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Instruction-Set Processor D

 Architecture (ISA) programmer/compiler view

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

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

—HLEE 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: RV 014

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] s Mem[60+Regs[x2]10) 32 ##
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




H s 18  Abstract / Simplified View

* RV Instruction Execution Phases

— Instruction Fetch

— Instruction Decode
— Register Fetch

Registers

&

I
(Lo
g & & %

— ALU Operations

— Optional Memory Operations
— 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)

:AL ]
Data
memao
* Daa




Controllerif % . RV64/RV32/H{5C

DATAPATH G
MUX , | DFF
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DFF

B — R wiPC clk |

ALUop
th jlk roM wrM cik wrlR clk |

sel ALUop wrR rdM wrM wrPC wriR

=TT

clk Unit 1.Instruction 2. Decode/ , b 5. Re
rst (FSM) ). Fetch Register - : Y Wri
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« ThRe: VRIS, BRI (A A IR AR IR HIE S
— Clk, Reset?

o HMWHEI MG TFEREHAE ST —IRES + IR
- HEEHE GFED , F2E CIRESRME, B PESD
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Decoder

— Out0
— Out1
— Qut2
—= Out3
— QOut4
— QOut5
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— Qut7
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nfi7 RegFile:

Read register
number 1

Register 0

Register 1

» Read data 1

Registern-2|—e -

Register n =1 -

Read register
number 2

= Read data 2

clk. Clear. Preset. write?
SeieE, 5k
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»D
} ¢
Registern-1
Register data D
Registers
Read
=1 register 1 Read
Read data 1
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Write Read
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Write
—
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RegFiletsz 5 #:1EZ)

5 £ NEBIN, RESCR “Wi—57
S¥EfRegWrite Hclk[F2D, bk
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add $tO,
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765

$s2, $tO0

» Ja5 (latewrite) : Hi-FMEE, EFHAMSE. —HRFHH!
- OB AN SRS, HitHRE LRSS ARE. B4-7

* 565 (early write) : FI¥HEME, JEEBEMH®R. —H/KZEH!

;'

Write

- S e R EAARE APME. B4-32, E4-50

Read

Port 1

Hata

Registers
Read
==| register 1 Read
Read data 1
=| register 2
Write Read
| register data 2
o| WWrite
data
RegWr'rte|
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i1/7 (mem access, K4-5, K4-7)

- BS R k, HdE, ad
- WEFEPEKR: AP, FAPE, 1IN
—ii*%’%ﬁ%lﬁlﬁﬁ. F— HTWR%‘E%EBZ&’?Z*

. P T =
Bigld (—Z—5) | MemWrite
"V
—>| adare
aadress —| Address Re€AdL_,
_ data
INsStruction jy Data
. Write Memory
Instruction —ldate
me mory

MemRead



ALU Interface and Impl:

N

F2 F1 FO Func.

A5

Al U operation

0 0 0 A&B \
0 0 1 A|B i
0 1 0' A -+ B —= FEero
0 1 1 > ALU |—= Result
1 0 0 A&B L+ Overflow
1 0 1 A|B I
1 1 O A-B
1 1 1 A<B(slt) /
CarryOut
ALU operation KlA-5-14
ALU ALU — Add Sum
result
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o FRSEISCIL: 195 EHT = 1 I e 3
— All stages of an instruction are completed within one long clock cycle.

— Firits G = R AL R

1.vlnstruction ) é Decode/

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

o« ZJAMASZEL: 152 BHT = n I E
— Only one stage of instruction per clock cycle

— B (= AL EYD AT RS E S

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

] 15
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OUT Byte
M 1 M 2 M 3
T, T, T, T, T, T, T, T, T,

J-MHz
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X

ACCUM

IO/M
\

PC out PC+1—PC|[INSTR—IR

PC out

PC+1—PClhyte—Z,W

WZ out

A —=Port

. 9.14

o——Instruction fetch

>

Memory read
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Output write ——»
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o TR HUda. . PUT. Ui, S8
— All stages of an instruction are completed within
one long clock cycle.

