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OSCIIAEESRIZE T FEREEERN, S1a<$3-BEX
vEiE: & PC1_1£MEM
v HX*& RIEIE<S Jﬁﬁi&iiiii*%ﬁﬁ .
O TR b/\T |, BREZEESIEFESEMU
v BANZEIES
. R%ALUTE’%\ add x1, x2, x3
° I%'éALUjE > addi x3,x3,4
v [EI2EE TE tEHEEZAL, WEBERFEHALU
© TS SEAALUHE L Iw x1,100(x2)
- BB {FEHEALUSERGITE. add x1, x2, X3
. %ﬁ? SERRALUBTRIELLE beq x1, x2, name

vEHERE, 818 E’J_J’EE)EZ' ENg
o iﬁﬁ?ﬁ%ﬂﬂﬁﬁ%ﬁ%ﬁﬁiﬁ—% lw x1,100(x2)
- BIZIESHBALUERERIEFFSE add x1, x2, x3
« DIESHEETHREGERIEN T —5KIES ottt beq xl 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)
}"&A&ifx%’t—?@sﬁf’i
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add x1, x2, x3: x2+x3->x1
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Address A ——»

AddressB ——=
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O8— 1 NIREFFSE
37 B 51—17_ s

addi x3,x3,4; x3=x3+4

[RC]

Address A ——»

AddressB ——=

e
=
=

Address C

Immediate value

W
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add x1, x2, x3
addi x3,x3,4

University of Science and Technology of China

arithmetic load
lw x1,100(x2) FaN
sw x1,100(x2) //
// \\\
Data / N
/ A
/
Register #
PC =»| Address Instruction Registers Address
: Register #
Instruction egiste
memory Data ]
Register # memory
Data
'\
EX?E: m%s PC+1 S~
Y. FERES
PAT: addPAT, THEMEE, beq5ERR
Piff: IdiE, sd fladd5Emk
B[R Id5Ek store
R-type | functT | rs2 sl | Tt rd | opoode
Hype | immediate]11:0] | w1 | funet3 | rd | opeode
Stype | immed[11:5] | rs2 |  rs1 | funct3 | immedd:0) | opcode " HRNKRARIEERE
Btype | immed{12,10:5] | rs2 15l | functa ||mm.=.-n|a1:1.11|' opcode A EMBEDBDED SvSTEM LASARATORY
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|—> Data / ‘
Register # ‘\*
-+ PC [#» Address Instruction Registers Address
Register #
Instruction m:;t:r |
[
memory Register # W y
Data
v\

1
1
1
1
1
1
Hype LNt 5. s funct3 nd opoode
R funct 7 2 1 S

ore
Hype | immediate]11:0] | w1 | funet3 | rd | opeode
Stype | immed[11:5] |  rs2 51 | funct3 | immedi4:0] | opeode " HRNK RS RIEE
Btpe | immed(12,10:5] | rs2 51 | tunct3 [immed(4:1,11]]  opcode A EMSEDDED SySTEM LASORATORY
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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

BRNARARIEER
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O SFEHE— T ERPERNEN— N SER(E.

v EAERR, FEARCELENSERIRSRE, B0 E— EEAE
O SEFERA AR TESERE. RIMTDiA:

v |5 (late write) : {ERIFFEHREEUR, EEFREHELE.

v 555 (early write) : SEEHERK,

v AMAASEAMRR? (BF)

Input data

v

v

Address A ——»

Register

Adr 1 file
Address B ——»

—— Address C

A B

|

Output data

g EMBEDDED SYSTEM LABORATORY
SUZMOU INETITUTE FOR ADVANCED STUDY OF USTC
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4 —» L
> load
Add // \
> , y
|—> Data \
Register # ‘3’
» PC [#»~ Address Instruction Registers Address
Register #
Instruction m::'nt:r —
memory Register # y
'-' Data
v Y '
addr(offset)
store HRNK RASRIER

EMBEDDED SYSTEM LABORATORY
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Branch
M |-
U
T
4—> "
Edd R Add M
= o Ll [
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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SCH B FEEA-> 52 AR Q) teasasss

O 15< 80 = m Hl=s/EHA. YssFEHA = RTsR/EHEA
O SEFEHASCI: 15<FEHA = 1 #1=5fEHA = 1 ATs9/EHA

v" All stages of ainstructioare completed withione long clock cycle.

v FE EALI:EU IE_IET_I-EE}ﬁ 1. Instruction 2. Decode/ 5. Reg.

