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Instruction-Set Processor Design

 Architecture (ISA) programmer/compiler view

—“functional appearance to its immediate user/system
programmer”

— Opcodes, addressing modes, architected registers,
IEEE floating point

—HAsTE S
« Implementation (LArch) processor designer view

—“logical structure or organization that performs the =
architecture”

— functional units, pipelining, caches, physical registers
 Realization (chip) chip/system designer view

—“physical structure that embodies the implementation”
— Gates, cells, transistors, wires
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ISA Processor Design: RVHJHLAITE 2>

Example instruction Instruction name Meaning

add x1,x2,x3 Add Regs[x1]<—Regs[x2]+Regs[x3]

addi x1,x2,3 Add immediate unsiened Regs[x1]< Regs[x2]+3

lw x1,60(x2) Load word Regs[x1] ¢ Mem[60+Regs[x2]1y) 32 #Ht
Mem[60+Regs[x2]]

sw x3,500(x4) Store word Mem[500+Regs[x4]] <3, Regs[x3]3s 63

beq x3,x4,offset  Branch equal zero if (Regs[x3]==Regs[x4]) PC—PC + (offset<<l)

jal x1,offset Jump and link Regs[x1]—PC+4; PC—PC+ (offset<<l1)

jalr x1l,x2,o0ffset  Jump and link register Regs[x1]—PC+4; PC—Regs[x2]+offset

Name Field Comments
(Field size) 7 bits 5 bits 5 bits 3 bits 5 bits
R-type funct? rs2 rsl funct3 rd opcode Arithmetic instruction format
Itype immediate[11:0] rsl funct3 rd opcode Loads & immediate arithmetic
S-type immed[11:5] rs2 rsl funct3 | immed[4:0] opcode Stores
SB-type immed[12,10:5] rs2 rsi funct3 |immed[4:1,11] opcode Conditional branch format
Ul-type immediate[20,10:1,11,19:12] rd opcode Unconditional jump format
U-type immediate[31:12] rd opcode Upper immediate format
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HPE 8 M Abstract / Simplified View

* RV Instruction Execution Phases

— Instruction Decode
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— Register Fetch
— ALU Operations

— Instruction Fetch

— Optional Memory Operatuons
— Optional Register Write back
— Calculate Next Instruction Address

« Two types of functional units

— elements that operate on data values
(combinational)

— elements that contain state (sequential)



Controller : Abstract/Simplified View, [ff:#C

| DFF
g Clir) — fOTF
din —1 addr - INSTRUC
dout > ALU f=dout din == | OFF | fmmdout MEdoRy [~dout init=| PC l=addr addr—{ ReGISTER [=inst
din : Y
I — . ?
| OFF
sel ﬁ ? f f wrPC clk
ALUop wrlR  clk
wrR clk rdM wrM clk
sel ALUop wrR rdM wrM wrPC wriR
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— Clk, Reset?
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=TT

. Reg.
Write

[




PC, STEI¥A

BN S SR 5 Anpe:

S

THEREEHES (H, KEH4-5)

Decoder
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nfi7 RegFile:

Read register
number 1

Read register
number 2

Register 0
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» Read data 1
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RegFileis 5#:EZ]

© RRBHRES: 1 MENIR, RECR P57

Wri
Adr

=R

arr

—_? .

N

HEtRegWrite 5elk[Fl2E, s &
o [F—%F

=R

Far
R N T P [ — A

WA A AP %77 2

LY AMLIES

' r e

- E—‘,:j)

765

B A R 2 R
add $tO,

$s2, S$tO

» 55 (late write) = B AMIEE, JEEAME. —HRHH !
- SRR S s AW RREES, HE R B A ANE. E4-7

* 555 Cearlywrite) : BUEAMYS, JEA¥AMEE. ——RUKZEHH !

