
Instruction [24-20
[ | Read data 1
Instruction | L i
(3101 | T \ngtruction [11-7] Write ~ FRead
Instruction register dala 2
memaory
Write
| data i
Registers . Wi
i - 32 m B4
Instruction [31-0] v Imm | [ LW |

-y .
Gen control|
N ¥
\,

add x1, x2, x3 Insiruction [30,14-12) |
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WSS TSR

u lw X1, offset(x2); M(x2+offset) -> x1
O%—2: BUstPC +4

052 1E5F7ex2

O5=2: ALUEMEZEx2SFTSY Eigloffset]
O ALURERIE/AREELE, 1XESUEMEM
O5He: RFFHIESEEEEXL

) -

immediate[11:0] rsl funct3 rd opcode l-type
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— Shift
o % laft 1
/ \ Branch

[ | MemRead
Instruction [6-0] | MemtoReg
Control ALLD
L B
| | Meam\VWrite
\ J MLUSre

v/ RegWrita
Instruction [19-15] [ mead
Read " | register 1 gaaqg

address .
Instruction [24-20
[ | Read Uatal

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

Instruction ragister data 2

memory

le-| PC Hae-

Zern
ALU a0
rasult

Write
dald Registers

3z m 64 7N\
¥ = 1 —ii
[nstruction [31-0] 2= lmm | ) [ ALU | |

) e
Gen control|
L I
.

"

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

L
o
o
ja1]
3
@
2
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Obeq x1, x2, offset

O%F—>: BUstIPC +4

O3 " 1E57s8x1, x2

OxF=1: ALUJ x1FOx2HHIR,; PC+A5# A
BUSFHITRF =Y RERYoffsettB0, 1F
97037 El iRttt

O%P95: ALURYZerofERMLE{EPCRIE

N

immed[12,10:5] rs2 rsi funct3 | immed[4:1,11] opcode B-type
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. Shift
1 laft 1
f \ Branch

f | MemRead
Instruction [6-0] | MemtoReg
Control ALLD
L “p
| [ MamWrile
| J ALUSr:
Y ! RegWrite

h f’—J]

Instruction [19-15] Eiaad
| pe las S:c?riss *| register 1 gaag
Instruction [24-20] data 1 2
Read Zorm
Instruction L 3 register 2 ALU -

31011 T instruction [11-7] Write ~ FRead Sl | Address a0 1
Instruction ragister data 2 oz > .
memaory

Write 3
| dala Registers itz Data
L -’____‘-\ - data memaory
Instruction [34-0] [ 32 m 64 f :
nistruction [31-0] o Imm | [ ALl | |

e T
Gen control |
\ .
N A

e

Instruction [30,14-12] |

beqg x1, x2, offset
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JALIES YL Q) ¥Rz LAX S

imm[10:1] imm[19:12] rd opcode

| +[20] imn:[ " 5bits 7 bits
OUILEMERRS, REET Hint iR
vPC+21°

OEII— N jumpig <SRBI
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F oy
\:“”
>
o
a
¥
- weg °

>’A.dl:| Sum

= Shift
7N left 1
! \ Branch

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

ALLICH
| || MamVrile
\ § ALUSr:
\. /_RegWrite
Instruction [12-15] Read
Read -

ragister 1
addrass : Read =
Instruction [24-20 -
[ | Read data 1

Instruction | L register 2
(37101 | T instruction [11-7] Write  Read
Instruction register data 2
memaory

ZBrm
ALU 4 1
result

Read

MES

Write
dala Registers

_ | Wiita_Data

l el ‘data mmﬂw
_r"_"“-x\
Instruction [31-0] 32 { m | B4 / \ ———

R | ALU | |

LY S
Gen control |
\ Y,

o

jal XO 2000 Instruction [30,14-12] |
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Instruction [25—-0] @ Jump address [31-0]
\
26 @28 o L.
PC+4 [31-28] ) '\lf '\lf
\ X X
e ALU
Add o5yt \1,/ g\
> Add
Jump
4 —>]
Instruction [31-26]
> Control
Instruction [25—21] Read
»| Read register 1
—|PC address . g Read
Instruction [20—16] Read data 1
: | register 2
Instr[gitlo& 0 ~ Registers Read ALU ALu
, M Write data 2 0 result »| Address Readl )
Instruction u register M data M
memory Instruction [15—11] X Write )L: u
1 data |1 Data X
memo
Write v 0
" | data
Instruction [15-0] 1\6 Sign %2