Fetch Register 3. Execute 4. Memory Write
Read

OZFEEASCI: <M -— . ... ... 5=

v Only one stage of mstructloper clock cycle

v IRRTHHERR (= Y=sEH) ERSRIAMRFRERIES

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

J J )\Eitiiﬁ—:ﬂ ‘33%‘:.55.

B - 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

1.‘Instruction : é Decode/ o B : é Reg. ’
Fetch Register 3. Execute 4. Memory Write
Read
“&Aﬁﬁﬁ%%ﬁ‘i

R -
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E\3g Instruction Fetch

847K 32461
Read
address
INStruction [r—
Instruction
memory

&)\Eﬂuﬁ. —?&‘3&2.&.
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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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University of Science and Technology of China

T |
Read 4 *ALU operation
register 1 Read

[r—
Read data 1
Instruction register 2

Registers > ALU Al U

\r’ggifter result
Read :

Write data 2
data

RegWrite

funct7 rs2 rsi funct3 rd opcode R-type

- WFAERME
- B AHEEBRRT, WEERME A EIH D
- §: RESTBRINEHIESRegWrite, HEHHTME
- E—AEHIN, REGH BRI SERES e, HiHiR E—MEREAREEES)

"
EMBEDDED SYSTEM LABORATORY
SUZMOU INETITUTE FOR ADVANCED STUDY OF USTEC
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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 SW lw

\

Olw x1, offset(x2) M(x2+offset) -> X1

OB PR32 T 6T ST
SRR R e oIS

MemRead

Pl
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1

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 7 R Read
erﬂi result —| Address data
register Read ‘
: data 2 g -
—_— \é\gt';e Data

memory

v

RegWrite

32 64
\ .| Sign

N | extend SW lw

\

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

OB RS 2T AT S
T R e A AL TOMITRS

MemRead

Pl
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A
'.RIZI

YR

{ 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
o » (3R 9
BAdd R-type or I/S-type H&oryifs?
4 w—
Read Reqgisters
register 1 l
> | PCré» Read J Read
address Read data 1 J >
. register 2 ata
Instruction .
Write Read Address Readl,
register data 2 M data M
Instruction Write S u
memory data — Data X
l .| Write memory
ks data
32\ [ Sign 64 / |
7\ extend
/ﬂ S-type A
I/S-type

R typr‘ BANK R R

EMBEDDED SYSTEM LABORATORY
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PC + 4 from instruction datapath
> Add Sum Branch target
—p>
ALU operation
Read
Instruction 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 Llﬁ%fg@g’g‘lt—%z*;&ﬂﬁfﬂj
v 1 M2 X
N EL" (PC%XJ( i



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

N\
l iy 2
Ade 537
4 b
Registers :
Read U 4 J ALU operation MemWrite
NTl® N R;g\d register 1 Read Jore
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
HRNK KA RITE

EMBEDDED SYSTEM LABORATORY
HOU INBTITUTE FOR ADVANCED STUDY OF USTC
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r Branch
P |-
u
v
4 —
%ﬂd " Add M )
- s u
x -
- e
ALU operation
Data l
v F!Eglslar# MemiWrnile
= 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 |
R""‘\ 3 f'f ;RY
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OopiE, (72) FEEERETNES:
v RegWrite: {7 S1E(E=T
v/ ALUSrc: ALURISEE ZMEIEECRIR
- R-typetg< (0) 5 I/S/SB-typeig<
v ALUOp: R-typetg<
v MemRead: ZFfi#=qisicdl, loadig<$
v MemWrite: FiE=851EH], storetg<
v MemtoReg: BRIF FEEiE IR
« R-type (IZEALU) $§$5loadig<$—i%k—
v Branch: B0 XES (FF4PCSrc)

« PCSrc: nPCXRFEH, INFSHDZmIN—
- "B&Bbegig< (Branch) " & ALUE’JZeroJk,U\ﬁ§&"

Instruction
6-0] |

(1)

R -

J
J

M m® o
d

¢ :I] L)
4
0\
1

3

R E
el b

Ol =15

[

=|>|z|z|w

(Zﬁ‘z) —>|Controll

— o
]
:.j | = 3
‘) = AR
@

A | P>
D Il
0O |C

(@

“ BN RS
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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

2fALUop5Funct7. Funct3# &, F=AEALU ctrl_input (BJ4A6ZALU operation)
"‘&Aﬁﬁﬁ%ﬂﬁﬁ:

EMBEDDED SYSTEM LABORATORY
SUZMOU INSTITUTE FOR ADVANCED STUDY OF USTC
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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] |

< pr
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R 'ty p ej:E Eﬁ j:}:l,/ 15 fcg oﬁninﬁhnolouy of Cl%