— K FH IS B s A 5 7 2
o T TR AER B —ANLIF IR AT, £ N IAEE
 EHMETE kN

I

A

1.¢Instruction " é Decode/ o - : é Reg. ’
Fetch Register 3. Execute 4. Memory Write
Read

|
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[ﬁ ML —1 Y S .
RV 1482 24 18 B Overview
o NIEBRIE IR KK
— EW38: ¥4PCiEMEM, nPC = PC+1
« JEld/sd: WA FAT 7S
o ldiE—PNEFRE; sdiEHN AR H’j
— AN[A|2E AR & AP s FHALU
. ﬁ‘i%‘é‘é\@ﬂ%ALuiﬁﬁ%ﬁtl:i;‘z(add)
- ®HE, ¥ TS LIIERAFE T
o ViR S XA RS TS
o ARAKIE T LR GE BB E T — 4548 A H

o« AEHFEL AT I 2 BCTAR A 2 A 1)
— B R TR A Rk IS A A AR
» FFEBRAE: [F2eTR AR R
o PiEHg A # FIALUHE Hh i (add)
BB A ALUZ 55 B %5175
hx@uste edu.cn 16
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>
ulss

R E S LoRE, E4-1

« Hf5: Huyg, PC+1

PRI L EHE S

PAT: add$iAT, THEHE,
beq 7t %

4

A

|
L

Add o Viff: IdiL, sdfladdie/k
— . / -« HH: ld5EHL
.
'
= Data
Register #
>~ PC {#»| Address Instruction ’{ Registers Address
_ Register # Data
Instruction memo
. F !
memory ¢+ Register # T v
= Data
R-tYDe| funct? I rs2 I rsl | funct3 ‘ rd { opcode |
-type I immediate[11:0] I rs1 | funct3 ‘ rd { opcode |
S—typel immed[11:5] I rs2 I rs1l |funct3‘ immed[4:0] { opcode |
Btype [ immed(12,10:5] | rs2 |  rs1 | funct3 |immed[4:1,11]]  opcode |
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Read
address

Instruction p———————)

Instruction
memory
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R-type, |-type, S-type:

%4-10

| Read 4| ALU operation
register 1 Read ‘
ed ‘ MemWrite
Read data 1
ea Zero MemtoReg
Instruction | register 2 ALU
_ Registers p. 4 ALU Read
o | Write result Address data 1
. data 2 M
register ¥
X
_o| Write —=0
data Data
»| Writ
RegWrite dartlae memory
32 64 |
| Imm add x9, x20, x21 MemRead
en addi $s3,$53,4; $53 = $s3 + 4
lw $t1, offset($t2); $t1=M[$t2+offset]
sw x1, 1000(x2); x2 (rsl) FyZ:ht
funct7 rs2 rsl funct3 rd opcode R-type
immediate[11:0] rsl funct3 rd opcode l-type
immed[11:5] rs2 rsi funct3 immed[4:0] opcode S-type




B-type: k1% beq, Kl4-9

PC from instruction datapath —
Branch
>Add Sum target
=
.| Read J ALU operation
Instruction register 1 Read ~ .
Read data 1 i
register 2 To branch
Write  Registers control logic
register Read _
Write data 2 :
data
RegWrite
32 [ ,om | 64| beq $t1, $t2, offset
~1 Gen [ — LA AR — 448 A MNP C A AL

C IMMAER SRS, L CEFXE
T “BARHIEE”  (PCHIRT F-Hb)

23

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




R-/1-/S-IB-typeZi &

4-11

Y

>Add

PC

4 —»
—-
Read ALUSrc ALU operation
Read register 1 Read |
address 5 teaa1 - Mem\Write
i%?sdter ) a MemtoReg
Instruction :
R t
Wiite 0o Read | ol Address oo s
Instruction register data 2 M
memory u
Write X
data _ | Write  Data
RegWrite " |data memory
32 64 MemRead
N

S
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ALUTZE I 75
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RV#d

il

Hl
: T

B,

u]

