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Introduction

DDCA Ch7 - Part 1: Microarchitecture Introduction https://youtu.be/IrN-uBKooRY?si=QEiy6eyr5c32m31n
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About these Notes

Digital Design and Computer Architecture Lecture Notes
© 2021 Sarah Harris and David Harris

These notes may be used and modified for educational and/or non-commercial purposes so
long as the source is attributed.
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Microarchitecture

* Multiple implementations for a single architecture:
* Single-cycle: Each instruction executes in a single cycle
* Multicycle: Each instruction is broken up into series of shorter steps
* Pipelined: Each instruction broken up into series of steps & multiple instructions execute at once
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Processor Performance

* Program execution time
Execution Time = (#instructions)(cycles/instruction)(seconds/cycle)

* Definitions:
* CPI: Cycles/instruction
* clock period: seconds/cycle
* IPC: instructions/cycle = IPC

* Challenge is to satisfy constraints of:
* Cost
* Power
* Performance
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RISC-V Processor

Consider subset of RISC-V instructions:

R-type ALU instructions:
add, sub, and, or, slt

* Memory instructions:

lw, sw

Branch instructions:
beq

08.04.2024 Computer Systems 7



Architectural State Elements

Determines everything about a processor:

e Architectu

ral state:

* 32 registers

* PC

* Memory
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Single-Cycle RISC-V Processor

DDCA Ch7 - Part 2: RISC-V Single-Cycle Processor Datapath: lw https://youtu.be/AoBkibsIRBM?si=fgOlanrXwzMCdOrU
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Single-Cycle RISC-V Processor

e Datapath

e Control
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Example Program

* Design datapath

* View example program executing

Address Instruction Type Fields Machine Language
imm, . rsl f3 rd op

0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
imm, .5 rs2 rsl f3  immy, op

0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
funct? rs2 rsl f3 rd op

0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 O0062EZ233
immy; 9.5 rs2 rsl f3 immy,;; op

0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3

08.04.2024
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Single-Cycle RISC-V Processor

e Datapath: start with 1w instruction

* Example: lw x6, -4(x9)

lw rd, iImm(rsl)

I-Type
31:20 19:15 14:12 11:7 6:0
Immy g rs1 |funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits

08.04.2024 Computer Systems 12



Single-Cycle Datapath: 1w fetch

* STEP 1: Fetch instruction

CLK
CLK \ \
PCNext A1 WES RD1
X — p—
PC A RD Instr
2 Instruction <
- M — e
= | memory | A2 RD2
S g — A3 _
& — wp3 Relg_llster
S ile
Address Instruction Type Fields
immll-o rsl f3 rd

01000 L7: lw x6, -4(x9) ] 111111111100 01001 010 00110

08.04.2024 Computer Systems
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Single-Cycle Datapath: 1w Reg Read

» STEP 2: Read source operand (rs1) from RF

CLK CLK
CLK | | L
: WE3 0x2004 WE
PCNextEl 2] A1 RD1
PC A RD Instr 9
o . o — A RD p—
X | Instruction| = ] |
S| Memory a4 A2 RD2 Data
o 13 — A3 . Memory
P — wp3 Reg_lster — wo
8 File
Address Instruction Type Fields Machine Language

imm, . rsl f3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle Datapath: 1w Immediate

* STEP 3: Extend the immediate

CLK CLK
CLK \ \ |
PCNext 19:15 A1 WE3 RD1 0x2004 WE
X
PC A RD Instr 9
o i o -1 A RD p—
X | Instruction| = ] |
S| Memory a A2 RD2 Data
S S — A3 Reai Memory
b — wD3 eg_lster — wD
S File
ImmExt
g Extend OXFFFFFFFC
OXFFC X
Address Instruction Type Fields Machine Language

imm, . rsl 3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle Datapath: 1w Address

ALUControl,,  Function

. 000 dd
* STEP 4: Compute the memory address 2
001 subtract
ALUControly. 010 and
011 or
CLK CLK
a ‘ W‘E3 0x2004 ‘ V\)E o o
PcNext [M]pc Instr B A1 RD1 - SroA
ARD ? S| ALUResult
g Instruction % >;:' —A RDI—
2 | memory | 3 — A2 RD2 }— SrcB 0x00002000 Data
© s — A3 ) Memory
> — wD3 Reg_lster — wD
S File
ImmExt
— Extend OXFFFFFFFC
OXFFC X
Address Instruction Type Fields Machine Language

immy . rsl 3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle Datapath: 1w Mem Read

* STEP 5: Read data from memory and write it back to register file

RegWrite ALUControl,.q
CLK CLK
CLK | L
: WE3 0x2004 WE
P_CNext| |PC A rD Hostr 19159 A1 RD1 SrcA
ReadData
‘>§ Instruction :><D.| >§ ALResul A RD
2 | memory | 3 b A2 RD2 |— SrcB 0x00002000 Data 10
o S - 5 A3 . Memory
P WD3 Reg.lster — wo
b File
ImmExt
g Extend OXFFFFFFFC
OXFFC X
Address Instruction Type Fields Machine Language

immy ., rsl f3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle Datapath: PC Increment

* STEP 6: Determine address of next instruction

RegWrite ALUControly
1 000
CLK CLK
CLK | L
: WE3 0x2004 WE
PoNext[Mec | . |inste = At RD1 - SrcA
Ox1004 L 4 Instruction < — 3 alosul A RD moacee
é Memory T b A2 RD2 f— SrcB ﬁ 0x00002000 Data 10
o g 5 A3 . Memory
S WD3 Reg_lster — wp
2 File
ImmExt
i Extend
PCPlusd |OxFFC OFFFFFEFC
4
Address Instruction Type Fields Machine Language
imm; . rsl f3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303

08.04.2024 Computer Systems
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Single-Cycle Datapath: Other Instructions

DDCA Ch7 - Part 3: RISC-V Single-Cycle Processor Datapath https://youtu.be/sVZmqgLRkbVk?si=SE gnswCekVKNuwe

08.04.2024 Computer Systems
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Single-Cycle Datapath: sw

* Immediate: now in {instr[31:25], instr[11:7]}
* Add control signals: ImmSrc, MemWrite

RegWrite ImmSrc ALUControly.g MemWrite
0 1 000 1
CLK CLK
CLK | \
. WE3 0x2004 WE
PCNext Fﬁ el qp st = Al RD1 - Srch
0x1008 |_' o ) o >3 ALUResult A RD ReadData
X| Instruction| X 20| RD2 10 2| 0x0000200C
8| Memory | § 1116 SrcB Data
- > -~ i WriteData Memory
S WD3 Reg_lster WD
W File
ImmExt
37 Extend
PCPlus4 |0x008 0x00000008
4
Address Instruction Type Fields Machine Language
immy.5 rs2 rsl f3 immy. op
0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423

08.04.2024 Computer Systems
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Single-Cycle Datapath: Immediate

ImmSrc

ImmExt Instruction Type

0 {{20{instr[31]}}, instr[31:20]} I-Type
1 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
I-Type
31:20 19:15  14:12 11:7 6:0
immyq.o rs1 |funct3 rd op
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
31:25 24:20 19:15 14:12 11:7 6:0
immyq5 | rs2 | rs1 [funct3 | immy. op
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits

08.04.2024 Computer Systems 21



Single-Cycle Datapath: R-type

* Read from rsl and rs2 (instead of imm)

. .
erte A LUReS UIt to rd RegWrite ImmSrc ALUSrc ALUControls.o MemWrite ResultSrc
1 X 0 011 0
CLK CLK 14
CLK | |
WE3 6 WE
PCNext F5| pe|, oo |mnst 2] A1 RD1 Srch
oxtooc | [ | e | ALUResut A Rp |ReadData "
X| Instruction| % 24:20 10 = 14
= S A2 RD2 0 |SrcB Data
3|l Memory > 11:76
“ m 4 A3 i 10 WriteData Memory
N WD3 Reg_lster WD
w 14 File
—
ImmExt
3 Extend
PCPlus4 0x00000008
Result
4
Address Instruction Type Fields Machine Language
funct? rs2 rsl f3 rd op
0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 O0062EZ233
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Single-Cycle Datapath: beqg

e Calculate target address: PCTarget = PC+ imm

PCSrc RegWrite ImmSrc ALUSrc ALUControl,.o MemWrite ResultSrc
1 0 10 0 001 0 X
CLK CLK
CLK ‘ ‘
WE3 14 WE
0] PCNext M pc| ,  gp Lmst 5 A RD1 SreA  Zero .
L Jox1000 L] |< o 2| ALUResutt A rp |ReadData
%] Instruction| = 24:20 14 ztl
8 Memor m 2] /2 RD2 0 |SrcB 0 Data
;= y N 11:7
“ S i~ i s b= WriteData Memory
% WD3 Reg.lster WD
0 File
S . PCTarget
ImmExt 0x1000
31:7
PCPlus4 | OXFFA Extend OXFFFFFFF4
= +
Result
4 =
0x1010
Address Instruction Type Fields Machine Language
immy; 9.5 1S2 rsl f3  immg,;; op
0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3

08.04.2024 Computer Systems
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Single-Cycle Datapath: ImmExt

ImmSrc, 4 ImmExt Instruction Type
00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], instr[30:25], instr[11:8], B-Type
1’b0}
I-Type
imh11:o ré1 funétS rd o.p
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
imn.|11;5 rSZ rS1 funCt3 imr.rl4;0 O'p
7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
B-Type

immyz 105 rs2 | rs1 [funct3 immy.q 44 Op
7 bits 5bits 5 bits 3 bits 5 bits 7 bits