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

OE—" AR ZEREN N aE
vEE—: BUEHPC +4
v %’_9: IR NI FEE 7 aax2f X3
V= ALUZ(E
vEE: FERERIENEFRRXL

funct7 rs2 rsi funct3 rd opcode R-type

“ BN RS

R -




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

O "2 L& Faax2

. ALUERERRS/rSH RERoffsetin
O304 ALURIZERIEBRIEE, 1XFEEEMEM
O%FHE: NEFPRIEEEIEXEXL

) -

immediate[11:0] rsl funct3 rd opcode l-type

“ BN RS

R -
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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—>: BUsSiIPC +4

O3 " 1E57sax1, x2

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

O%5P95: ALURYZerofERLE{FPCRIE

N

immed[12,10:5] rs2 rsi funct3 | immed[4:1,11] opcode B-type

EMBEDDED SYSTEM LABORATORY
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beqg x1, x2, offset

/
f
Instruction [6-0]

1
1
\

|
L}

Instruction [19-15]

Read
address

Instruction
[31-0]

Instruction
memaory

F,

Control

T

L

L
\ Branch

Shift
left 1

| MemRead

| MemtoReg

[ALUOp

[ Mam\Write

/ ALUSre

! RegWrite

Instruction [24-20)

—
Instructon [11-7)

Instruction [31-0]

_ | Read

" | register 1 gpaag
Read data 1
ragister 2
Write Read
register data 2
Write

| dala Registers

2 o) o

FBro
ALU a0

result

[ ALU

LY t&y e

Instruction [30,14-12]

control |
\ .
L

|

g
Address data ™ M
u
x
data mumury
————

L




f? ) =S
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A imm[10:1] s | Tmm[19:12] rd opcode

| | - :
imm[20] imm[11] S bits 7 bits

OUILEMERRS, REET Hint iR
vPC+219

OIS —Numpig < TRBIE

“ BN RS

R -
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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] 4 '\S '\J
\ X X
g ALU
Add eyt \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
Instrgitlog l—* 0 Registers Read ALU ALy
[31-0] Write 0 , Read
) M ! data 2 result Address —(1
Instruction u register M data M
memory Instruction [15—11] X Write )li u
1 data |1 Data X
memo
Write v 0
" | data
Instruction [15-0] 1\6 Sign ?\’2
N lextend| N
Instruction [5-0] r
HRNF R A SLIT R

EMBEDDED SYSTEM LABORATORY
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Single-Cycle Processor:

FRABZLL*X S

Universi

ty of Science and Technology of China

Clockino
N

i

Read
address

Instruction
[31-0]

Instruction
memary

I.'
|
InstrucTNg[6-0]

N

N

L
\ Branch

Jemread

AR Reg

Control

Instruction [19-15]

ALLI‘C'

MeamWrite

~

J ALUSre

! RegWrite

Read

Instruction [24-20]

ragister 1 paaqd

Read data 1

Instruction [11-7]

register 2
Write Read

ragister data 2
Write

Instruction [31-0]

data Registers

2 ).

az 64

“ gD

Zaro

ALU a1y

result

- .ﬂ.ddressﬁead

Y
! %
| ALU |

Instruction [30,14-12)

control|
\ y
T

-

data

Writg Data
data memaory|

i1

XC=

SRR ERIGE

' EMBEDDED SYSTEM LABORATORY
SUZHOU INETITUTE FOR ADVANCED STUDY OF USTC




A SRR A AR LE
DRSS EIA SR B R

O KB R ISHNS =i SR TRY Rl I<?
v PCRIE4)4R44=30ps  EWF=250ps
v E{FeR1E=150ps FfFea5=20ps
vALUITE=200ps S\ BERIEEsEE25ps (JI1? )
OE HXHEEREE, FTETm

Tc = {tpcg-PC + tmem-1 + tRFread + tALU + tmem-D + tmux + tRFsetup
= (30 +250+ 150+ 200 + 250 + 25 + 20) ps
= 925 ps
= 1.08 GHz

N s A Resmie®
\‘\./'/ EMBEDDED SYSTEM LABORATORY
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ERBEEorRNERKEE? @ Feasaiis

0 i872FFl0adE24%, storeB12%, R-type§44%, beqgB18
%, jumpH2%, {Rikload, store,R,beq jumpiEHIAIIAID A2
8,7,6,5,2ns (WNFFK) . WRAITHEEREE, 2EERRIRTEI
8ns; ANSRATEHEHIAER, BELIOR AT 2ns ~ 8ns, i1,

R I 2 RSO IUAN A e K S RS M.