N lextend| M

Instruction [5-0] r

37
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Clockino

fif

4 I
[
N
'd '\.l'
f \ Branch
/ JemRead
Instrucig[6-0] NN REg
Control ALUOTN
| MamVWrile G
J ALUSre
"/ RegWrite
Instruction [19-15] Read
Gl - Eﬁjr‘;s " | register 1 gaag
Instruction [24-20] data 1 -
Read b
Instruction register 2 - ero
(3100 [ T ingtruction [11 : Read ALU Read
: n S | Address i
Instruction [ :‘:‘gil:lm data 2 [ M result data M
memary u u
Write . 1":
" | data Registers Wiite_Data
| ey ™ data MEmMory|
Instruction [31-0 az m B4 f Y ————
nstruction [31-0] l i | B { sar’} |
@ \control
! ¥
ot
Instruction [30,14-12] |




S BRI TS % - ALARLEL
O AR FR S R R A

O 2RISR =R E S T THYBIE 1< ?

v PCRs0#Ji84=30ps EATF=250ps

VB fFRaE=150ps  EFfFEs5=20ps

v ALUTTE= ZOOpS SN BRIk EFRE L 25ps (JLN? )
u @ uw %%iiﬂi'f:l: / 'L_|_7—|—: :')'Jﬁ

Tc = {tpcg-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 1872~ Fl0adBE24%, storeg12%, R-type71’§44%, beqf518
%, jumpB2%. {Ri%load, store,R beqjumpjE N A !
8,7,6,5.2ns (ANTFK) . WRAITHEHAEIE, EEHARIATENA
8ns; ANSRATEHEHIAER, EELIORT TS 2ns ~ 8ns, i1

R SR K S ST K 2 RSO

84 inst Reg ALU Data Reg Total
MEM | Read MEM | write

R-Type 2 1 2 1 6Ns
lw 2 1 2 2 1 8ns
S 2 1 2 2 ns
beq 2 1 2 5ns
JAL 2 2Nns

40
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ER AL

OFZFHATHTIR] = 182 x CPIx B s/ RRARTA]
O5<>EEA = 1l=5EH8 = BTthEHER

v CPI=1

OIIESHITATE] = 8%24% + 7x12% + 6x44
% +5x18% +2x2% =6.3ns

ORI, KR FERASCHIAE KR EHASLILR
8/6.3=1.27fZ

41
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Single-cycle Implementation: E¥¥84 F#

C|0Ck‘ ‘
M = P —
add x0,x1,x2 beq x0,x1,L

Multicycle Implementation: AiEK354 &

clock

> < » o
l » N

add x0,x1,x2 beq x0,x1,L
« Multicycle Implementation:
less waste = higher performance
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O#R:

/

AR

-}Jf}_?fi; JRITNREER T, RITIIRER

RE TR, BMER— 1N EER (T1a8EHE)
v BERAE S A LR HERE
O B39 EHBEE

Y —— - =07/ 1. Instruction 2. Decode/ 5. Req.
v BN ERN TEREY S Foten  Regeter & Evecute 4 Memory

v Rig— 1 EEIRE LR, |
« —/RMEMif|8], or

« —RETFEEIHE] (2 reads or one write) , or
« —RALUE(E

43
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1. Instruction 2. Decode/ 5. Reg.