08.04.2024 Computer Systems 24



Single-Cycle RISC-V Processor

CLK

'ﬁj

PCNext M PC
L

A RD Instr

6:0

)

PCSrc

Control
Unit

ResultSrc

MemWrite

14:12

op

ALUControl,.q

funct3

30

ALUSrc

funct7s

Imercm

Zero

N——

RegWrite

19:15

CITK

WE3

Instruction
Memory

24:20

A1

A2

11:7

A3

WD3

Register

SrcA [~

Zero

RD1

RD2

ALUResult

CITK

0 1SrcB

WriteData

File

PCPlus4

= +

_ ImmExt
7 Extend

PCTarget

WE

Data
Memory

WD

ReadData

Result
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Single-Cycle Control

DDCA Ch7 - Part 4: RISC-V Single-Cycle Processor: Control https://www.youtube.com/watch?v=EZb1l VF-yMg

08.04.2024 Computer Systems
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Single-Cycle Control

* High-Level View * Low-Level View
Zero :} PCSrc
— ~— |Branch
PCSrc —— ResultSrc
C?Jr;ti:OImC i :,::,iger— MemWrite
st o Memrite P T s
14:12 oP thlzo — RegWrit:a0
funct3 |ALUSrc . y
20 funct7s ImmSrcy.o ALUOp10
ZAJie Zero | RegWrite A
— fUNCt3 10 ALU ALUControly
' Decoder '
funct7s —— )

08.04.2024 Computer Systems 27



Single-Cycle Control: Main Decoder (Animation)

op Instr. RegWrite ImmSrc  ALUSrc MemWrite  ResultSrc Branch  ALUOp

35 sSwW

51 | R-type

99 | beq

N
PCSrc

Contro Zero
Unit ResuIIS.rc PCSrc
60
o op ALUControlz Branch

%—functii ALUSrc
[ funct7s | iImmSrey,
(Zero [Regwiite ResultSrc
) Main [— MemWrite
o ol 3 OPso —T; Decoder—— ALUSrc
Ponext[Mec |, oo st (= AT WE ot StcA [~ Zero WE L ImmSron
T ) S| ALUResult A ro |ReadData | — .
In';::‘zl:;n X0 Y RD2 Mses[ < Data — Regerte
[ A3 . | 1 Memory
1 wos Rng_llster WriteData WD - ALU/O
— Po
Y
. PCTarget —
ImmExt ALU
-
PCPlus funct3zo Decoder ALUControly
Result
4 ooy funct7s
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Single-Cycle Control: Main Decoder

op Instr. RegWrite ImmSrc  ALUSrc MemWrite  ResultSrc Branch  ALUOp

3 1w 1 00 1 0 1 0 00

35 sw 0 01 1 1 X 0 00

51 | R-type 1 XX 0 0 0 0 10

99 beq 0 10 0 0 X 1 01

N
PCSrc

Contoleesutsre zero PCSre
op  [ALUControlyg ~—— |Branch

0|
%funoﬁ ALUSrc
[ funct7s | iImmSrey,
(Zero [Regwiite ResultSrc
) Main [— MemWrite
o ol 3 OPso —T; Decoder—— ALUSrc
Ponext[Mec |, oo st (= AT WE ot StcA [~ Zero WE L ImmSron
T ) S| ALUResult A ro |ReadData | — .
In';::‘zl:;n X0 Y RD2 Mses[ < Data — Regerte
[ A3 . | 1 Memory
1 wos Rng_llster WriteData WD - ALU/O
— Po
Y
. PCTarget —
ImmExt ALU
-
PCPlus funct3zo Decoder ALUControly
Result
4 ooy funct7s
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Review: ALU

ALUControl,,,  Function

000 add A B
001 subtract )(N
010 and
011 or 3 ALUControl
101 SLT ALU
Result

08.04.2024 Computer Systems 30



Review: ALU

ALUControl,,,  Function W T

000 add

001 subtract

010 and S
011 or g
101 SLT Cou 3

LG

101 011 010 001 000
5~ ALUControl

N
Result

08.04.2024 Computer Systems 31



Review: ALU

ALUControl,,,  Function

000 add ALUContro/iL Sumy.s ALUControl,
ca L
001 subtract {%7
010 and
011 or
Sump.
101 SLT v

101
75— ALUControl,,

08.04.2024 Computer Systems 32



Single-Cycle Control: ALU Decoder

Zero - PCSrc

—— ResultSrc
Main —— MemWrite
OPso - Decoder—— ALUSrc
— ImmSrci,o
— RegWrite
funct3,. ALUControl,.o
funct7s ——
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Single-Cycle Control: ALU Decoder

08.04.2024

ops, funct7. Instruction ALUControl, .,
00 X X lw, sw 000 (add)
01 X X beq 001 (subtract)
10 000 00, 01, 10 add 000 (add)
000 11 sub 001 (subtract)
010 X slt 101 (set less than)
110 X or 011 (or)
111 X and 010 (and)
ALUOp1
P ALU
funct3,.g Decoder ALUControl,
funct7s ——

Computer Systems
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Example: and

op Instruct RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp

51 R-type 1 XX 0 0 0 0 10

)

PCSrc
ResultSrc

6o MemWrite
—] op ALUControl.q
14:12

—— funct3 |ALUSrc
funct7s [ ImmSrcy.

Zero  [RegWrite
g

Control|
Unit

30

CLK |4 xx 0 010 CLK g 0

PCNext [™]p Instr o5 ] e WES b4 SrcA [T~ Zero WE
B I e RO 3 ALUResult ReadData
<

. A RD
Instruction 24:20
A2 RD2 ) sres

Memory 1] A3 1 Mgrantsr
WD3 Register WriteData WD y

File

0 CLK

D

Fl

PCTarget

ImmExt

Extend
PCPlus4

Result

and x5, x6, x7
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Extending the Single-Cycle Processor

DDCA Ch7 - Part 5: RISC-V Single-Cycle Processor: https://youtu.be/z6xMFgNEM4?si=QTFcjiic_ Hg3uRfi

08.04.2024 Computer Systems
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Extended Functionality: I-Type ALU

Enhance the single-cycle processor to handle

I-Type ALU instructions:
addi, andi, ori, and slti

Similar to R-type instructions

But second source comes from immediate

Change ALUSrc to select the immediate

And ImmSrc to pick the correct immediate

08.04.2024 Computer Systems 37



Extended Functionality: I-Type ALU

op Instruct. RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp
35 SwW 0 01 1 1 X 0 00
51 R-type 1 XX 0 0 0 0 10
99 beq 0 10 0 0 X 1 01
19 I-type 1 00 1 0 0 0 10

08.04.2024 Computer Systems 38



Extended Functionality: addi

op Instruct. RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp

19 I-type 1 00 1 0 0 0 10

)

PCSrc
ResultSrc

6o MemWrite
— op ALUControl,.q
14:12

— funct3 |ALUSrc
funct?s [ ImmSrcyo

Zero | RegWrite
-

Control
Unit

30

0 CLK CLK 14 00 1 000 CLK

WE3 WE
0] PCNext [ Pl o nstr 1751 A1 RD1 SrcA [T~ Zero
i ALUResult ReadData

Instruction 24:20 r~
Memory " A2 RD2 0 ]SreB Data

=1 A3 1
WD3 Re'giilseter WriteData \I;IlveDmory

ImmExt
S Extend
PCPlus4

D

PCTarget

Y/

Result
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Extended Functionality: jal

Zero
* Enhance the single-cycle processor to handle jal Branch ;D PCSre
* Similar to beq Jump
* But jump is always taken
* PCSrc should be 1 T ResultSrcr.o
] o Main | MemWrite
* Immediate format is different ODs0 Decoder| A \jsrc
* Need a new ImmSrc of 11 > L ImmSrer
* And jal must compute PC+4 and store in rd —— RegWrite
* Take PC+4 from adder through ResultMux
funct3,.g Depc‘:I;ltjer ALUControl,.q
funct7s —

08.04.2024 Computer Systems 40



Extended Functionality: ImmExt

ImmSrc,., ImmExt Instruction Type
00 {{20{instr[31]}}, instr[31:20]} I-Type
01 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
10 {{19{instr[31]}}, instr[31], instr[7], instr[30:25], instr[11:8], 1'b0} B-Type
11 {{12{instr[31]}}, instr[19:12], instr[20], instr[30:21], 1’b0} J-Type
I-Type B-Type
31:20 19:15 14:12 11:7 6:0 31:25 24:20 19:15 14:12 11:7 6:0
immy4-o rs1 |funct3 rd op immqz.10:5| rs2 | rs1 [funct3 |immg.114] Op
12 bits 5 bits 3 bits 5 bits 7 bits 7 bits 5 bits 5 bits 3 bits 5 bits 7 bits
S-Type J-Type
31:25 24:20 19:15 14:12 11:7 6:0 31:12 11:7 6:0
immyq5 | rs2 | rs1 [funct3 | immy.g op iMmMmyg 10:1.11,19:12 rd op
7 bits 5bits 5bits 3 bits 5 bits 7 bits 20 bits 5 bits 7 bits
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Extended Functionality: jal