8% 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 2Nns

N AKX RARIEE
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AT -

OfEFFH1TEY(8] = 15 Ex CPIx Byt E ERRT 8]
O315</EHA = ¥.25/EHA = BI$9/EHA

v CPI=1

OIIESH1TATE] = 8%24% + 7x12% + 6x44
% +5x18% +2%x2% =6.3ns

ORI, i< FEERSCIRE < I ERSCIR

8/6.3=1.27{=
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EREBE vs. FERZEH © toAzL4xs

Single-cycle Implementation: E¥¥§4 F#

C|0Ck‘
M al | e
@ beq x0,x1,L

add x0,x1,x2

Multicycle Implementation: K354 &

clock

> < » o
l » N

add x0,x1,x2 beq x0,x1,L
« Multicycle Implementation:
less waste = higher performance B &x=rsse
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OREE<SHI TR ERRIIIEEEMT, BT E=EX D
Z MR, BIME—1ERR (1185/EHR)
v BEERRUE S LR IERE
O RSt EHREE
vV BN EENIEREYE T E%;;%??i 3. Bxeaute 4. Memory > .
vV Rig— 1 ERRREILASER |
- —/RMEMif[a], or
« —RETFEEIHE] (2 reads or one write) , or
+ —IRALUBRE

" BAX KRR

EMBEDDED SYSTEM LABORATORY
SUZMOU INETITUTE FOR ADVANCED STUDY OF USTEC 43



FR<SHITHIZ AR

*@ H2EL X

and Techn lthl

1. Instruction 2. Decode/ 5. Reg.

OH5 NN (FH)
v B8 I

v IEIBMER. 1tTEbeq BRI

3. Execute 4. Memory
Read

Write

v 147 R-typeigS$HiT. hEINTE, S HMER
v ihfE: WiE, storefIR-typetg<STEhkIER

vER: WEMES
O

v EIXH=3ERR: *ﬂa%ﬂﬁﬁ ings
V AEKIESHER: 9581793, 4

VEIER
5 l==/ERR

D??%U%%*Emdﬂﬁ%@ﬂﬂh‘ /\EL_I T

HES

“ BN RS
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|
Instruction
register Data
| 2 e
A
netruct Register #
py RUUCION Registers >ALU ALUOU
Memory Register #
data B
register Register #

"’ AKX RZ RIS
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Instruction
‘ register o| Data
PC ddress
A
nstructi | Register #
emaory ns ,;r# d;ﬁg Registers >ALU ALUOUT
Memary | Register #
. data B >
ata ;
|-> register —| Register #
y =
ALU. #FfF8%. i, BHlES
L Data
——
Register #
PC Registers AL
: Register #
Instruction

— |
memory
Register # -|-
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v

>Add

4 wp

PC

Read
address

Instruction

Instruction
memory

&

Registers .
Read ) 4| ALU operation MemWrite
i ALUSrc
register 1 Read | ‘
Read data 1 - MemtoReg
register 2 >
Wri_te Read — Address Read e
register  data 2 M . data M
Write X Data )lﬂ
data . r—>v |\write Memory
Regertel "l data
3\2‘ Sign 04
™ extend MemRead
HRNKRASRITE
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7 i * \ Name Field Comments
(Field Size) 7 bits 5 bits 5 bits 3 bits
y n / N, y n 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

i BRI PC+4

Ve ’ ’ JRe -7 - /4
/ -~
Vs .7 Pl /
7 -, -7 4
3 - e /7
/ 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 jmtp! x |’
Instructio Read ea A Zer
L Memory [20-16 register 2 datal —l-V 1, ALU ero
MemDataf==gr= _ Registers ALU ALUOU
Instructio 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\ \ \
‘\ ® \ \
\ \ \
\ \

lw/sw bed

== g Hi ]:"-', o LS T
[1iZ] E Y «lS Eij] [l J-)‘f'EIJ ? A’ E,Tif.'i.‘ifflifflf:t:ifif,“;?ig

bbb
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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
=>-{ 1 Memory [20-16] t > register 2 data 1 el ALU ZeroI
MemData [t . 0 . Registers ALU | ALUOuU
INStruCtion |y M Write Read result
[15-01 [ | nstruction| U register  data 2 | B 0
Write ; X
> Instruction 11, Write 4mpl1 M
data register 1 it s )l: /
Instruction =>( 0 3
[15-0] M
u
X
»| Memory > 1
data S
register @ >
Instruction [5— 0]
j I
MemtoReg ALUSrcB ALUOp
B%. MR EHLIHFbeq=NPC+ Jes :
=G q ” BMAKX KA SRR
E MBEDDED YSTEM ABORATORY
offset, % FAHARPC+offset? WA coococee sveren asmarany o