OXE51NE (JEIRR) e e
v EUE I |

v IEIBMER. 1tTEbeq BRI

3. Execute 4. Memory Write

v HUT: R-typelg<HT. IhEEINTE, D3 FelER

vER: WEMES
O35

v iFTE: WiE, storeflR-typeiB$eriMER
A

v EXAEEREER: Y=SEEA=A

VEIER

V AEKIESHER: 281793, 4. 5 =sEHEA

O =l esiRIE L as R A&

HEHIES

44
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Instruction
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PC ddress
A
_ —| Register #
emory 'ﬂstglriggg Registers >ALU ALUOUf
Memory | Register #
. data B >
ata i
|-’ register | Register #
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ALU. FF8. FSH. ZHlES
L Data
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PC Registers AL Address
: Register #
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>Add

4 wp

PC

Read
address

Instruction

Instruction
memory

ALUSrc
]

&

Registers
Read
register 1 Read
Read data 1
register 2
Write Read
register data 2
Write
data
RegWritel
3\2‘ Sign
¥ | extend
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4 ] ALU operation

MemWrite
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(MIPS/RISC-V)

i BRI

Name
(Field Size)

Field

7 hits 5 bits

5 bits

3 bits

Comments

funct7 | rs2

funct3 opcode

Arithmetic instruction format

immediate[11:0]

funct3 opcode

Loads & immediate arithmetic

immed[11:5] rs2

funct3 | immed[4:0] opcode

Stores

immed[12,10:5] rs2

funct3 [immed[4:1,11] opcode

Conditional branch format

immediate[20,10:1,11,19:12]

rd opcode

Unconditional jump format

immediate[31:12]

rd opcode

Upper immediate format

4 e
, / e z - /4
/ -~
Vs .7 Pl /
7 -, -7 4
” - 4
/ PA - - 4
4
PC 0 al ; I_‘; 5 p
M Pid Instructio a| Read M ’
u Address [25-21 register 1 — u 2
x” Read jmmtp! x b’
Instructio Read ea A G
L Memory [20-16 register 2 datal —l-V 1, ALU ero
MemDataf==gr= _ Registers ALU ALUOU
Instructiol Write ad result
[15-0 register  gatg 2
Write ;
data Instrl_Jctlon Write
register data
Instruction 0
[15-0] M
u
X
Memory >\1
data \32
register  —
\ \
g \
k\ \ \
- . 1 \‘
\\ \
\ \

CHR E

L a7
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lorD MemRead MemWrite IRWrite RegDst RegWrite ALUSICA
PC 0 »/0
M Instruction »| Read M
u Address [25-21] | register 1 u
X Instruction Read Read A X
> : v Zero
= Memory [20-16] I " | register 2 data 1 [N 1 ALU .
MemData [t . 0 . Registers ALU | ALUOuU
INStruCtion |y M Write Read result
[15-01 [ | nstruction| U register  data 2 | B 0
Write ; 15— 11 X . M
= data Instruction .| |. 1 Write 4 =91 u /
register data » 2
Instruction >0 3
[15-0] M
u
X
»| Memory > 1
data S
register @ >
Instruction [5— 0]
] I

MemtoReg ALUSrcB ALUOp

B2 AR ELI Fbeq=NPC+
offset, TM% ERRZAPC+offset? 49
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LR
B2

RegDst Regirite ALUSrCA
L PC U‘\ o0
M TSI o] FEad M
u | address [25-21] register 1 U
X ) Read
Instrudtion o| Read —FH_L. X
] Memory [20—16] . *| register2 27 1
MemData . 0 Registers ALUCuY
- ~ o Instrudtion |e M Write Read
¢ e e [15=011 i nstruction u register  gata 2 [™° 0 y
SPOWnteCong Instruction | Lo, Write 4 1
P data register 1 data 2 g
Inst?.ldinn — 3
Memory /ﬁ\
data { \
. 3 Sign Shift _
register [ e > \extend left 2/
| nstruction [5— 0]
J I
MermoReqg

OFE%E: &

R EHAANTE

= E2PCE#&H?