Instruct. RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch ALUOp
35 sw 0 01 1 1 XX 0 00 0
51 R-type 1 XX 0 0 00 0 10 0
99 beg 0 10 0 0 XX 1 01 0
19 I-type 1 00 1 0 00 0 10 0
111 jal 1 11 X 0 10 0 XX 1

08.04.2024 Computer Systems 42



Extended Functionality: jal

Instruct. RegWrite ImmSrc ALUSrc MemWrite ResultSrc Branch
111 jal 1 11 X 0 10 0 XX 1
)
N PCSrc
ontrol
Unit ResultSrcy.o
MemWrite
6:0
op ALUControl,.o
14:12
funct3 |ALUSKc
30
funct?s | ImmSrcy.
Zero | RegWrite
—
CLK CLK
CLK I 1
WE3 WE
-IJO~|PCNext Pc] A R binst 19191 A4 RD1 SrcA [T~ Zero
1 L] S| ALUResult A Rp |ReadData
Instruction 2200 5o RD2 ~ zt'
Memory . 0 |SrcB Data
-~ i 1 WriteData Memory
WD3 Reg_lster WD
File
\
— iCTarget
ImmExt
31:7
Extend
. |PcPlus4 —
Result
4
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Single-Cycle Performance

DDCA Ch7 - Part 6: RISC-V Single-Cycle Performance https://www.youtube.com/watch?v=w82mNGranjA

08.04.2024 Computer Systems
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Processor Performance

Program Execution Time

cycles seconds
X

= #instructions X - _
instruction cycle

= #instructions X CPI X T,

08.04.2024 Computer Systems 45



Single-Cycle Processor Performance

-Fj PCNext

CLK

8

Mec
L

A RD Instr

6:0

)

PCSrc

Control
Unit

14:12

op
funct3

30

funct7s

ResultSrc,.o

MemWrite

ALU Contl’Olz;o

ALUSrc

ImmSrcq.o

Zero
—

| RegWrite

19:15

C‘LK

A1

Instruction
Memory

24:20

A2

11:7

A3

WD3

WE3

Register

RD1

SrcA ™=

Zero

RD2

0 1SrcB

ALUResult

CI‘_K

WriteData

File

_ p ImmExt
7 Extend

= +

PCTarget

WE

Data
Memory

WD

ReadData

PCPlus4
+

Result

T, limited by critical path (1w)
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Single-Cycle Processor Performance

e Single-cycle critical path:

Tc_single = tpcq PC + tmem + max [ tRFread» tdec + text + tmux] + tALU + tmem mux + tRFsetup

Lo / / / /
Con esultSrcqo

Uni
MemWrite

6:0 I
op LUControlyo I
L2 funct3 USrc I
= funct7s| | Src. )
Zero | RelyWrite
-
CLK
Zero WE

ALUResult AR

Instr .

ReadData

A RD

Instruction 24:20
Memory "7

WriteData

 —
PCTarget
| F +|ECTarge

. L |mmExt
7
Extend
PCPlus4 —
4
4

08.04.2024 Computer Systems
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Single-Cycle Processor Performance

e Single-cycle critical path:

Tc_single = tpcq_PC + tmem + max [ tRFread» tdec + text + tmux] + tALU + tmem + tmux + tRFsetup

e Typically, limiting paths are:
— memory, ALU, register file
— S0, tgec t text + tmux Can be neglected

Tc_single = tpcq_PC + tmem + tRFread + tALU + tmem + tmux + tRFsetup

Tc_single = tpcq_PC + 2tmem + tRrrread T taLv + tinux T tRFsetup

08.04.2024 Computer Systems 48



Single-Cycle Performance Example

Element Parameter

Register clock-to-Q Lyeq PC 40
Register setup Lsetup 50
Multiplexer fux 30
AND-OR gate ! AND-OR 20
ALU tALy 120
Decoder (Control Unit) Ldec 25
Extend unit Foxt 35
Memory read fnem 200
Register file read ! RFread 100
Register file setup ! RFsetup 60

Tc_single = tpcq_PC + 2tmem + tRFread + tALU + tmux + tRFsetup
= (40 +2*200+ 100 + 120 + 30 + 60) ps = 750 ps
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Single-Cycle Performance Example

Program with 100 billion instructions = 10! instructions :
Execution Time = #instructions X CPI X T

= (100 x 10°)(1)(750 x 101?s)
=75 seconds

08.04.2024 Computer Systems 50



Multicycle RISC-V Processor

DDCA Ch7 - Part 7: Multicycle Processor https://www.youtube.com/watch?v=sATaQNCCO-g

08.04.2024 Computer Systems

51



Single- vs. Multicycle Processor

* Single-cycle:
* +simple
* - cycle time limited by longest instruction (1w)
* - separate memories for instruction and data
e -3 adders/ALUs

* Multicycle processor addresses these issues by breaking instruction into shorter steps
* shorter instructions take fewer steps
* can re-use hardware
* cycle time is faster

08.04.2024 Computer Systems 52



Single- vs. Multicycle Processor

* Single-cycle:
* +simple
* - cycle time limited by longest instruction (1w)
* - separate memories for instruction and data
e -3 adders/ALUs

. Multicycle Same design steps
* + higher clock speed as smgle-cycle:
* + simpler instructions run faster * first data path
* +reuse expensive hardware on multiple cycles  then control

* -sequencing overhead paid many times
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Multicycle State Elements

* Replace separate Instruction and Data memories with a
single unified memory — more realistic

Cll_K I CILK I
CLK WE WE3
—1 A1 RD1 e
PCNext PC A [=]p J -
EN
Instr / Data —1 A2 RD2 =
Memory
—1 A3 Register
O WD -
— \WD3 File
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Multicycle Datapath: Instruction Fetch

STEP 1: Fetch instruction

IRWrite
CLK

CLK

5 Ay
Instr -
PCNext PC RD
A lENI

Instr / Data
Memory

— WD

08.04.2024

CLK
| |

WE3
A1 RD1 p—

A2 RD2 p—

A3  Register
wD3  File
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Multicycle Datapath: 1w Get Sources

STEP 2: Read source operand from RF and extend immediate

IRWrite ImmSrcy.g
CLK CLK chK i
] | | |
CLK
WE 19:15 Rs1 WE3 A
Instr Al RD1 1
pcNext [V pc A RO | |
‘ EN
Instr / Data o "oz
Memory
— A3 Register
— WD i
— WD3 File
317 Extend ImmExt
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Multicycle Datapath: 1w Address

STEP 3: Compute the memory address

CLK

PCNext | | PC

08.04.2024

Instr / Data
Memory

WD

IRWFrite
CLK

Fﬁ Instr

19:15 Rs1

@

ALUControly.o

SrcA

ImmSrc;.
C‘LK | CLK
WE3

A1 RD1 H A
A2 RD2 {+—
A3  Register
wD3  File

Extend ImmExt

=
SrcB <

Computer Systems
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ALUOut
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Multicycle Datapath: 1w Memory Read

STEP 4: Read data from memory

AdrSrc IRWrite ImmSrcy.o ALUControl,.q

CI‘_K CLK C‘LK | CLK

|
WE 19: Rs1 WES3 A SrcA \L CLK
PCNext RD |v| Instr | A1 RD1 H %7
A IENI >3 ALUResult ALUOut
Instr / Data — A2 RD2 SrcB < ||
Memory P | —
o — A3 Register
—1 WD = .
g — wD3 File
&
CLK |
317 Extend ImmExt
Data
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Multicycle Datapath: 1w Write Register

STEP 5: Write data back to register file

PCNext

08.04.2024

AdrSrc

Instr / Data
Memory

—1 WD

IRWrite

CLK

Fﬂ Instr

19:15

RegWrite ImmSrcq

ALUControl,.q

SrcA

@

eljegpesay

CLK

11:7

31:7

CLK ‘ CLK
|
WE3 |j

RSl A% RD1 H A
— A2 RD2 H-
Rd

A3  Register

wD3  File

SrcB

DJ|ALUResult FblALUOut 00

ResultSrcy.g

CLK

—

I| Extend ImmExt

LY

I_I 01

|fIData
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Multicycle Datapath: Increment PC

STEP 6: Increment PC: PC = PC+4

PCWrite AdrSrc IRWrite RegWrite ImmSrcy ALUSrcAqo ALUControlyg ResultSrcy o
ALUSI’CB1;0
CLK CLK CLK CLK 00
CLK | 01
WE . Rs1 WE3 A SrcA CLK
PCNext| | | PC] = . Instr [ Al RD1 1 Lsrea
N :D& A N S [ALUResut ALUOUt IS5
~
Instr / Data — A2 RD2 —100 SrcB 01
Memory 2 117 Rd 01 1
o : A3 i
— wpo a Reg_lster 4—1
S wD3  File
©
CLK _ /I:
3 | Extend ImmExt
Data
Result
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Multicycle Datapath: Other Instructions

DDCA Ch7 - part 8: RISC-V Multicycle Processor - Other Instructions https://www.youtube.com/watch?v=dnITBQQDmwU
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Multicycle Datapath: sw

Write data from Register File (rs2) to memory

PCWrite AdrSrc MemWrite IRWrite RegWrite  ImmSrc.g ALUSIrcA ALUControly.q ResultSrcy.g
ALUSrCB1-0
CLK CLK CLK CLK 00
CLK | | | 01
WE o1 Rs1 WE3 A SrcA [~ CLK
PCNext | M pc 5 RD |v| Instr o A1 RD1 H 10 I— \l |€7|
N Adid A N O |ALUResult ALUOut I35
1 24:20 Rs2 o0 zij |_|
Instr / Data A2 RD2 H 007 SrcB 01
Memory 3 11:7 Rd A3 g 01 10
Q i =
WD & Reg_lster g 4 —10
$ WD3 File &
5 5
—