lorD

MBS

MermRead

Mermiirite

IR Write

SN, PCAEB

FRBELLXS
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LR
B2

RegDst Regirite ALUSrCA
L PC 0) o0
M TSI o] FEad M
u | Address [25-21] register 1 v
X . Read
Instruction | Read —E'_l—' X
L Mermory [20—16] L~ freaster2 data 1 1
MemData . 0 Registers AL O
- ~ o Instrudtion |e M Write Read B
( o "it_: oo 2w (15-011 N nstruction u register  data 2 0 y
Jrntetonc Instrudtion Write 4 1
S data register M’1 data 24
Inst?.ldinn b 3
Memory f‘\
data { ) \
: 3 Sign Shift N
register [ e > \extend et -2/
| nstruction [5— 0]
' l
MermoReqg

OFE%E: &

R EHAANTE

= E2PCE#&H?

ALUScB ALUOp

‘ AKX R AR

R
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O 37&E;
v ALU: PC+4pUitEREFEAPC, TS (BUSHER)
v ALU: begis<HIBTRIEIE (IFRREMIER)
v ALU: JALIES UJ-type (RITEIFREMER)
"%MA%?*%IJ
T EEPCWrite: PC+4, JAL
\/ B%&HEEPCWriteCond: beq

AAAAAAAAAAAAA
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/7_,_<_—| PCVVriteCond/\ PCSource
— PCWrite/ \ALUOp

lorD I Outputs

ALUSrcB

MemRead

ALUSIcA

RegWrite n p C

Memwrite| Control

MemtoReg
IRWrite [S(Epo] [ RegDst \
\/ 0 "
A
26 28 Jump Lu
Instruction [25-07 [ shift address [31-0] X
o \left 2 %
Inst{ructior}]
31-26
| PC 0 l (0 PC [31-28]
M Instruction Read M
u Address [25-21] register 1 — U
X >
Instruction Read Read A X
= Memory [20—16] register 2 datal __-l—b 1
MemData —p . i Registers S — ALUOUL]
Instruction Write Read B
) (15-0l[ | instruction register  gata 2 — 0 b eq
- \éVrtlte Instruction [15-11] Write — |, |1 M
al register data 2 )L(l
Instruction > 0 3
[15-0] M
u
X
»| Memory > \1
data 16 Sign 32 ALU
. AV g o
register # N extend control
Instruction [5- 0]
>
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O HUS
v FRIEPCMMEMAEYE, IR=MEM[PC]
v ITENPC, PC=PC+4
v 4I{=E: MemRead, IRWrite, lorD, ALUSrcA, ALUSrcB, ALUOp, PCWrite,PCSource

/7_’_<—|—| PCWriteCond/\ PCSource
— PCWrite
\_\ lorD I/Outputs\ALUOp
ALUSrcB
MemRead
Memwrite| Control ALUSICA
MemtoReg RegWrite
IRWrite \ lg%y@
0
A M
26 28 Jump "Ity
Instruction [25—-0] L [ shift address [31-0] X
et 2 >\
Inst[ructior]l
31-26
| P C @1 O ] (0 PC [31-28]
M Instruction Read M
u Address [25-21] | register 1 — u
X
Instruction Read Read A X
= Memory [20-16] I p register 2 datal | 1
MemData . 0 _Registers — ALUOuU{
|nStI’l]J-(étIO(I;I » M Write Read B
) (1501 T instruction| u register  gata 2
-] e Instruction [15-11] . X Write —
register data
Instruction 0
[15-0] M
u
X
Memory ‘\1
data 16 Sign 32
register -
9 N | extend
Instruction [5— 0]

WA, 5veroy ermums ron Aovanceo Stuoy or USTS 35



FRABZLL*X S

University of Science and Technology of China

EIENIEY,

O 1E<SFEEFIES 7S
v BrsHIrtiX{EARIB:
O it&beqHiriEIE
v [ALUOut=PC+(sign-extend(IR[15-0] <<2)]  PC+offset
«  HTUHREARREES, FLALSESTED ittt aT8ETc31
O #=HSS: ALUSICA, ALUSIeB, ALUOp