Write

-SSR SRR AT AR S ANE. K4-36, Kl4-54

Read

Port 1

Read

Hata

Registers
e
register Read
Read data 1
= register 2
Write Read
—|register data2|
o| WWrite
data
RegWr'rte|
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JifE (mem access, &4-5, K4-7)

o EHEER. k. HHE. S (read, write)
— BfEPE DR FPbu, FPE, 1IN EEN
— SEEAGEFEE: B ZREEEEEE 22—

e PRI (—iZ—5)

b OH o by HE MemWrit
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N
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memory a

MemRead



ALU Interface and Impl:
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F2 F1 FO

Func. o |
0 0 0 A&B \
0O 0 1 A|B s
0 1 0' A + B = Zero
O' 1 1 > ALU }—= Result
1 0 O A & B — Overflow
1 0 1 A|B I
1 1 O A-B
1 1 1 A < B(slt)
CarryOut
ALU [Z]DEI’B“DH @A-S-l[],
ALU ALU e Add Sum
result
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>

Memory read
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Output write ——3»
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o FRREMISCIL: 195 A = 1 I JE 1
— All stages of an instruction are completed within one long clock cycle.

— B N A

1.vlnstruction ' é Decode/

. 5. Reg.
Fetch Register 3. Execute 4. Memory Write
Read

o Z IS R AW = n Wb JE
— Only one stage of instruction per clock cycle

— R E Y (= LS ED ARG ET IR EHE S

1.¢Instruction- é Decode/ o o h é Reg. -
Fetch Register 3. Bxecute 4. Memory Write
Read
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— All stages of an instruction are completed within
one long clock cycle.
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RV {54 4k 18 2 Overview

o PUTAFRFTEL M ZEEAEM A, SR A xR
— H38: ¥ PCIEMEM, nPC = PC+1
— g WRIETE L2 H b s 7 A7 4%
« JEld/sd: BRI NIRE A7 2
o ldIEE—/NEf7es; SAEEMANFAa
o PUTHFEEE: [FIZEF84S2E
— T[R4 H B A FALU
« HiZHRAMHHALUSE ST 5
o UifEeA i FHALUTT S 3k (add)
o O33R ALUMET 2614 35 (add)
- 5, MRS IERARE T
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o IR ET RS BB MU — 584 n bt .

4

\}



b b

nn?
>
Jn (o

TR B RS . R, K4-1

¢ EX{FE: E:XTEI" PC+1

PERS . ARG S

AT: addiiAT, THSHLILE,
beq st ik

)_ld

rF 3

|
L

Add o Uiff: Iwik, swilladdie )k
— - we
[
L &
Data
Register #
= PC {#»| Address Instruction ’—E Registers Address
Register #
: g Data
Instruction memo
. F 1
memory ¢+ Register # T v
= Data
R—type| funct? I rs2 I rsl | funct3 ‘ rd [ opcode |
-type I immediate[11:0] I rs1 | funct3 ‘ rd { opcode |
f"rtypel immed[11:5] I rs2 I rs1 |funct3‘ immed[4:0] { opcode |
Btype [ immed(12,10:5] |  rs2 |  rs1 | funct3 [immed[4:1,11]]  opcode |
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init =4 PC F=addr

¥ 3

wriPC clk

INSTRUC
800r= peEGISTER [=iNs!

3

wriR clk
—
Add Sum
Instruction —
» N,
. HiEzl, LIR
Instruction
7 memory
—| Read
address
o Instruction fe—
Register #
- Address  Instruction Registers Address
Instruction Regserd - mIZ:::ry R—type| funct? ‘ rs2 I rsl } funct3 | rd I opcode ‘ Instruction
memory Register #
Data Itype | immediate[11:0] I rsl } funct3 | rd I opcode ‘ memory
Stye | immedi11:5] | rs2 | rs1 | funct3 | immed4:0] |  opcode |
Buype [ immed12,10:5]1 |  rs2 | rs1 | funct3 |immed[4:1,11]]

opcode | 2 1



R/I/S-typel

AID/IFO/EXIMA/WB

%4-10

> Readt ’ ALU operation
register
dea? ‘ MemWrite
ata
Read MemtoReg
Instruction | register 2
Registers Read
Write Read Address data (1
*— . data 2 M
register u
X
»| Write {0
data Data
Write
RegWrite data memory
Imm MemRead
Gen add x9, x20, x21
addi $s3,$s3,4; $s3 =3$s3 + 4
RFE “E—%ﬂ” 2 lw $t1, 1000($t2); $t1=M[$t2+offset]
sw x1, 1000(x2); x2 (rs1) Ak
funct7 rs2 rs1 funct3 rd opcode R-type
immediate[11:0] rsl funct3 rd opcode ltype
immed[11:5] rs2 rsi funct3 immed[4:0] opcode S-type