4-2

. [
L- ﬁ ° ™~
___ Branch
.l’/
'\\.
M |
u
S
4— g
Add Add M
- o u -
X
‘ .
ALU operation
| Data w
. MemWrite
o+~ Register #
= PC #> Address Instruction #— Registers ALU /= Address
o= Register # M Zero
. u Data
Instruction memory
4— I H . }(
memory | Register #  Regwrite
= Data
| MemRead
PC Address  Instruction Address
— VRN
Data ;, ‘-\_
| funct? ‘ rs2 | rs1 ‘ funct3 ‘ rd | opcade |R—type f I'nl
| immediate[11:0] | rsl ‘ funct3 ‘ rd | opcode | Htype | CDntrD' I
| immed[11:5] ‘ rs2 | rsi ‘ funct3 ‘ immed[4:0] | opcode |5-t)-‘DE I",\ f'l
[immed12,10:5) | 2 | rst funct3 [immed4:1,11]]  opcode  |Btype \, /




ALU

o Ha | BH
8 rj”%ﬁ"

X

™~

4-12

nstruction ALU control
opcode Operation ALU ion input

load doubleword XXXKKXX 0010
sd 00 store doubleword XXXXKXX XXX add 0010
beq 01 branch if equal XXXXXXX 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 ‘ rsi ‘ funct3 ‘ rd | opcode |R—type
| immediate[11:0] ‘ rsi ‘ funct3 ‘ rd | opcode | l-type ALU Uperation
| immed[11:5] | rs2 ‘ rsl ‘ funct3 ‘ immed[4:0] | opcode |S—type
| immed12,105] |  rs2 |  rs1 | funct3 |immed[4:1,11]]  opcode  |B-ype e

H2f7ALUop (F5-%opiEfd=4:) HFfunct7+funct34: i >ALU i?_ﬁ

ALU_ctrl mput (414, EHALU operation)

result




ALUOp 5 ALU operation

PCSrc
%4-15 " -0
X = M
>Add . u
X
4 — >A.:||:| Sum 1
RegWrite -
[
Instruction [19-15] Read L
L. |pc ER{?;:;SE > register 1 goaq MeamWrite
Instruction [24-20] Read data 1 -
- "| register 2 ALUSre Zero MemtoReg
Instruction ALU
[31-011 T instruction [11-7] write  Read ALU L o | AddressR2ad | 7
. - _ data 2 result data M
Instruction register u
memaory -
.| Write ] 0
@4 13 data Registers Wiite Data
- - memo
data v
| Awop | = Functffield | Functdfield | :
ALUOp1 ALUOpO I[31] I[30] I[29] I[28] I[27] I[26] I[25] I[14] I[13] I[12]| Operation Instruction [31'ﬂ]
o] s} X X X X X X X X X X 0010
SRR MemRea
1 X o (] o 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 1 1 0 0001
3 25 24 20 19 15 14 12 11 76 0
[ funct? [ rs2 ] rs1 Jfunct3| rd | opcode | R-type
[ imm[11:0] | rs1 Jfunet3 ]| rd [ opcode | I-type
[ imm[11:5] | rs2 [ rs1 [ funct3 | imm[4:0] | opcode | S-type
[ imm[31:12) [ | opcode | U-type




ALUHEE/EFE il -

Example: add $8, $17, $18

Z RN, $4.4

——\

-
( ALU ob’eration
N -,
Q00000 | 10001 | 10010 01000 Q0000 | 100000 —™
op rs rt rd shamt funct >ALU ALU
result
I
0000 AND
-~ =~ 0001 OR
ALTU Op 0 1 0010 add
Control . i - — 7 0110 subtract
o ALUOpl > 0111 set-on-less-than
MemRead 1100 NOR
Etc.
funct7 rs2 rsl funct3 rd opcode R-type




ALU control block: #4244

i
1

il

3

___AMwop | = Funct7field | Funct3 field

ALUOp1 ALUOPO I[31] I[30] I1[29] 1[28] 1[27] I[26] I[25] 1[14] 1[13] I[12] | Operation 4| ALY operation
0 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 1 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
K4-13 ALUOp
ALU control block
|_ALU control lines |  Function
ALUOPpO
, 0000 AND
ALUOp1 ™\ Operation3 0001 OR
—oL_/ 0010 add
0110 subtract
Fa Operation2
'—l
KA-5-13
_ — Operation
F2 Operation1
F (5-0)
* F1
o o0 RV, FIGURE C.2.3 (unstructured )
o 1 ) peraton R ILAMIPSTEG], 5EI4-13 % R !