A=Reg[IR[25-21]], B=Reg[IR[20-16]] A=rsl1 B=rs2

PCWHLeCond/\ PCSource
——— ' :—' PCWrite
lorD /Ou[puts\ALUOp
ALUSICB
MemRead
MemWrite | Control ALUSICA
MemtoReg Regwrite
IRWrite [50_%] RegDst
0
M
26 28 Jump |1y
Instruction [25—0] U [shift |3 address [31-0] X
S \left2 7V 2
Instruction
pC ) A PC [31-28]
M Instruction Read M
u = Address [25-21] register 1 M
X
Instruction Read Read X
1 Memory [20- 16] register 2 data 1 1
MemData . 0 _Registers ALUOUY]
Instruction |4 M Write Read
) [15-0] Instruction| U register  gaa 2
> ggtl,;e Instruction [15-11] ;‘ Write
register data
Instruction 0
[15-0] M
u
X
Memory 1
data N 16 sion |2
register S
9 N lextend
= =
Instruction [5- 0] ﬁﬁ%% pES
‘STEM LABORATORY
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nnnnnnnnn
31-26
pCléa0 ) [31-26]
Instruction
=>| Address [25- 21]
>\l Memory Ins[tzrgctg%-i
MembData i
nnnnnnnn » M
T b - Writ [15-0] [1?1"1?}0" u
i I— /\ *ﬂ > dats Instruction x
D 1&% T -I-l daa register 1 1
Instruction 0
J TR == =
Memory
/ - E :\? data
register

« ALUOut=Aop B

VipTHES: IHEIFibE

v beqig<

* ALUOuUt=A+(sign-extend(IR[15-0] ) | imm

_ B#{55: ALUSrcA, ALUSrcB, ALUOp,
 if (A==B) PC=ALUOuUt; PCWriteCond,PCSource, PCWrite

v Jumpﬂaﬁ%\ PC+offset

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

. PC = PC+IR[0-20] RISC-V

“ BN RS

ORATORY
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O % L BﬂEﬁ rd
v R-typeFehk: ESEEE(A] [ Reg[IR[15-11]] = ALUOUL
v sw52hk: EAMEM MEM[ALUOUt] = B
v IWiEE: MDR = MEM[ALUOU]

PCWmeCond/\ PCSource
— PCwrite /

ALUO
lorD I Oulpuls\ D

ALUSICB
MemRead
Memwrite | Control ALUSICA
MemtoReg RegWrite
Op RegDst
Rwite_\ 57q) .
M
26 28 Jump v
Instruction [25—0] " Shift s address [31-0] X
S \eft2 78 "\2
Instruction
1-2
pCi(0 ) (31-26] 7 PC [B1-28]
M Instruction Read M
u = Address [25-21] register 1 u
X
Instruction Read Read X
=L Memory [20- 16] register 2 data’l 1
MembData . 0 _Registers ) ALUOuUY
Instruction L4 M Write ead
Wit 15-OI1'T Instruction| u Tegister  gata 2
rite i 15-11 X -
> Jata Instruction | 1L ] ) Write 2 .
register data E : e g r' I t e
- ]
Instruction 0
[15-0] M R D t M t R I
u egDst,MemtoReg,lor
X -
g : D,MemRead,MemWrit
o [ \a ,MemRead,MemWrite
register S ign
9 N |extend
£ = =
RN RARIER
Instruction [5_0] ABEDDED SYSTEM LABDRATDRYSG
IHOU INSTITUTE FOR ADVANCED STUDY OF USTC
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ZE#H{55: RegWrite,
O %.—ELW\EX rd Reg Dst,Memet%Rgge
v IwEl[8]: | Reg[IR[15-11]] = MDR

PCWriteCond/\ PCSource
— PCWrite / \ALuop

lorD I Outputs

ALUSrcB
MemRead
Memwrite| Control ALUSTCA
MemtoReg RegWrite
IRWrite [g%y@
. 0
A M
Jump 1y
Instruction [25-0] address [31-0] X
»\2
Inst[ructior]'n
31-26
PCl{0 ) . 5
M Instruction |} Read M
u =] Address [25-21] register 1 — u
X ; Read X
Instruction Read eal A
> Memory [20-16][] p register 2 datal | | N
Membata Instruction ° Wr'teR egisters ] ALLOus
ucti i
- M h Read B
Writ [15-0] Instruction| u register  gata 2 -.—’m
rite ; X L
> aia Instruction [15-11] : Write 4 |1 l\ljl
register data o2 |
Instruction 0 3
[15-0] M
u
X
Memory 1
data h Sign
register [ &\
9 N lextend ’
-~
Instruction [5-0] =
57
o
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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 gz 437 6. lorD,MemWrite (SW)