CLK I/l/
317 Extend ImmExt
Data [ EE—
Result
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Multicycle Datapath: beqg

 Calculate branch target address: BTA = PC + imm

PCWrite AdrSrc MemWrite IRWrite RegWrite  ImmSrcy, ALUSIcA1o ALUControly.q ResultSrcy.g
ALUSIcB1.o Zero
CLK
L
OldPC
CLK CLK CLK 00
CLK | |
WE 19:15 Rs1 WE3 A o |SrCA [~ CLK
PcNext| |>] Pc Instr f—— A1 RD1 H 10
- 0] Ad RD - ~
EN ; d A EN O|ALUResult ALUOuUt 55
. Rs2 P
Instr/Data | [ — 2 A2 RD2 H o s < L o1
Memory § 117 RA| A3 Re = 01 10
WD % eg_lster % 4 —10
P wD3  File I
5 5y
—
CLK _ /
ﬂ 317 Extend ImmExt
Data | I
Result

PC is updated in Fetch stage, so need to save old (current) PC
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Multicycle RISC-V Processor

CLK
PCWrite
AdrSrc|control
MemWrite| Unit
IRWrite ResultSrcy.o
ALUControly.o
60 ALUSI’CB1;0
e | P ALUSrcA
——funct3 [|mmsrcy,
30
funct75 Reante
Zero
T\_/
Zero
CLK
.
OldPC
[~
CLK CLK CLK 00 ]
CLK | 1 01 c
WE 19:15 Rs1 WE3 A SrcA LK
pcNext| || pc o RD Instr Al RD1 H 10 EEN
EN 1 Add A EN - iy ALUResult ALUOut I35
24:20
Instr / Data — = A2 RD2 H 007 SrcB 01
Memory 2 : Rd 2 01 10
WD 3 = A3 Register gl 24—
g wD3 File g
Q Q
R
CLK /
317 Extend ImmExt
Data L —
Result
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Multicycle Control

DDCA Ch7 - Part 9: RISC-V Multicycle Processor Control https://www.youtube.com/watch?v=YUJhNTpunq|
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Multicycle Control

High-Level View Low-Level View
CLK Zero
(_%7\ Brarﬂ—QD PCWrite
. PCUpdate
PCWrite
AdrSrc Controll — '\R/Iegv\\//\;ite
. —— MemWrite
MemWrite| Unit "F"Q:J.‘ - IRWrite
IRWrite ResultSrcy.q —— ResultSrero
OPe6:0 — ALUSFCB1;0
ALUControl,.q ° L ALUSrcA+,
6.0 ALUSrcB, | AdrSrc
U D ALUSIcA |ALu0pm
*2 30' functd | 1mmsre,, L
_— funct75 RegWrIte :unc:?z;o D::I;:er_ ALUControly.g
unct/s \
Zero Zero Instr |
OPe:0 Decoder ImmSrer.o
\. y, —_
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Multicycle Control: Instruction Decoder

Zero 5: _ Instruction Decoder
Branch PCWrite
’ PCUpdate

op Instruction ImmSrc
—— RegWrite
Main [ MemWrite 3 lW OO
FSM |—— IRWrite
—— ResultSrcy 35 SW 01
OPss Ingtrugcon Decoder
’ —— ALUSrcAo 51 R-type XX
—— AdrSrc
\ y,
ALUOp 6 99 beq 10
funct3,.o Dci:lz)l(:er_ ALUControly.g
funct7s —
Instr
OPs0 Decoder|  MMSTCio
—
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Multicycle Control: Main FSM

Zero i
( }—' |PCUpdate To declutter FSM:
L RegWrite * Write enable signals (RegWrite,
Main [ MemWrite MemWrite, IRWrite, PCUpdate, and
FSM |—— IRWrite h f I .
| ResultSrerg Branch) are 0 if not listed in a state.
OPe:0 e ALUSFCB1;0
— ALUSFCA1;0
U * Other signals are don’t care if not listed in
ALUOp1, a state
funct3,.o Dci;lz)l(:er_ ALUControly.g
funct7s —
)
OPs:0 Dlnstr —— ImmSrcy
ecoder
—
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Main FSM: Fetch

CLK
PCWrite
Reset AdrSrc|control
MemWrite| Unit
S0: Fetch IRWrite ResultSrcy.o
AdrSrc =0 ALUControly.g
IRWrite .0 ALUSIrcBy.g
I ALUSrcAq,
30' funct3 | |mmsSrey,
funct?s| Regwrite
S0: Fetch 0 0 0 1 0 XX XX | XX XXX XX
Zero
—/
Zero
CLK
.
OldPC
[~
CLK CLK CLK 00
CLK | ‘ 01
WE : Rs1 WE3 A SrcA CLK
pcNext [ ] pc] o Instr_ | A1 RD1 10 Lsren |
EN Adr EN ALUResult [~ ALuout 55
1 LT 24:20 Rs2 e
Instr / Data A2 RD2 [~ 007) SrcB 01
Memory P 17 Rd = 01 10
) : A3 i =
WD % Regllster % 4 —10
> wD3 File I
5 )
|
CLK . /
317 Extend ImmExt
Data | —
Result
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Main FSM: Decode

CLK
PCWrite Recall that ImmSrcis determined by
AdrSrc|control .
to] Uni the Instruction Decoder
S0: Fetch S1: Decode Memerite Unit
AdrSrc =0 IRWrite ResultSrci.9
IRWrite ALUControl,.
ALUSFCB1;0
6:0
e | P ALUSrcA
30' funct3 | jmmsrey,
funct?s| Regwrite
S1: Decode |0 b'e 0 0 0 00 XX [xx XXX XX
Zero
T\_/
Zero
CLK
L
OIldPC
CLK CLK CLK 00
CLK \ | IQ7 01
WE 19:15 Rs1| ° WE3 _ A Lsrea [~ CLK
PCNext | PCI 5 RD | Instr__| = 10
EN Adrl A EN L D[ALUResult ALUOut [35
1 | T 24:20 Rs2 =
Instr / Data A2 RD2 |4 = 007) SrcB 01
Memory P . 2 01
WD § 1:7 Rd A3 Register = , 1
o wD3  File o —1
QO QO
53 53
CLK sr /
_mData 1 “ ImmExt
Result
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Main FSM: Address

CLK

Reset
PCWrite

AdrSre|control
MemWrite| Unit

S0: Fetch S1: Decode
AdrSrc =0

IRWrite

IRWrite ResultSrcy.o
ALUControly.o
ALUSI‘CB1;0
6:0
e |P ALUSrcA,
= funct3 [|mmsrey,
op = 0000011 (Lw) 2 funct?s | Regwrite
Zero
S2: MemAd
S $2: MemAdr | 0 x 0 0 T;} 0 00 10 |01 000 xx
ALUSIGB = 01 Zero
ALUOp = 00
CLK
-
OldPC
CLK CLK CLK
CLK | |
WE : WE3
< 19:15 Rs1 A
Al RD1 |
PCNext | I PCl 59 aer RD Instr
EN 1 A EN v Rs2
Instr/Data| | — 22 == V! RD2 H .
Memory P : Rd 2
WD 2 L A3 Register 5
g wbD3 File I
5y 5y
317 Extend ImmExt
Data | ——
Result
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Main FSM: Read Memory

CLK
S0: Fetch S1: Decode PCWrite
AdrSrc=0 AdrSrc
IRWrite Control
MemWrite| Unit
IRWrite ResultSrcq.
ALUControlp.g
ALUSIcB1,
“—op  [ALUSIcA
op = 0000011 (1w) 14:12 L0
P () - funct3 ImmSres g
funct?s| Regwrite
S$2: MemAdr S3: MemRead |0 1 0 0 0 00 XX | xx XXX 00
ALUSIcA = 10 Zero
ALUSICB = 01
ALUOp = 00 Zero
op=
0000011 QIdPC
(1w) CLK CLK CLK 00
CLK | | 01
$3: MemRead WE 1915 Rs1 WE3 A |SrcA [~ CLK
ResultSrc = 00 PCNext | PC 07 Ad on. Instr Al RD1 H 10
AdrSrc = 1 U S|ALUResult ALUOuUt [Tt
EN 24:20 Rs2 ~ —~ 0
Instr / Data T - = A2 RD2 H = 007] SrcB < o1
Memory 2 17 Rd s 01 1
A3 i =
WD 2 Reg]ster 7 4 —10
S wD3  File 1
5 5y
CLK /
317 Extend ImmExt
Data —
Result
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Main FSM: Write RF

Reset CLK
S0: Fetch S1: Decode PCWrite
AdrSrc =0 AdrSre|control
IRWrite MemWrite| Unit
IRWrite ResultSrcy.o
ALUControl,.o
ALUSIrcB.o
6:0
o D ALUSIcA o
op = 0000011 (1w) HE functS [ 1mmSro,
funct7s RegWrite
$2: MemAdr S4: MemWB |0 X 0 0 Zero 1 00 xx [xx XXX 01
ALUSICA = 10
ALUSIcB = 01 Zero
ALUOp = 00
CLK
-
op = 0ldPC
\\
0000011 CLK CLK CLK 00
(1w) | ‘ 01 | rea [~ CLK
WE 19:15 Rs1 WE3 A SrcA
. PCNext Instr A1 RD1 H 10~
S§3: MemRead mi 0] Adr, RD ALUResul ALUO! ~
ResultSrc = 00 A EN o Rs2 | ~ 2 esult ut 00~|
AdrSrc =1 Instr / Data T - 2 A2 RD2 H = 007] SrcB <
Memory 3 Rd = 01 M
WD 2 - A3 Register gl 4,
g wpD3 File g
Q Q
CLK s /
: Extend
S4: MemWB Data L | ImmExt
ResultSrc = 01
RegWrite Result
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Main FSM: Fetch Revisited