B-type: k1% beq, Kl4-9

PCfrom instruction datapath —

Sum Branch
Add target
PC “}Eﬁ_"%’ 2 ?
- Regd ALU operation
Instruction register 1 Read ) .
register 2 To branch
Write Registers control logic
register Read
Write data 2
data
RegWrite
Imm « beq $t1, $t2, offset
— DA SCHR A BT — kiR HiliknPC Oy L

Gen

— ImmME/FSY G, SnPCHIN, ERGH
FINPC (PCAH* F-4E)

23

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




R-/I-/S-IB-typeZi &

S

PC

PCSrc

B

-

>Add Sum

Gen

ALU operation

Read

Address data

Write Data

——————
4 —»
®
Read > Re".“i 1 ALUSrc
address register Read | N
Read data 1
Instruction register 2
Registers
Write g Read
Instruction register data 2
memory W
rite -—
- data
RegWrite
Imm

data memory

MemRead

4-11

PCSrc: nPCRjE
- = Branch /\ Zero

MemWrite

MemtoReg
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. Branch
M |
u
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‘Add _ Add r:l‘ )
= )
L
L ALU operation
Data \I |
Register # MemWrite
| PC #= Address Instruction Registers v ALU Address
_ Register # Zero Data
Instruction u memo
memory Register # RegWrite X vy
»| Dat
aa MemRead
ALUSTc 4 ALU operation .,"f/ \\h
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Pl {5574

. L2 | B
= ﬁir:t'J%‘EF:

A

opIEFEAG - A
RegWrite: & {74 5 R /E#E
ALUSrc: ALURIZE —Aoprokii, —ik—
« RegFile (R-type) SImm (I-/S-/B-type)
ALUOp: 2fi
MemRead: f7fifasid=hl, wig4
MemWrite: f7fies 556, swig4
MemtoReg: H 1517 2% Z 3 K Ix
« R-typetg§4 Hloadig4 —ikt—
Branch: 754 #HriH (beq)
« PCSrc: nPCRJE#%i], = Branch & Zero
« If taken, then PC = PC+offset

I “PCWrite” ?

K4-19 5.

PERIE T T AT 2007 KR a] ?

FEHE T2

Kl4-2

_— Branch

R

T
ALU operation
Data :
lemWri
Register # MemWrite
Address Instruction [$ Registers Address
Register #
Instruction m[e):‘tg
memory Register # Reowrite ry
Dat:
& MemRead

“FEANEIIFIESPC (nPC or beqH ) , K2R !

—| Control [

f \ Branch
Instruction | | MemRead
[B-0] | | MemtoReg
—— Control—7777-
I -'_l'-_-\_-'-\_rl 1]
| MemWrite
| ALUSrc
RegWrite

27
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TF

N
x'f \'x

I,-" "-. Branch
Instrustion | MemRead

. —b|Contr0I ALUO

—)— {—I—‘ — [6-0] MemtoReg

] Ml T
— k |I | MemWrite
- \ / | ALUSre

J Reg Write

—nnm

Inputs I[6] 0 0 0 1

I[5] 1 0 1 1

I[4] 1 0 0 0

I[3] 0 0 0 0

I[2] 0 0 0 0

I[1] 1 1 1 1

I[0] 1 1 1 1

Qutputs ALUSrc 0 1 1 0

MemtoReg 0 1 X X

RegWrite 1 1 0 0

MemRead 0 1 0 0

MemWrite 0 0 1 0

Branch 0 0 0 1

ALUOp1 1 0 0 0

ALUOpO 0 0 0 1
funet? 2 o [ames| opeode | Riype

e e e K14-26, Ai/RFREA? FSM?