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

/—(_,_C_'_, PC\/\/meCond/\ PCSource
— PCWrite
N\ 'y JorD /Oulpuls\ALUOp
ALUSICB
MemRead -
Memwrite|  Control ALUSTER
MemtoReg Regwrite
IRWrite [50_%] RegDst
0
M
26 28 Jump (1
Instruction [25—0] S| SNt Lo g address 131-0) g
left2 [V "\
Instruction
ookdy [31-26] 5 PC [31-28]
M Instruction Read M
u =»| Address [25-21] register 1 u
X
Instruction Read Read X
= 1 Memory [20- 16] register 2 data 1 1 |
MemData , 0  Registers »| -0
Instrlignog » M er_tet Read
it (1501 T instruction| u TEOISter  data 2
rite i X
o A Instruction | 1 15— 11] 1 Write
register data
Instruction 0
[15-0] M
u
X
Memory 1
data N1 Sign 32
register a I
9 N lextend
= Bﬁf‘f
Instruction [5- 0] %—
nnnnnnnnn
usTC 58




Multicycle RTL (&%) ) tENELLxg

= Mem[PC]
Pc PC+4
® :i EEE[:E[E-E]] A=rsl 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 |
VifEHe 4 PC+offset PC=ALUOut (IR[25-0]<<2
rd
MEM Reg[IR[15-11]]= MDR=Mem[ALUOut] B R @ PCHoffset
ALUOut Mem[ALUOut] =
WB Reg[IR[20-16]] = MDR
rd

BRNARARIEER
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0 FSM: Finite State Machine

MUX . OFF
) w— OFF
din 80" - INSTRUC
dout > ALU pmdout  din == | OFF | ke dout MEoRy [=dout init= PC f=addr addr— ReGISTER [=inst
din : din
sel R wrPC clk
ALUop
JR I,k roM wrM clk wiR ok
sel ALUop wrR rdM wrM wrPC wriR

BRNARARIEER
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FSMEHIEBIE ST

0 FSM: Finite State Machine

O MooreE! (Edward Moore) , Mealy®! (George Mealy)
v MooreBUEER (mHSmALX, AILAEEES—HFiamiRiEsE
B) mbSiHTeRL,
v MealyBIEBIRE/N, S ATERE (— I Mick IBEEIAMEE) .
v TRFRIAZ WL_ILMEE%TQ

O EDAT Er]LIRIEFSMBaiGRE S i Hles

\;

|
s state
»| Current state * > Next-state
function ——
T ~~~~~~~~ Pa
>
CIOCk ”’r zﬁ‘ l:' &ﬁ
Inputs | B
Output ‘
function » Outputs
HRNKRARIEERE




Z [EHAEHI=RAY

MooreFSM,

S

i

m3Z

THREHR.

O H3g: PC+4
O 1385 BEQ/JumpEitht
O H17

v R¥AT y

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

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

PCWrite
PCSource =0

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;%

1 )

&| 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: L TR

B4 8 B AN R i)

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

Figure C.3.1
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R EIHARZS I ER S SR 2 E i s X

EAEHA:COD4 Z[FHH: COD3 Ch5

Instruction
regi
‘ gister o| Data
PC ddress

A
) —| Register #
emory 'ﬂstglriggg Registers >ALU ALUOUf
Memary | Register #
ata dgta B
|-> register | Register #
\ o=
ALU. TFHF%H. FiEd. BHlES
L Data
——
Register #
PC Registers ALl
Instruction Register #

— |
memory
Register # -|-




l : :
Add ’ u
% d olog
ALU 0
4 Add result
RegWrite
]
Instruction [25-21] Read
pC Read register 1 Read MemWrite
address Instruction [20 16] .| Read data 1 ALUSrc : MemtoR eg
Instruction register 2 Read Zero
— 0] 1 . eat) ALU ALU
[31-0] M Write data 2 result Address Read
. register data
Instruction Instruction [15-11] | x| | write
memory 0| ™ data Pewdisters | .
Write D ata
ReqgD st data Mmemory
Instruction [15-0] _ 16 [ Sign |32 ;
v\ extend MemRead
Instruction [5-0]
ALUOp
PN
mRe: =} RegD RegNrite (__i-':— )
< B kKM KEF
Instruction Read [I]VI-‘ *E lﬂ& I IE-IZ'&EO
Address [25—21] register 1 v
. Read
Instruct Read A X
Memory M[E%—%Da I re%?ster2 data 1 ]_L 1 ALU Zer
MembData ) 0 _Registers ALY ALLIOU oy
Instruction e M Write Read |—| result S S
5-01( ) rstruction] U register  datg 2 Iil 0
Instruction | X i 44 M N
register 1 Egt[;e 5 E AL U A g:@
- .
= g ¢
u
X
Mermory 1
data N 16 Sign =
register | tend cort
I nstruction [5— 0]
o B3NS 3500
EMBEDDED SYSTEM LABORATORY
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Instruction [25- 0] ®\ Jump address [31- 0]