CLK
PCWrite .
AdrSte|control Fetch Instruction and
Reset - !
) MemWrite| - Unit Increment PC
S0: Fetch IRWrite ResultSrc o
AdrSrc =0 S1: Decode
IRWrite ALUControl,.o
ALUSIcA = 00
ALUSrcB =10 o o ALUSIcB1
ALUOp =00 ALUS i
ResultSrc = 10 14:12 reAvo
P . " funct3 ImmSrcyg
B funct7s RegWrite
op = 0000011 (1w)_,,~“"
SO0: Fetch |1 T Zero 00 |10 000 10
—
S$2: MemAdr Zero
ALUSIcA = 10
ALUSIcB = 01 CLK
ALUOp = 00 T
Calculate PC+4 OlgPC
op = during Fetch stage CLK CLK CLK
0000011 . ) .
WE . WE3
(aw) (ALU isn’t being oCNox e N EEC 51 D o L e
d = Adr|
$3: MemRead use ) 1 EN
- LT 24:20 Rs2
ResultSrc = 00 Instr / Data A2 RD2 H
AdrSrc =1 Memory g . Rd §
WD 8 A3 Register T
g wD3 File g,?
Q Q
CLK /l/
S4: MemWB N7 Extend ImmExt
ResultSrc = 01 Data | ——
RegWrite
Result
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Multicycle Control: Other Instructions

DDCA Ch7 - Part 10: RISC-V Multicycle Processor Control: Other Instructions

https://www.youtube.com/watch?v=rSodrnsYXQ8
08.04.2024 Computer Systems
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Main FSM: sw

Reset CLK
S0: Fetch ;
AdrSrc =0 S1: Decode PCWrite
IRWrite AdrSrc|control
ALUSIcA = 00 MemWrite[ Unit
ALUSrcB =10 3
ALUOp = 00 IRWrite ResultSrcqo
ResultSrc =10 ALUControl,.o
PCUpdate o0 ALUSIrcB1.o
op = 0000011 (1w) ——|°P ALUSIcA o
OR 121 funct3 ImmSrers
op = 0100011 (sw 2 funct7s | Regwrite
$2: MemAdr S5: MemWrite| 0 1 1 0 Zero 0 01 xx | xx XXX 00
ALUSTIcA = 10 —
ALUSIcB = 01 Zero
ALUOp = 00
CLK
.
OldPC
op=
0000011 CLK CLK CLK 00
| |
01
WE : Rs1 WE3 A Lsrca CLK
. PCNext Instr__ Al RD1 H 10~
S3: MemRead S5: MemWrite B Adrl A RD EN ALUResult ALUOut [
ResultSrc = 00 ResultSrc = 00 | 24:20 Rs2 ~
AdrSrc =1 AdrSrc =1 Instr / Data A2 RD2 H 007] SrcB 01
MemWrite Memory 2 1 Rd 2 01 1
WD 9 A3 Register = -
9 wpD3  File 154
5 53
CLK _ /
317 Extend ImmExt
S4: MemWB Data e
ResultSrc =01
RegWrite Result
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Main FSM: R-Type Execute

Reset

op = 0000011 (1w)
OR

S$2: MemAdr
ALUSrcA = 10
ALUSTrcB = 01
ALUOp = 00

op =
0000011

(1w) (sw)
S$3: MemRead

ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite

S0: Fetch
AdrSrc =0

ALUSTIcA = 00
ALUSrcB =10
ALUOp = 00

ResultSrc = 10

op =0100011 (sw)

S1: Decode
IRWrite

PCUpdate
op =
0110011
(R-type)

S6: ExecuteR
ALUSTrcA = 10
ALUSTcB = 00

ALUOp =10

op=
01000%

S§5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S6: ExecuteR

PCNext |

08.04.2024

PCWrite

CLK

—

CLK

i PC
EN|

AdrSrc

Control

MemWrite

Unit

IRWrite

ResultSrc o

6:0

ALUControlyo

ALUSIrcB1

14:12

op ALUSICA o

30

funct3 ImmSre.

funct7s RegWrite

Zero
—

XX

10

varies

Zero

CLK
OldPC

)

Adr

CI‘.K

A

WE
RD

Instr / Data
Memory

WD

19:15

C‘LK

CLK

Rs1 WES3

A1

Instr

EN

24:20

RD1

Rs2

11:7

A2 RD2

Rd A3

ejeqpesy

Register

wpD3  File

ejegollIM

— |

CLK

Data

I)Extend/
| I

ImmExt

SrcA

SrcB

ALUResult

CLK

ALUOut

XX

Result
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Main FSM: R-Type ALU Write Back

CLK

-

Resej\ PCWrite
S0: Fetch AdrSrc(control
AdrSrc =0 S1: Decode MemWrite| Unit
Rwite IRWrit Results
ALUSICA = 00 rite esultSrcy.o
ALUSOch =10 ALUControly.o
ALUOp = 00
ResultSrc = 10 60 ALUSrcB.o
PCUpdate , op ALUSTIcA
1412_{enet3
op = 0000011 (1w) /op = 0 ImmSrci,o
OR /0110011 funct?s| Re gwrite
op = 0100011 (sw) " (R-type)
S7: ALUWB |0 x 0 0 Zero 1 XX xx |xx XXX 00
S$2: MemAdr S6: ExecuteR —
ALUSICA = 10 ALUSTCA = 10 Zero
ALUSIcB = 01 ALUSTCB = 00
ALUOp = 00 ALUOp =10 CLK
L
OldPC
op = op = [l
0000011 o1oook CLK CLK CLK 22
(1w) (sw) WE 19:15 Rs1 WE3 A |SrcA [~ CLK
PCNext | 0 RD Instr Al RD1 H 10
$3: MemRead $5: MemWrite S7: ALUWB 1 Add A EN L | ALUResutt || ALUOut =5
ResultSrc = 00 ResultSrc = 00 ResultSrc = 00 T 24:20 Rs2 [
AdrSrc = 1 AdrSrc = 1 RegWrite Instr / Data A2 RD2 H 0] sreB| < 01
MemWrite Memory P 1.7 Rd A3 § 01 1
Q I —— i =
WD 2 Reg-lster 7 4 —10
g wD3  File g
5 5
EE—
CLK . /
7
S4: MemWB Data l Extend ImmExt
ResultSrc = 01
RegWrite R it
esu
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Main FSM: R-Type ALU Write Back

* Need to calculate:
* Branch Target Address
* rsl-rs2 (to see if equal)

* ALU isn’t being used in
Decode stage

e Use it to calculate Target
Address (PC + imm)

08.04.2024

Reset

S0: Fetch
AdrSrc =0
IRWrite
ALUSIrcA = 00
ALUSrcB =10
ALUOp =00
ResultSrc = 10
PCUpdate

op = 0000011 (1w) /op=
OR /0110011
’ (R-type)

S1: Decode

op = 0100011 (sw)

S2: MemAdr
ALUSTIcA = 10
ALUSTIcB = 01
ALUOp = 00

S6: ExecuteR
ALUSIcA = 10
ALUSIrcB = 00

ALUOp = 10

op =
0000011
(1w)

op =
0100011
(sw)

S§3: MemRead
ResultSrc = 00
AdrSrc =1

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S7: ALUWB
ResultSrc = 00
RegWrite

S4: MemWB
ResultSrc = 01
RegWrite
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Main FSM: Decode Revisited

Reset

S0: Fetch

* Need to calculate:
* Branch Target Address
* rsl-rs2 (to see if equal)

AdrSrc =0 $1: Decode
IRWrite ALUSrcA =01
ALUSIrcA = 00 ALUSrcB =01
ALUSIrcB =10 ALUOp =00

ALUOp = 00
ResultSrc =10
PCUpdate

op = 0000011 (1w)
OR

op =
0110011

op =0100011 (sw (R-type)

* ALU isn’t being used in

Decode stage B (47 Read Registersanc

ALUOp = 00 ALUOp = 10

e Use it to calculate Target

, Calculate Target Address (PC+imm)
Address (PC + imm)

0000011

S7: ALUWB
ResultSrc = 00
RegWrite

S$5: MemWrite
ResultSrc = 00

AdrSrc =1

MemWrite

S$3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01
RegWrite
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Main FSM: Decode (Target Address)

S1: Decode
ALUSrcA =01
ALUSrcB =01
ALUOp =00

op = 0000011 (1w)
OR

op = 0100011 (sw

ys

08.04.2024

CLK

Read Registers and

pewite Calculate Target Address (PC+imm)
AdrSrc|control
MemWrite| Unit
IRWrite ResultSrcy¢
ALUControl,.q
ALUSIcB1.o
6:0
o op ALUSrcAq.q
30' funct3 | |mmsSroy,
funct?s| Regwrite
S1: Decode |0 0 0 0 varies 01 |01 000 XX
Zero
—
Zero
CLK
L
OldPC
CLK CLK CLK
CLK | |
— WE 19:15 Rs1| .7 WE3 ___ A
PCNext PC Instr =
— Adr RD J——
EN A EN Rs2
24:20 S.
Instr/ Data == —1~A2 RD My
Memory 7 =
WD g e Rd { a3 Register =z
r g wpD3 File g
@ @
pE—
CLK 1 /
31:7 - Extend
_BData 1 ImmExt
Result
81
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Main FSM: beg