TR LE 1]

il

.

|—a
——

7]

[3i:)
=z

Hl

=
ap
T

PCSrc
- =0
g 4-15 Add . M
|4 - u
4 > >Add Sum 1
RegWrite -
L 5
Instruction [19-15] Read o
L. |pc aR{:iEdardess " register 1 gaaq MemWWrite
Instruction [24-20] Read data 1 -
: " register 2 ALUSre Zero MemtoReg
Instruction ALU
. [31-0) - | DALU A Read
I “PCWrite” 2 _ Instruction [11-7] | wyrite dzteaag syl Address’ g t— I"1.|'I
Instruction " | register y
memory
| Write 1. ] i)
data Registers ) Data
- W”tememnry
lZEI 4-13 data
Instruction [31-0] 32 B4
e L s L L L MemRead
o S 0 T T
e o T T Instructiod [30,14-12]
1 X 0 0 0 0 0 0 0 1| 1 0 0001 ,.':-.'LJOD
‘ funct? | rs2 ‘ rsl ‘ funct3 | rd opcode ‘R—lype
‘ immediate[11:0] ‘ rsl ‘ funct3 | rd opcode ‘ Hype
‘ immed[11:5] | rs2 ‘ rsl ‘functa| immed[4:0] | opcode ‘S—lype
[immed12,105]1 | rs2 | rst | funct3 [immed[4:1,11]]  opcode  |Btype
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H

. L
T 17 %IJ

A

G

i MI:I 7?_35/%
EHE ST opliFEfd ek

— RegWrite: ZF{7#y 5 /E& —*4

4w
Spe
— ALUSrc: ALUKIZE —oprkis, —ik—
° _ _ _ _ Instruction [19-15] R
RegFIIe (R type) —%Imm (I /S /B type) L, | - g{ggﬁass m" F;;E,;e” Read ViemWrite
- ALUOp: 24)[‘ lnStrLllg??Uri T instruction [11-7] Write  Read Address oad —»‘
Instruction register data2
N N o, memaory X
— MemRead: f7f#fariizhl, 1dfE< o g o |
rite
data oo

— MemWrite: fAfiae5 ], stigd o] % (o) |
— MemtoReg: H K717 28 B4 KA (

Instruction [30,14-12]
« R-typef§4 Sloadfs 4 ik —

— Branch: 7354 (beq)

o \  Branch

« PCSrc: nPCRig#EH|, =Branch & Zero Instruction | I MemRead

. = 6-0 | MemtoReg

If taken, then PC = PC+offset L':Dntrml L.-Lé-f 2

9[5 “PCWrite” ? |_MemWrite
| ALUSrc

— K4-15K. B EEEEPC (nPC or beqH ) , I 20 ! " RegWite

FERIME T ISR Fpsed a) ?



[ 1]
-
g\
-1
<
.
I
B

ZRer: B+

COne=—

>Add R
4 —
. L
? Branch
) , |_MemRead
Instruction [6-0] |C || MemtoReg
> ontro ALUOp
| | MemWrite
| ALUSrec
\_A RegWrite
Instruction [19-15] Read
Read * - :
! PC 0| register 1 o
address . ead
Instruction [24-20
[ ] +| Read data 1
Instruction register 2
[31-00 | T nstruction [11-7] wiite ~ Read [ ]| Address"ad
Instruction ™| register dataZ
memaory
- Write
data Registers Write Data
g 4- 17 . ™| data Memory
Instruction [31-0
nstruction [ ] [ A\
\control |
funct7 | rs2 rsl | funct3 ‘ rd ‘ opcode ‘ R-type ."‘_ ,"I
immediate[11:0] rsl | funct3 ‘ rd ‘ opcode ‘ Hype ™ -~

\ \
\ [
‘ immed[11:5] | rs2 ‘ rs1 | funct3 ‘ immed[4:0] ‘ opcode ‘S'IYDB Instruction [3‘:',14-1 2]
\ \

rsl | funct3 ‘ immed[4:1,11] ‘ opcode ‘ B-type

immed[12,10:5] | rs2




-_‘ J—r/— ‘—'—‘4—4—‘::‘

T J%‘E“r,\
—nnm

A

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

Outputs 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
[ | w2 | i Jumm]| 1@ | opode ]Rome