2 @2‘8 o L TP s ‘
e — : A X F TS
Y A
ALY 2 . : o N
result : University of Science and Technology of China
Add
4 —>]
Instruction [31-26]
Instruction [25—-21] Read
L |PC [——] aRggr:ss ] register 1 Read
Instruction [20-16] el data 1
o register 2
s L.e Registers Read . AU ALy Hoari
Write
— hlljl m;ster data 2 " resuit Address data |
memory Instruction [15-11] | X — =
qommueoniie 1ol
) ¢ o
Write |"'
data
Instruction [15-0] 1 @32

Al

Instruction [5—-0]

B WRFHENKS) e

M PCWrite
F 3 % F X ) =
ALUSIrcB
MemRead !

ALUSrcA
1 McmWH[cl Control e
. MemtoReg \ RegWrite
w@a Regost
2 . %%

Jump
Instruction [25-0] 26 [ \28 address [31-0]

=)
xcZ

3.ALU i T :

PC [31-28]

N\ [31-26]

]

Instruction Read

b P C b
4.MUX N . o
—_— Ig E EEI | %‘ E :l I Instruction Read Read
J B X %IJ Memory [20-16] register 2 datal
MembData 1 A
) %n Instruction M Wi 1R€Q|Ste:: "
%i ﬁﬁb Wit [15-0] H?—rulclt]lon u register  gaia 2
i i I I E rite i u
1 Instruction | | wi
. b daa register =1 da"':
t | Instruction
> 5 [15-0]
) B
m U Memory
L o i Sign 32
. . ‘
register | S
. PC/IR 54755

Hﬂ?ﬁ%%vshuml

PxeZ

v

ALUOL ']

I

) |

(-xc=zo

Instruction [5— 0]

a b owpN ke
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and Technology of Chir

O N{Aigit—FCPU (B EHAor2[EHR)
v BEES Y SCIIR/E>HIEERDETEME> RTLELH D 4G
é,?\A%E-)ﬁthd‘)iﬂﬁ-) PEREITEN > £
O EFEHISZEES
v’ EA[FHA: 7(‘ — N BEEBR T RIESHIFTEE
PR R AR, REBTE— oIk P52k ?
v ZREH: — B IESH—2

SRBHANXE: DheesdHER, FRERFET
- YU EKIESEN, 25t

ZIRIEHIERNAERIES CIREN)
- {IRRIERPC, @RNLTE, ARSETSE

O {EIlRISC-V:
1. 41, 47, C.2

. DITMIPS=fZEENE<S (RI)NZ FERIRIT =TS EHIRT EE
RYTDRERRA.
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and Technology of Chi

O HEH: — AR TRis IR BRIRE
v SHUtAIRUMEISEERY?
[EIHREE EAN{A]FRRE ?
BERTE—" clkATThK?
EHIE A R SEI 5 (?
HERRIESTIEIRNFEL T, ALUTIILERED T, EREMHA?
ZEEA: — 1 ERTIESH— (RER(F)
SERERRIXH]: DNREEM4SER, FIREREZE
AJLSEIAERIESER, IRSE8e
BE KRR A RARYEUEEES?
BRIRIEE (tmR? ) FEENAEGIES
v AIERIFTPC: 18<ERASRPCIRIT A UAISCER?
O F—XESHE<TEHSES DI IHERR?
O U FSMIZHIERSEl SRR <.

AN NN

v
v
v
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8. B—RIEFEE10051ES, EfLoadiE<$A
20%, Storef§<$/H20%, RERALUIES H40%,
Begf§<$ /810%, JUMPIESH10%, IXERFEF5DF!
FEEFERFNZ EERAICPULSEIR (ZEHSEMIPS
BICPI) , ErhEEHACPURTER~200MHz, Z[EHR
CPUHRY$9/9800MHz (& [S&EI7ZfiEEs. ALUSCIIEZY),
[BJfERIFNCPU_ LIz TR, HREB/D?
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Multicycle RTL (&%) ) tENELLxg

= Mem[PC]
Pc PC+4
® :i EEE[:E[E-E]] A=rsl 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 |
VifEHe 4 PC+offset PC=ALUOut (IR[25-0]<<2
rd
MEM Reg[IR[15-11]]= MDR=Mem[ALUOut] B R @ PCHoffset
ALUOut Mem[ALUOut] =
WB Reg[IR[20-16]] = MDR
rd
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