\.mmeduz 105]| w2 | vl |functs [mmeddiiil]  opoode  |Biype




FIGURE C.2.4: MIPS

[ contol | gnatname | mdomat | v | v | _beq |

Op5

Op4d

Op3

Inputs on2

Op1

Op0

RegDst

ALUSrc

MemtoReg

RegWrite

Outputs MemRead

MemWrite

Branch

ALUOp1

ool lo|lOo|r|OlOo|l0|C|O O
=3 N=3N=)Nel RN EEE NN NN Nel N N e e e
o|o|Oo|Rr|Ol|lO|X|RP|xX|FP|P|C|r|C|=

ALUOpO

RIOR OO O|=x|0O|=<xo|o|R | oo O

PLA: Tii4sf5%, one-clock impl

The structured implementation of the
control function !

Inputs

Op5

TG SLIM: PLAYTE, 45kt

FIGURE C.2.5: PLA

Op4

Op3

Op2

Op1

Op0

Q10

S

sSw

beq

felele] L]

JU

AND-F-TH]

OR*F1H

Outputs

RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite

Branch
ALUOP1

ALUOPO



ALUE/EFEH]: op+funciE

R

4-2

b

N ALUE:AE

E Branch E 4 = 2 1
™ i 0
M M
u Add I\ ¥
x 4 —»| Add Sum—={1
4 —| //_\-
f \'g Branch
| | MemRead
M I Instruction [6-0] | I ME:toTiaeg
: ¢ ‘Comrol ALUO
| | MemWrite
ALU\c_)geralion \.\ / QLU\,S”“':L
L~ Data | \_A4 egWrite
Instruction [19-15] Read
»~ Register # Meminiite Efjgss ! register 1 Reag
PC 1= Address Instruction Registers 4 b—— Address Instruction [24-20] Reag Gatal
$~| Register # M Zero Data Instruction | | register 2
Instruction ul, 13101 [T |nstruction [11- ; Read AddressRead
memory P Register# Regwrite | ™1 X memery Instruction netructon [117] \gg?:ter data 2 "€55 data
memory Wiite
Data MemRead [ 7| data Registers Wiite Data
. da?a memory|
. e
’,, - Instruction [31-0] Imm { au )
—-" Control [ @ \control/
o/
\ / Instruction [30,14-12] I
ey e N T A T
R-type ‘ funct? | rs2 ‘ rsl | funct3 | rd | opcode | _
ltype ‘ immediate[11:0] ‘ rs1 | funct3 | rd | opcode | add (add) 0000000 | 00011 | 00010 00001 | 0110011 add x1, x2, x3
- - sub (sub) 0100000 [ 00011 | 00010 000 00001 | 0110011 sub x1, x2, x3
S—type‘ immed[11:5] | rs2 ‘ rsi | funct3 | immed[4:0] | opcode |
B—type[ immed[12,10:5] { rs2 [ rsi | funct3 hmmed[4:1.11]| opcode Hype Instructions rsl | funct3 rd smsrs
addi (add immediate) 001111101000 | 00010 000 00001 | 0010011 | addi x1, x2, 1000
(load word) 001111101000 | 00010 00001 | 0000011 | Iwx1, 1000 (x2)

$4.4.1:

R, FERNIEIR
PR RS HHTE 4 opPRiE =4 2/ ALUop, EEIfunct7+funct3£—EEBZ4hALU operation

“ ST e ) |l e

(store word)

| 0011111 00001 \ 00010

010 01000 | 0100011 | swx1, 1000(x2)



ALUHEAE 15 /) -

Example: add $8, $17, $18

N\

JREN, $4.4.1

—_\

/

,

( ALUBperation
N )
Q00000 | 10001 J 10010 01000 00000 | 100000
op rs rt rd shamt funct
—-
0000 AND
= ~ 0001 OR
Control n > — 7 0110 subtract
- ALUOpl > 0111 set-on-less-than
MemRead 1100 NOR
Etc.
funct7 rs2 rsl funct3 rd opcode R-type