ALUScB ALUOp
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O 37&E;
v ALU: PC+4pUitEREFEAPC, TS (BUSHER)
v ALU: begis<HIBTRIEIE (IFRREMIER)
v ALU: JALIES UJ-type (RITEIFREMER)
OFZFERN 5154
v TS PCWrite: PC+4, JAL
v BEEEPCWriteCond: beg
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/7_'_C—I PCWriteCond/\ PCSource
PCWrite / \ALuop

lorD I Outputs

ALUSrcB
MemRead

Memwrite| Control | ALUSICA

MemtoReg RegWrite n p C
. \ Op / RegDst \
IRWrite
[5-0]
\

0
Y M
26 28 Jump Lu
Instruction [25—07 L [ shift address [31-0] X
M \left 2 >\2
Instructizon
1-
—p| PC 0 [31-26] I_’(O PC [31-28]
M Instruction Read M
u Address [25-21] register 1 S u
X >
Instruction Read Read o A X s i
p-| 1 Memory [20- 16] register 2 data 1 __-l_, 1 ALL ero
MembData — ) _ Registers — ALU jtngepp | ALUOUY]
Instruction Write ad B (-\ result
. (15011 T instruction register  gata 2 > ( O b eq
| Wiite Instruction [15-11] - — 41 =-»
data Write

¥

1M
register data 2y /
Instruction >0 3
[15-0] M
u
X
Memory >{1
S 16 32
AV

data . ALU
: »| Sign
register H >
g Y extend control

Instruction [5— 0]
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O HUS
v FRIEPCMMEMAEYE, IR=MEM[PC]
v ITENPC, PC=PC+4
v 4{=E: MemRead, IRWrite, lorD, ALUSrcA, ALUSrcB, ALUOp, PCWrite,PCSource

/7_’_G—I PCWmeCond/\ PCSource
PCWrite
\i lorD I/Outputs\Al‘Uop
ALUSrcB
MemRead
Memwrite| Control ALUSICA
MemtoReg RegWrite
IRWrite [5(2%] RegDst
N\ 0
A M
26 28 Jump [
Instruction [25—0] Lo [ shift address [31-0] X
2 \left 2 *\2
Instruction
1-2
| P C b {0 [31-26] A PC [31-28]
M Instruction Read M
u Address [25—-21] | register 1 — u
X
Instruction Read Read > A X
=>{ 1 Memory [20- 16] p ™| register 2 data 1 _—|_, 1 [l
MemData > X L 0 . Registers — ALUOu
Instnljgtlog » M Write Read B
] [15-0I[ T instruction| u register  gata 2
- | \é\gtge Instruction [15-11] :E‘ Write —
register data
Instruction 0
[15-0] M
u
X
»| Memory \1
data 16 sign 32
register N _
9 N | extend
Instruction [5— 0]
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O {EFEBMESFE
v BrsFOruX{EAFIB | A=Reg[IR[25-21]], B=Reg[IR[20-16]] A=rs1 B=rs?2
O it&beqHiriEIE
v [ALUOut=PC+(sign-extend(IR[15-0] <<2)] = PC+offset
«  HTUHREARREES, FLALSESTED ittt aT8ETc31

O #=HISS: ALUSICA, ALUSIreB, ALUOp

—G_I_C!_, PcwmeCond/\ PCSource
PCwrite /
l Oulpuls\ALUOIj

lorD
ALUSIcB
MemRead
MemWwrite | Control ALUSICA
MemtoReg RegWrite
Op RegDst
IRWrite [5-0]
0
M
26 28 Jump —{ 1
Instruction [25—0] sea [ Shift L3, address [31-0] , M
Mo\left2 [N
Instruction
PC [31-26] vAl
Instruction Road

=>| Address [25-21] register 1

"‘chc’}

Instruction Read Read
Memory [20- 16] register 2 datal
MemData i 0 _Registers ALUOUY
Instruction L4 M Write Read
. - Instruction| u register  gyata 2
| \é\gtge Instruction | [15-11] f Write
register data
Instruction 0
[15-0] M
u
X
S

Memory
data 16 Sign 32
register > extgn "

Instruction [5—- 0]

54




R-typeH T, HEFHEIOTE.
9332 5Pk TER

ity of Science and Technology of China

O KT 15

MembData | X 0
nstruction
- M
) 15-0 Instruction| u
b/\ \N| 2 'I vire Instruction | 1 115111 /| X
\ B register