08.04.2024

Reset

S0: Fetch

PCUpdate

op =0000011 (1w)
OR -
op =0100011 (sw)

S$2: MemAdr
ALUSrcA =10
ALUSTrcB = 01
ALUOp = 00

S6: ExecuteR
ALUSICA = 10
ALUSIcB = 00

ALUOp = 10

op =
0000011
(1w)

0100011
(sw)

S3: MemRead
ResultSrc =00
AdrSrc =1

S5: MemWrite
ResultSrc =00
AdrSrc =1
MemWrite

S4: MemWB
ResultSrc =01
RegWrite

AdrSrc =0 S1: Decode
IRWrite ALUSTIcA = 01
ALUSTIcA = 00 ALUSIcB = 01
ALUSrcB =10 ALUOp = 00
ALUOp = 00
ResultSrc =10

(R-type)

S7: ALUWB
ResultSrc =00
RegWrite

op =
1100011

§10: BEQ
ALUSrcA =10
ALUSrcB = 00
ALUOp =01
ResultSrc = 00
Branch

Computer Systems
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Main FSM: beqg Datapath

o Compare registers and
pcwite Send Target PC (ALUOut) to PCNext

AdrSrc|control
MemWrite| Unit

$10: BEQ
ALUSrcA =10
ALUSrcB = 00

ALUOp = 01 IRWrite ResultSrco
ResultSrc = 00 ALUControl,.q
Branch oo ALUSIcB 1o
o ALUSrcAo
- funct3 ImmSrc.o
30 funct7 ;
5| RegWrite
S10: BEQ |1 if taken |X 0 0 rzero 0 10 10 |00 001 00
—
Zero
CLK
L
" OldPC \1
LK CLK CLK CLK 00‘|
< ‘ WE 19:15 Rs1 ‘ WE3 A p SrcA CLK
op =0000011 (1) fop= p= PCNe)(t. PC D RD Instr Al RD1 H g
cp=otons A ot 1 Adll o EN ALUResult ALUOUt_[>5
3 Instr / Data - ax Re2f a2 RD2 |4 [0 srcB 01
Memory P . = 01
Wh g;_ 117 Rd A3 Register =3 P 10
r g wD3 File g
Q [}
E—
7 Extend ImmExt
Data e
Result
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Extending the RISC-V Multicycle Processor

DDCA Ch7 - Part 11: Extending the RISC-V Multicycle Processor https://www.youtube.com/watch?v=8EhVN192FRU
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Main FSM: I-Type ALU Execute

Reset

S0: Fetch

AdrSrc =0 S1: Decode
IRWrite ALUSIcA = 01
ALUSrcA = 00 ALUSIcB = 01
ALUSrcB =10 ALUOp = 00
ALUOp = 00
ResultSrc = 10

PCUpdate

op = 0000011 (1w)
OR -
op = 0100011 (sw)

op=
0010011
(I-type ALU)

/ h/op _
/0110011
(R-type)

op =
1100011
_(beq)

$10: BEQ
ALUSIrcA = 10
ALUSrcB = 00
ALUOp = 01
ResultSrc = 00
Branch

S8: Executel
ALUSIcA = 10
ALUSIcB = 01

ALUOp = 10

S$2: MemAdr
ALUSIcA = 10
ALUSIrcB = 01
ALUOp = 00

S6: ExecuteR
ALUSTICA = 10
ALUSIcB = 00

ALUOp = 10

op =
0000011
(1w)

op = \
0100011 N
(sw)

S7: ALUWB
ResultSrc = 00
RegWrite

S§3: MemRead
ResultSrc = 00
AdrSrc =1

S5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S4: MemWB
ResultSrc = 01
RegWrite
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Main FSM: I-Type ALU Exec. Datapath

CLK

K'T&W
PCWrite

AdrSrelcontrol

S8: Executel

ALUSIcA = 10 MemWrite| Unit
ALUSIcB = 01 IRWrite ResultSrcy.q
ALUOp =10 ALUControl,.q
60 ALUSrcB;o
o ALUSrcA
30' funct3 ImmSrc o
funct?s | Regwrite
S8: Executel |0 x 0 0 0 XX 10 |01 varies XX
Zero
—/
T Zero
CLK
.
OldPC
CI‘_K C‘LK CLK
WE : Rs1 WE3 A
PCNext Instr SH A1 RD1 H
op= _ — 0] Adr RD
0110011 0010011 o= 1 A EN Rs2
(R-type) (I-type ALU) j— 24:20 S
S8: Exccutl Instr / Data A2 RD2 H
( s o Memory 2 1.7 Rd g
(W JrivSee) WD 2 A3 Register =
\\, _ g wD3  File I
DGQD%D:MI 1000° E E
(w) ¥ (sw)
N —— |
o CLK /
i Extend ImmExt
Data |
Result
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Main FSM: jal

08.04.2024

Reset

S0: Fetch

AdrSrc =0 S1: Decode
IRWrite ALUSTIcA = 01
ALUSTIcA = 00 ALUSIcB = 01
ALUSIrcB =10 ALUOp = 00
ALUOp = 00
ResultSrc = 10
PCUpdate

op =0000011 (1w)
OR
op = 0100011 (sw)

. 0010011

(R-type) (I-type ALU)

S$2: MemAdr
ALUSIrcA =10
ALUSIcB = 01

ALUOp = 00

S6: ExecuteR
ALUSrcA =10
ALUSrcB = 00

ALUOp = 10

S8: Executel
ALUSIrcA =10
ALUSIcB = 01

ALUOp =10

ALUSTIcB = 10
ALUOp = 00
ResultSrc = 00
PCUpdate

op =
0000011
(1w)

S$3: MemRead
ResultSrc = 00
AdrSrc =1

S$5: MemWrite
ResultSrc = 00

AdrSrc =1

MemWrite

S7: ALUWB
ResultSrc = 00
RegWrite

S4: MemWB
ResultSrc = 01
RegWrite

_op=
~._ 1100011

_(beq)

$10: BEQ
ALUSIrcA =10
ALUSIrcB = 00
ALUOp = 01
ResultSrc = 00
Branch
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Main FSM: jal Datapath

i Calculate PC + 4 and

PCWite Send Target Address (ALUOut) to PCNext

AdrSrc|control
MemWrite| Unit

S9: JAL
ALUSICA = 01
ALUSIcB = 10

ALUOp = 00

Re;élLtJS? =00 IRWrite ResultSrcy.g
pdate ALUControly.g
60 ALUSIcB4.o
1;”2 op ALUSICcA, o
30' funct3 ImmSrcyo
funct7s RegWrite
S9: JAL |1 X 0 0 Zero 0 1 01 |10 000 00
—/
Zero
CLK
Reset _L
10IdPC
CI‘_K C‘LK CLK
) o | WE 19:15 Rs1 WES3 A
op = 0000011 (1) D or1 o= PCNext | 0 Adr RD Instr A1 RD1
op = 0100011 (sw) (I-type ALU) 1 A EN
$2: MemAdr Instr / Data - 2420 Rs2 A2 RD2 H =
Memory & 1.7 Rd s
ResSre=o0 WD 2 A3 Register @
e g wpD3  File 15
[ Q
R
CLK I/l/
31:7 Extend ImmExt
Data I ———
Result
S4: MemWB
88
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Main FSM: jal

PC+4is
written to rd
in S7: ALUWB

08.04.2024

Reset

S0: Fetch

PCUpdate.

op =0000011 (1w)
OR
op = 0100011 (sw)

(R-type)

S$2: MemAdr
ALUSIrcA =10
ALUSTIcB = 01
ALUOp = 00

S6: ExecuteR
ALUSrcA =10
ALUSIrcB = 00

ALUOp =10

op =
0000011
(1w)

0100011

(sw)

S$3: MemRead
ResultSrc = 00
AdrSrc =1

S$5: MemWrite
ResultSrc = 00
AdrSrc =1
MemWrite

S4: MemWB
ResultSrc = 01
RegWrite

AdrSrc =0 S1: Decode
IRWrite ALUSTIcA = 01
ALUSTIcA = 00 ALUSTIcB = 01
ALUSIrcB =10 ALUOp = 00
ALUOp = 00
ResultSrc = 10

op =
0010011 N
¢ (Ftype ALU) ™ (jal)

S9: JAL
ALUSTIcA = 01
ALUSrcB =10
ALUOp = 00
ResultSrc = 00
PCUpdate

S$8: Executel
ALUSIrcA =10
ALUSTIcB = 01
ALUOp =10

S7: ALUWB
ResultSrc = 00
RegWrite

op =
~. 1100011

S~ (beq)

$10: BEQ
ALUSIrcA =10
ALUSrcB = 00
ALUOp = 01
ResultSrc = 00
Branch
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Main FSM: jal Datapath — WB same as before with PC+4

CLK

f'%7\
PCWrite

AdrSrc|control
MemWrite| Unit
IRWrite ResultSrcy.g
ALUControl,.o
ALUSI‘CBH)
op ALUSIcA: o
1412 funct3
ImmSrc,.o