B i Kl4-22, ARRIEIT FSMT

[mmed12.105) | w2 | st |functs |mmediaii1]]  opoode | Btype




TSRl HEF %, one-clock impl

FIGURE C.2.5: PLA

FIGURE C.2.4: MIPS inputs
Op5
| Control |  Signalname | Rformat| 1w | sw | beq [HECWW
Op5 0 1 1 0
Opa 0 0 0 0 Op3
op3 0 0 1 0 Op2 M2
Inputs Op2 0 o o 1 Oo AND:I:E
op1 0 1 1 0 P OR%ZE
0pO 0 1 1 0 Op0 o .
RegDst 1 0 X X uuu)o& 000 olo 000 ué
ALUSrc o] 1 1 0
MemtoReg 0 1 X X
RegWrite 1 1 0 0 Outputs
Outputs MemRead o] 1 0 0
MemWrite 0 0 1 0 R-format Iw sW beq
Branch o] 0 0 1 F{BQDSt
ALUOp1 1 0 0 0 ] ALUSrc
ALUOPO 0 0 0 1
MemtoReg
] RegWrite
MemRead
PLA: The structured implementation of the MemWrite
control function ! Branch
ALUOp1
ALUOPO



Single-Cycle Processor: Clocking

MemtoReg
E’:‘ti';OIIMemWrite
Branch
\ﬂLU@ntrolm D'_ PCSIe
Op  |ALUSrc
Funct |RegDst \
egWrite T
k-.—.-“I \
CLK > CLK
| |
Instr e .;\:I/ WES RD1 SrcA [™=~ Zero Y WE 0
A RD | ALUResult A RD ReadData 1
Instruction -
Memory o RD2 [0]sre8 < Data
A3 1 ) Memory
WD3 Rggistgr WriteData WD
File
20:16 0
1511 1
WriteReg,.,
~ PCPlus4 '
Signlmm <<?
1221  Sign Extend PCBranch

Result




The Critical Path Dictates the Clock Period

Element Delay

Register clk-to-Q tpcqpc 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

Tc = tpeg-pPC + tmem-I + tRFread + tALU + tmem-D + tmux + tRFsetup
= (30+250+ 150+ 200+ 250+ 25+ 20) ps

= 925 ps

— 1.08 GHz TR RGBS ?
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single-cycle processor interfaced to

external memory

CLK ————

Reset —

External Memory

B4 21:28
i N Add
v Funct;;, Controller fDDCDdes;u
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ALU Main L
Decoder Decoder Data
— - ’ Register #
DZ(= I I > Address  Instruction Registers ALU Address
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View from 30,000 Feet

! )

Add

Add

* What is the role of the Add units?

Address Instruction

Instruction
memory

Source: H&P textbook

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

-Clock cyclef] 7 & ?
‘et KA 1EAMEM?
“RET AN NI AE 2
kT ?
CPI =7
40
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jalr (I-type) Fljal (J-type) [KI=ZH?

S
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12l e

|Control
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|\ MemRead
| MemtoReq
C
Nrite
.'S:

l
: Reg\Write

Read

register 1 po.g
| Read data 1

register 2

_|write ~ Read

data 2

P e
Add
4 —»
Instruction [6-0] |
_ -
Instruction [18-15]
Read
address Instruction [24-20]
Instruction
[31-01 [T :
Instruction [11-7]
Instruction
memory

register

—“weg= O

| Write p

Instruction [31-0]

data Registers

Add Sum

_n.ng(j

4-17

32 m 84 _I
s Imm [ ALu |

data

Address

Write Data
memaory

Read
data

@ |‘.'._controll,

Instruction [30,14-12]

Unconditional| Jump and link jal x1, 100 x1l = PC+4; go to PC+100 PC-relative procedure call
branch Jump and link register jalr x1, 100(x5) [ x1 = PC+4; go to x5+100 Procedure return; indirect call
imm | 20| imm | 10:1] imm|11] mmm|1Y:12| rod opcode | J-type
imm |11:0) rsl hunctd rd opcode | I-type
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