5
v R-typetg<

« ALUOut=AopB

VipTHES: IHEIFibiE

» ALUOut=A+(sign-extend(IR[15-0] )

v beqig<

imm

B#{55: ALUSrcA, ALUSrcB, ALUOp,

 if (A==B) PC=ALUOuUt; PCWriteCond,PCSource, PCWrite

v iumpiES pcrofiset

b PC =PC[31-28] || (IR[25-0] << 2) MIPS

. PC = PC+IR[0-20] RISC-V
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v R-typeFehk: ESEEE(A] [ Reg[IR[15-11]] = ALUOUL
v sw52hk: EAMEM MEM[ALUOUt] = B
v IWiEE: MDR = MEM[ALUOU]

_'_C!—, PCVVmeCon(f\ PCSource
{ l PCWrite

lorD I Outputs\ALUOp
ALUSrcB
MemRead
Memwrite| Control ALUSIcA
MemtoReg RegWrite
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0
M
2 28 e tu
Instruction [25-0] 1 Shift | _ address [31-0] X
Mo \left2 [V 2
Instruction
31-26
kb (D) [ ] 5 PC [31-28]
M Instruction Read M
u p=»| Address [25-21] register 1 u
X
Instruction Read Read A x
=1 Memory [20-16] register 2 datal 1
MembData . 0 _ Registers ALUOut
Instruction L4 M Write Read B
_ 15011 T nstruction| u Tegister  gata 2 I 0
| VVrite Instruction [15-11] X Write 4 =1 M .
data ) 1 1 u —
0 BHIES: RegWrite
: ]
Instruction 0 3
150 y RegDst,MemtoReg,|
b egDst,MemtoReg,lor
X .
vermory . D,MemRead,MemWrit
16 32 e ea e rite
data Sign ' !
register —
o N |extend
Instruction [5—0] 5 6
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EHES: RegWrite,
O %.—ELW\EX rd Reg Dst,Memet%Rgge
v IwEl[8]: | Reg[IR[15-11]] = MDR

/7_’_@ PCWnteComd/\ PCSource
PCWrite
\—i lorD 7Oulpuls\ALUOp
ALUSrcB
MemRead
MemWrite| Control ALUSTCA
MemtoReg RegWrite
IRWrite \ [5?%] CRQQD“
0
A M
: 26 28 Jump o
Instruction [25—0] L [ shift address [31-0] X
7 \left 2 "2
Instruction
PC 0 [31-26] (o PC [31-28]
M Instruction Read
u Address 25— 211 T | register 1 I '\S
X
Instruction Read Read s A X
=1 Memory 20— 16][T® | ™| register 2 datal | Ll
Membata Instruction 0 WriteR egisters ] ALUou
M ! Read B
Wit (15011 T instruction| u register  gata 2 -.—’m
rite ; X . o
> o Instruction [15-11] ) Write 4 mp|1 I\JI
register data » 2
Instruction 0 3
[15-0] M
u
X
»| Memory ~\1
data 16 . 32
register | @ Se=p| Sign —
N | extend
Instruction [5— 0]
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1 ALUSICA, ALUSICB, ALUOp éggefxy_ﬁtfé Sod gy el (5

(ALU{E= ALUFE S or& Hiht)
_ 4 PCWriteCond,PCSource, PCWrite(5PC=Jii
3. MemRead, IRWrite, lorD g 443 6. lorD,MemWrite (SW)

(BEAEfaas. BIR=HER) 5. lorD,MemRead CGERFZ#ER=51E)