ALUFZE i

IJ g
A s
nstruction ALU control
opcode Operation ALU ion input

X

™~

4-12

load doubleword XXXXXXX 0010
sd 00 store doubleword XXXXXXX XXX add 0010
beq 01 branch if equal XXXKXXX 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
R-type 10 or 0000000 110 OR 0001
| funct? | rs2 ‘ rs1 | funct3 ‘ rd | opcode ‘R—type
| immediate[11:0] ‘ rsi | funct3 ‘ rd | opcode ‘ l-type ALU Dperation
| immed[11:5] | rs2 ‘ rsl | funct3 ‘ immed[4:0] | opcode ‘S—type
| immed(12,10:5]|  rs2 |  rs1 | funct3 |immed4:1,11]]  opcode  |B-ype 7

Zero
ALU 5y

result

H2fi7ALUop ($54opi
ALU_ctrl_input ( 12

PERG =AY Flfunct7+funct34: il
EJALU operation)

)




ALU control block: ZH-&%%, JE45 M4k

ALU operation

. AWOp |  Functifield
ALUOpl1 ALUOpO I[31] 1[30) I1[29] I[28] 1[27] I1[26] I[25] I[14] 1[13] I1[12] | Operation
0 0 X X X X X X X X X X 0010 a—»
X 1 X h4 X X X X X X X X 0110 L Zero
1 X 0 0 0 0 0 0 0 0 0 0 0010 > ALU | Resul
1 X 0 1 0 0 0 0 0 0 0 0 0110 | overfiow
1 x 0 0 0 0 0 0 0 1 1 1 Q000
1 X 0 0 0 0 0 0 0 1 1 0 0001 b —»]
Kl4-13, ALU Operation i ALUOpATFunctiFhs AL ik 4/
A-5-14
|_ALU control lines |  Function e s
Q000 AND L ] ALU control block
0001 OR ALUOpO
0010 2dd ALUOp1 Operation3
0110 subtract
F3 ‘ Operation2 '
K| A-5-13

* Operation

F2 Operation
coo |42 T perten |

F1

Operation0
o 1D

RV, FIGURE C.2.3 (unstructured) ,
ERE: WAMIPSRA, 5E4-134%F 5 !




| Awop | 2 Funct7field | Funct3field

ALUFEHl28: ALUOp5ALU operation

x

4-19

Kl4-13

Instruction [31-0]

data Registers

32 64

Instructiof [30,14-12] |—\

R-type

funct7 rs2 rsl funct3 rd opcode
PCSrc
- -0
> Add - f
x
4 = >Add Sum 1
RegWrite
L 2
Instruction [19-15] Read .
Read - : MemWrite
= PCex{ T 0 o _ register 1 pa.y ‘
Instruction [24-20] Read data 1 =
_ register 2 ALUSrc
Instruction
BIOI Tinstruction [1171 | write Read Addressead
Instruction register ata
memaory
Write ]

Data

» g"'rrt'te memory

MemtoReg

—

ONE = —

.7ALU operation MemRead

ALUOp

ALUOp1 ALUOpO I[31] I[30] I1[29] I[28] I[27] I[26] I[25] I[14] I[13] I[12] | Operation
Q 0 X X X X X X X X X X 0010
X 1 X X X X X X X X X X 0110
1 X 0 0 0 0 0 0 0 0 0 0 0010
1 X 0 D 0 0 0 0 0 0 0 0 0110
1 X 0 0 0 0 0 0 0 1 1 1 0000
1 X 0 0 0 0 0 0 0 1 1 0 0001
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$4-21
~ i
>Add
g —-
_'/_"\
. Branch
f | MemRead
Instruction [-0] | | MemtoReg
= Control —7A-
| | bl s
| |_MemWrite
| ALUSrc
RegWrite
Instruction [19-15] Read
(pClen{ Ro2d ™| register 1 po.q
Instruction [24-20 -
[24-20] Read datal B
Instructi register 2 &
e - ALU LU Read
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Instruction [30,14-12]
funct7 | rs2 rs1 | funct3 | rd | opcode |R-type