30
funct7s RegWrite

S7: ALUWB
ResultSrc =00
RegWrite

6:0

—

S7: ALUWB |0 x 0 0 Zero 1 XX xx | xx XXX 00
Zero

Reset

CLK

S1: Decode

OldPC

CI‘_K CLK CLK 00

|
01
WE . WE3 | ~
19:15 Rs1 A1 rD1 H A 10 SrcA

Instr | 10
Adr RD S| ALUResult

A =
: Rs2 e~ =
Instr / Data S ==V RD2 H 0 s <
11:7 Rd

Memory
WD f———] A3 Register
wD3 File

op = 0000011 (1w)
OR

CLK

0010011
(Itype ALU)

op = 0100011 (sw] (R-type)

PCNext |

ALUOut_ 55

m
P4
(=]

|

elegpeoy
elRqeIIM
N
S

S7: ALUWB
ResultSrc = 00
RegWrite

—

31:7 Extend ImmExt
|

Data

Result

S4: MemWB
Re: 01
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State
Fetch
Decode
MemAdr
MemRead
MemWB
MemWrite
ExecuteR
Executel
ALUWB
BEQ

JAL

08.04.2024

Datapath uOp

Instr —Mem[PC]; PC — PC+4
ALUOut « PCTarget

ALUOuUt « rs1 + imm

Data < Mem[ALUOut]

rd «— Data

Mem[ALUOut] « rd

ALUOut « rs1 op rs2

ALUOuUt « rs1 op imm

rd «— ALUOut

ALUResult = rs1-rs2; if Zero, PC < ALUOut
PC «— ALUOut; ALUOut — PC+4

Reset

op = 0000011
OR

op =0100011

S$2: MemAdr
ALUSIrcA = 10
ALUSIrcB = 01
ALUOp =00

op = op=
0000011 0100011
(sw)

(1w

S$3: MemRead
ResultSrc = 00
AdrSrc =1

S4: MemWB
ResultSrc = 01

ResultSrc =10

S0: Fetch
AdrSrc =0
IRWrite
ALUSrcA = 00
ALUSrcB =10
ALUOp = 00

PCUpdate

(1w)

(sw

ALUSIcA = 10
ALUSrcB = 00
ALUOp = 10

S§5: MemWrite
ResultSrc = 00

AdrSrc =1

MemWrite

S1: Decode
ALUSTIcA = 01
ALUSIcB = 01
ALUOp = 00

S6: ExecuteR

S8: Executel

ALUSTrcA = 10
ALUSrcB = 01
ALUOp = 10

S7: ALUWB
ResultSrc = 00
RegWrite

op =
0010011
(I-type ALU)

(beq)

$10: BEQ
ALUSTIcA = 10
ALUSrcB = 00
ALUOp = 01
ResultSrc =00
Branch

RegWrite
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08.04.2024

Multicycle Performance

Computer Systems
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Instructions take different number of cycles:
e 3 cycles: beqg
e 4 cycles: R-type, addi, sw , jal
e 5Scycles: 1w

CPl is weighted average

SPECINT2000 benchmark:
e 25% loads
stores
* 13% branches
* 52% R-type

Average CPI = (0.13)(3) + (0.52 + )(4) + (0.25)(5) =4.12
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Multicycle Critical Path

CLK

Potential Critical Paths: Powite

AdrSrclcontrol
MemWrite| Unit

e Calcul
Ca Cu ate PC + 4 Or IRWrite ResultSrcyo
ALUControl,.g
° d o ALUSFcB o
Read Memory o e
——1funct3 | |mmsre;.
% funct? -1'0
5| RegWrite
Zero
—
T Zero
CLK
L
OldPC
\h
CLK CLK CLK CLK 0
01
WE : Rs1 WE3 A SrcA [~ CLK
PeNext, [ pcl 1 A oo Instr_ Al RD1 H 10 IsreA ]
EN oA EN 3| ALUResutt ALUOut_[55
: Rs2 Py
Instr / Data - 2420 52l A2 RD2 | 00 SrcB <
Memory P ! Rd z 01
WD § L A3 Register X R P
r E, wD3 File g
[V Q
E—
CLK /
317 Extend ImmExt
Data L —

94
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Multicycle Processor Performance

Multicycle critical path:

* Assumptions:
* Registry File is faster than memory
e Writing memory is faster than reading memory

Tc_multi = tpcq_PC + tdec + 2tmux + max(tALUr tmem ) + tsetup

CLK
<b| OldPC
Cl‘_K C‘LK
WE 19:15 Rs1 WE3
A1 RD1 |
07 Adr on Instr
EN] Rs2
Instr / Data £ 2 A2 RD2 H

Memory

Rd
A3 Register

§ 11:7
WD s
g —— WD3 File
&
7

Extend

ImmExt

08.04.2024 Computer Systems 95



Multicycle Performance Example

Element Parameter

Register clock-to-Q Lyeq PC 40
Register setup Letup 50
Multiplexer fux 30
AND-OR gate f AND-OR 20
ALU tALy 120
Decoder (Control Unit) tdee 25
Extend unit Ldee 35
Memory read fnem 200
Register file read ! RFread 100
Register file setup IR Esetup 60

Te muiei = tpcq pc T laec + 2tmux + Max(tary, tmem ) + Lsetup

08.04.2024

= (40 + 25 + 2%30 + 200 + 50)ps = 375 ps
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Multicycle Performance Example

* For a program with 100 billion instructions executing on a
multicycle RISC-V processor

— CPI = 4.12 cycles/instruction
— Clock cycle time: T, ;4,11 = 375 ps

* Execution Time = (# instructions) x CPI x T_
= (100 x 10°)(4.12)(375 x 1012
= 155 seconds

* This is slower than the single-cycle processor (75 sec.)
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Parallelism

DDCA Ch3 - Part 16: Parallelism https://www.youtube.com/watch?v=xX2Crru3xCg
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Parallelism

Two types of parallelism:
e Spatial parallelism
e duplicate hardware performs multiple tasks at once

e Temporal parallelism
e task is broken into multiple stages
e also called pipelining
e for example, an assembly line
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Parallelism

* Token: Group of inputs processed to produce group of outputs
* Latency: Time for one token to pass from start to end

* Throughput: Number of tokens produced per unit time

Parallelism increases throughput
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Parallelism Example 1/3

e Ben Bitdiddle bakes cookies to celebrate traffic light controller installation
e 5 minutes to roll cookies
e 15 minutes to bake

e What is the latency and throughput without parallelism?
e Latency (when is the first cooky finished?)
e Throughput (how many cookies can Ben finish in an hour?)

Latency =5 + 15 = 20 minutes = 1/3 hour
Throughput =1 tray/ 1/3 hour = 3 trays/hour

08.04.2024 Computer Systems 101



Parallelism Example 2/3

What is the latency and throughput if Ben uses parallelism?

 Spatial parallelism:
Ben asks Allysa P. Hacker to help, using her own oven

e Temporal parallelism:
* two stages: rolling and baking
* He uses two trays
* While first batch is baking, he rolls the second batch, etc.
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Spatial vs. Temporal Parallelism

* Spatial Parallelism
e Latency =5+ 15 =20 minutes = 1/3 hour Lateney

time to
first tray

e Throughput =2 trays/ 1/3 hour =6 trays/hour ¢+ ¢+ ¢ % % % ¢ ¢ % ¢ %

! | ! ! | | | L g
Time

Tray 1

Tray 2 Alyssa 1

Tray 3

Spatial
Parallelism

Tray 4 Alyssa 2 Legend

* Temporal Parallelism
* Latency =5+ 15 =20 minutes =1/3 hour

* Throughput =1 trays/ 1/4 hour = 4 trays/hour Latency:

time to
first tray

0 5 10 15 20 25 30 35 40 45 50

Temporal
Parallelism
_|
=
Q
<
N
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Parallelism in Circuits

08.04.2024 Computer Systems 104



Pipelined RISC-V Processor

DDCA Ch7 - Part 13: Pipelined Processor https://www.youtube.com/watch?v=UZdURUwQMmk
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Pipelined RISC-V Processor

* Temporal parallelism

 Divide single-cycle processor into 5 stages:
* Fetch
* Decode
* Execute
* Memory
Writeback

* Add pipeline registers between stages
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Single-Cycle vs. Pipelined Processor

Single-Cycle

500 600 700 800 900 1000 1100 1200 1300 1400 1500>

0 100 200 300 400

Instr I .
Time (ps)
Dec
1 Fetch Read Execute] Memory |Wr
Instruction ALU | Read/ Write|Reg
Reg
2 Fetch RDeZij Execute] Memory |Wr
Instruction Reg ALU | Read/ Write|Reg

Pipelined

Instr
Dec
1 Fetch Read Execute Memory | Wr
Instruction ALU Read / Write|Reg
Reg
2 Fetch RDeZCd Execute Memory |Wr
Instruction ALU Read / Write|Reg
Reg
3 Fetch RD;(; Execute Memory | Wr
Instruction Reg ALU Read / Write|Reg

107
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Pipelined Processor Abstraction

1 2 3 4 5 6 7 8 9 10

s0
2
1w s2, 40(s0) IM ll[l—[ RF |40 ]:B—]TDM—DS— RF
dd s2 s3
add s3, s9, sl10 IM (= ]{RF slo]:B_jIT DM_]_ RF
tl i
wb =4, 11, 58 e P e H
s11l <5
and s5, sl1, tO M a“d]-[ RF [ o ]:B_]T DM—D— RF
t4
sw s6, 20(t4) IM == ]{RF 20 ]:B_]T DM_]_ o
£2 s7
or s7, t2, t3 IM == ]{RF 3 ]:D_]TDM_D_RF
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Single-Cycle & Pipelined Datapaths

Signals in Pipelined Processor
are appended with first letter
of stage (i.e., PCF, PCD, PCE,
PCM, PCW).