/—(_,—C!_, PCWmeCond/\ PCSource
PCWrite
\—l lorD I/Oulpuls\ALUOp
ALUSICB
MemRead
Memwrite |  Control ALUSICA
MemtoReg Regwrite
IRWrite \ [5(2%] CRGQDSL
0
M
26 28 Jump > 1 u
Instruction [25—-0] Shift _ address [31-0] X
2 2
Instruction
PC {0 ) [(31-26] 00 PC [31-28]
M Instruction Read M
u | Address [25-21] register 1 u
X
Instruction Read Read A X
= 1 Memory [20-16] register 2 data 1 1 |
MemData X 0 Registers ALUOuU
Instruction L4 M Write Read B |
) [15-0] Instruction| u register  gata 2 0
> \é\gt';e Instruction | 1 [15-11] || X Write L] Amp|1 M
register L data 5 )L:
Instruction 0 3
[15-0] M
u
X
Memory 1
data 16 sign 32
register S —
9 N | extend

Instruction [5-0]
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= Mem[PC]
Pc PC+4
® :i EEE[:E[E-E]] A=rsl1 B=rs2
eg[IR[ 1l B#§4PC+offset
ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOut = If (A==B)  PC = PC[31-28]
A +SE(IR[15-0]) then |
WifEHe 4 PC+offset PC=ALUOut (IR[25-0]<<2
rd
MEM Reg[IR[15-11]]= MDR=Mem[ALUOut] Bb¥e$a < PCHoffset
ALUOut Mem[ALUOut] =

WB Reg[IR[20-16]] = MDR
rd
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0 FSM: Finite State Machine

MUX . OFF
) w— OFF
din addr = INSTRUC
., dout > ALU pmdout  din == | OFF | ke dout ng)?w b=dout init=y PC |=addr addr= ReGISTER P=inst
n ' din
sel ’ f f wrPC clk
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th I,k roM wrM clk wiR ok
sel ALUop wrR rdM wrM wrPC wriR
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0 FSM: Finite State Machine

O MooreE! (Edward Moore) , Mealy®! (George Mealy)

v MooreBUREIR (MItHSMAFR, TTLVERE—FFaRinits

S) SR ERZE,
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v MealyBIEB R/, HIH S ATERE (—MickWREBIAME) .
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O H3g: PC+4
O 1385 BEQ/JumpEaitht
O H17

v R¥AT y

/TA'Ik U\-EE-EE_/I\

MemRead
ALUSrcA=0
lorD=0
IRWrite
ALUSrcB =01
ALUOp =00
PCWrite

Start —

Memory address = S‘N‘\
computation ) of \09 Execution
\09‘

ALUSFCA_: 1 ALUSrcA =1
ALUSch_— 10 ALUSIcB = 00
ALUOp =00 ALUOp= 10

C

- 2

S S

- 0;%

I )

&| Memory Memory

~¥__access access

7
) RegDst =1
MemRead MemV\_/nte RegWrite
lorD=1 lorD=1 MemtoReg = 0

v LW/SWEibiE
v D5ERk
0577
v RISWS2EK;
v LoadiffF
O 5o
v’ Load5ghk

RegDst=0
RegWrite
MemtoReg=1

vy Write-back step

v Instruction fetch

Instruction decode/
register fetch

1
ALUSIcA=0
» ALUSrcB=11
ALUOp = 00
) & ~
RS 7
\OQ Vi 1
K joR
Branch Q S| Jump
completion completion
ALUSrcA=1
ALUSrcB =00 ;
ALUOp = 01 PCWrite

PCSource =10

PCWriteCond
PCSource =01

R-type completion

BE: LT R%E4 R

By 8 BN R iR

55, BEHRSILKEHR
Load x1,100(x2);
Addi x1, x2, 100;

Figure C.3.1
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Ty — 1 . ead] ALU ALU
[31-0] M Write data 2 result Address Read
. register data
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Instruction [5-0]
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= Mem[PC]
Pc PC+4
® :i EEE[:E[E-E]] A=rsl1 B=rs2
eg[IR[ 1l B#§4PC+offset
ALUOut = PC + (SE(IR[15-0]) << 2)
EX ALUOut=AopB ALUOut = If (A==B)  PC = PC[31-28]
A +SE(IR[15-0]) then |
WifEHe 4 PC+offset PC=ALUOut (IR[25-0]<<2
rd
MEM Reg[IR[15-11]]= MDR=Mem[ALUOut] Bb¥e$a < PCHoffset
ALUOut Mem[ALUOut] =

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