\ |

‘ immediate[11:0] | rsi | funct3 | rd | opcode | l-type
‘ immed[11:5] | rs2 | rsl | funct3 | immed[4:0] | opcode |S-type
[immedi12,10:51 | rs2 | st [funct3 |immed[4:1,111]  opcode  |Bype
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Unconditional| Jump and link jal x1, 100 x1 = PC+4; go to PC+100 PCrelative procedure call
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Single-Cycle Processor: Clocking

6—\Me mtoReg
ontrol

|Me mWrite

Unit
Branch
\ﬁLU@ntmlm D'_ PCSre
Op ALUSrc
Funct |RegDst \
egWrite T
\ CLK T CLK
| |
| 2521 ;\;’ WE3 RD1 SrcA [T~ Zero ' WE
nstr 0
A RD | ALUResult ReadData
Instruction A RD L
Memory 20154 A2 RD2 rﬁl ISch < Data
A3 1 [ — . Memo
WD3 Rggistgr erteData WD ry
File
20:16 0
15:11 1
WriteReg,.,
~ PCPlus4 '
Signlmm <<?
1221  Sign Extend PCBranch

Result




The Critical Path Dictates the Clock Period

Element Delay

Register clk-to-Q fpcq-pc 30 ps

Register setup tsetup 20
Multiplexer trux 25
ALU taLU 200

Memory Read tmem 250
Register file read trfread 150
Register file setup trrsetup 20

PR AR R ?
Tc = {tpcg-pC + tmem-1 + tRFread + tALU + tmem-D + tmux + tRFsetup
(30 +250+ 150+ 200+ 250 + 25+ 20) ps

925 ps
1.08 GHz FHE 32 5 A TE] |
reg=0.3ns, L1 Cache=1lns, MM=60ns
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Wi Hloadd24%, storefF12%, R-typef44%,
begF18%, jumpH2%. ﬁtlﬁ’ixﬁf%tljmﬁﬁ i s
ILAIAS 5 < B HH S PR R

— BRPR:

EFFPAT I TB] =38 2 30 X CPIX B 81 58

N )

— B SRR E R B 5E I Jy8ns

— Ve s K B B 5 T LA 2ns ~8hs.
o« PR PATHI =8 X24% +7X12% +6X44% +5X18% +
2X2%=6.3ns

— Kk, KSR E K SEILEL8/6.3=1.271%
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single-cycle processor interfaced to
external memory

Bl 2128 J
( Funct;;, Controller J Opcode N nad
&0 5:0
f'_T_"\ e T
ALUOp 4 _
ALU Main L
Decoder Decoder Data
— - ’ Register #
D=z =D 3= L Address  Instruction Registers ALU Address
E o 3 E e .ﬁ g . Register # Diiti
0 ol Hl == Instruction
5 b= - Al % ;; memory Register # memony
i LS E . : 7] Data
- - 5 J s
W o 3 4 e
! / NATETX v B e
; / FRE: (AfiGas AT 2 A)
s R : / -
: -
CLK ——— "€y 4 pp [ e
: 7
Aot : - Digital Design and
eset ———— . -
; Instruction e Computer Architecture
: Hemq}r? y 7 SECOND EDITION
: _ -
Datapath : CLK - -
: |
: ~ w1~
' ALUOUt ReadData
: 2
iWnt&Data} WD
: Data
d Memory
MIPS Processor :
__________________________________________________________________ 8 External Memory




View from 30,000 Feet

)

Add

Add

* What is the role of the Add units?

Address Instruction

Instruction
memory

Source: H&P textbook &4-1

Note: we haven'’t bothered
showing multiplexors

—

Data
Register #
Registers

Register #

Register #

Address

Data

T memory
> Data

 Explain the inputs to the data memory unit

 Explain the inputs to the ALU

 Explain the inputs to the register unit

HATR-typets &K, data mem7E T ?
-Clock cyclef] 5 & ?

‘A K H G AEMEM?

“Be T A INVEAs 2

S 1 W W

-CPI =2 a1
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