08.04.2024

K Single-Cycle
CLK |
WE3 SrcAE
£C Pl A RD j—tnsti__| o RD1 -
ALUResult ReadData 00
i A RD o1
Instruction 24:20 10
" =1 A2 RD2 Data
lemory 117
A3 . | } Memory
WD3 Rngi|Iseter WriteData WD
I PCTarget
E+|_
4 ImmExt
317 Extend
PCPlus4
Result
Pipelined
CLK ] CLK
& i [
WE3 RD1E WE
A RO instD ] A1 RD1
ALUResultM A RD ReadDataW/ gll)
Instruction 24:20 RD2E %
= A2 RD2 Data
Memory 17
A3 Regi i WiteDataM Memory
wD3 eé;illseter WriteDataE WD
PCD. PCE :B_
4 ImmExtD IMMEXE. |
37 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
L PCPlus4W
PCTargetE
ResultW
Fetch Decode Execute Memory Writeback
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Corrected Pipelined Datapath

CLK CLK CLK
CLK %7 o | | |
o 19:15 WE3 RD1E SrcAE WE
ol I i N =0 H InstrD A1 RD1

1 Inst i RD2E >3 ALUResultM A RD ReadDataW 8(1)
Memory o D_g soe[ = pata -

WD3 Register WriteDataE WriteDataM \I;IlveDmory

File
PCD pce | F
+
1:7 RdD RdE RdM | Raw
— ImmEXtD IMMEX(E
317 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
- PCTargele PCPlus4W
ResultW
°* Rd must arrive at same time as Result
. L[] [ ] [ ]
* Register file written on falling edge of CLK
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Pipelined Processor with Control

08.04.2024

PCSreE @ ZeroE
CLK CLK CLK
)
RegWriteD %7 RegWriteE RegWriteM RegWriteW
ct’nt,';OI ResultSrcD1o ResultSrcE o ResultSrcM;o ResultSrcWi
ni
MemWriteD MemWriteE MemWriteM
JumpD JumpE
60 BranchD BranchE
I ALUControl D ALUControlE; o
- functd 115 usreD ALUSICE
funct7s ImmSrcDy.o | ]
~——
CLK CLK . CLK
CLK | |
19:15 WE3 RD1E WE
PCF' PCF A ro H InstrD —1 A1 RD1
ALUResultM A ro H ReadDataW 8?
Instruction 24:20 RD2E 10
— A2 RD2 Data
Memory
o3 Regt WriteDataM Memory
i riteDatal
WD3 eg_lster WriteDataE WD
File
PCD PCE I
+
1.7 RdD RdE RdM | RaW
4 — ImmEXD ImmEXE
317 Extend
PCPlus4F PCPlus4D PCPlus4E PCPlus4M
— —_— —_— — PCPlus4W
PCTargetE

ResultW

Same control unit as single-cycle processor
Control signals travel with the instruction (drop off when used)
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Pipelined Processor Hazards

DDCA Ch7 - Part 14: Pipelined Processor Data Hazards https://www.youtube.com/watch?v=zuegcg6ZSFQ
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Pipelined Hazards

 When an instruction depends on result from instruction that hasn’t completed

* Types:
* Data hazard:
register value not yet written back to register file

e Control hazard:
next instruction not decided yet (caused by branch)
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Data Hazard

add s8,

sub s2,

or s9,

and s,

08.04.2024

s4,

s8,

to,

s8,

s5

s3

s8

t2

1 3 4 6 7 8
|
Time (cycles)
dd = N M ss
IM 2 RF |55 E+} DM R
—58 | N 5
M =2 | R <3 E-} | D'f" > IRF
4 4 s9
M = H| RF): s E|} I DM RF
V] s8
‘l ;
M =224 ] RE {2 E&} | DM ]S RF

Computer Systems

114



Handling Data Hazards

Insert nops in code at compile time

Rearrange code at compile time

Forward data at run time

Stall the processor at run time
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Handling Data Hazards

* Insert enough nops for result to be ready

* Or move independent useful instructions forward

1 2 3 4 5 6 7 8 9 10

s4

8
add s8, s4, s5 Y EEE RF |55 j:a_jl_l_ DM_DS_BF
o EE
nop |M£E[|{RF ]TDM—I|—RF

b = s2
sub s2, s8, s3 IM == RE]s3 ]:B_]T DM RF

or Lo DM s9
or s9, to6, s8 IM RF | ss RF

d s8 v s7

and s7, s8, t2 M Lo ]{RF - .z I DM || N
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Data Forwarding

» Data is available on internal busses before it is written back to the register file (RF).

* Forward data from internal busses to Execute stage.

1 2 3 4 5 6 7 8
|
Time (cycles)
sd ™M 7 vs8

add s8, s4, s5 [YNE=C RN . :Bf DM F

bV s8 & ’ st
sub s2, s8, s3 M 2 -[RF s3 ' D’F"— RF

el el —1— el

M to6 4 vs9
or s9, t6, s8 IM X -[RF o TDM_ RE
s8 M 4 .

and s7, s8, t2 IM a“d]-[ RF [+ :B— DM = IRF
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Data Forwarding

* Check if source register in Execute stage matches destination register of instruction in
Memory or Writeback stage.

* |f so, forward result.

* For all register? 1 2 3 4 5 6 7 8
|
Time (cycles)
s4 ™ 4 VS8
add s8, s4, s5 v 22 1 RF [ S5 :B— DM|__ RF
bV s8 4 ' VSZ
sub s2, s8, s3 M =2 HI RF[ss - D'M— RF
4 t6 4 VS9
or s9, t6, s8 M 2 H RF [ss —|—D'V'— RF
s8 M M <7
and s7, s8, t2 M ed U RF [, :B— DM RF
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Data Forwarding: Hazard Unit

Yo'
PCSrcE ,/TiJi ZeroE
CLK CLK CLK
( 3\ . ) ) .
RegWriteD RegWriteE RegWriteM RegWriteW
CTJM_IOI ResultSrcD1.o ResultSrcE 1o ResultSrcM..q Result$rcWao
ni
MemWriteD MemWriteE MemWriteM
JumpD JumpE
60 BranchD BranchE
I ALUControlDso ALUControlEzo
- funct3 [ UsreD ALUSTcE
funct7s ImmSrcD1 |
——
CLK CLK . CLK
CLK % & | |
19:15 WE3 RD1E WE
0 \pcr| | PcF A RD InstD f——1 A1 RD1
U I ALUResultM ReadDtaw L0
i . RD2E A RD | 01
Instruction 2#20] ro RD2 10
Memory Data
A3 Register WriteDataM Memory
WD3 / WD
File ~—
PCD PCE | .
19:15 Rs1D Rs1E
24:20 Rs2D Rs2E L—
17 RdD RdE| RdM | RdwW
4 ExtlmmD Extlthmf
31:7 Extend
PCPlus4F PCPlus4D PCPus4E PCPlus4M
— — — — PCPlus4W
PCTargetE
ResultW
w| w
<| @
| T
gl s
2| 2
(<] (<]
Wl

Hazard Unit
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Data Forwarding

Case 1: Execute stage Rs1 or Rs2 matches Memory stage Rd?
Forward from Memory stage

Case 2: Execute stage Rs1 or Rs2 matches Writeback stage Rd?
Forward from Writeback stage

Case 3: Otherwise use value read from register file (as usual)

Equations for ForwardAE - Rs1:
if ((Rs1E == RdM) AND RegWriteM) AND (Rs1E '=0) // Case 1
ForwardAE = 10
else if ((Rs1E == RdW) AND RegWriteW) AND (Rs1E !=0) // Case 2
ForwardAE =01
else ForwardAE = 00 // Case 3

ForwardBE equations are similar (replace Rs1E with Rs2E)
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Data Hazard due to 1w Dependency

1w

and

or

sub

08.04.2024

s7,

40 (s5)

s7, t3

s6, s7

s7, s2

1 3 4 5 6 7 8
|
Time (cycles)
1 s5 M VS.7
|ML[|-[RF 40 :B_TDMT RF
Trouble! - '
s7 M M S8
v 2 1 RF [ 5 6 i D'}“— RF
4 sS6
2
M 2 H| RF [s7 —|—D'V'—t RF
s7 s3
M 22 T RF [ < :B— DM RF
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Data Hazard due to 1w Dependency

1w

and

or

sub

08.04.2024

s7,

40 (s5)

s7, t3

s6, s7

s7, s2

1 4 8 9

-

Time (cycles)
s5
IM lLD—[ RF [ 40
IM and

RF
3
M 222 U RF [ 2 :B D'V'—H—S RF
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Stalling Logic

* |s either source register in the Decode stage the same as the destination register in the
Execute stage?

AND

* |s the instruction in the Execute stage a lw?

IwStall = ((Rs1D == RdE) OR (Rs2D == RdE)) AND ResultSrcE, [w}=
StallF = StallD = FlushE = IwStall

(Stall the Fetch and Decode stages, and flush the Execute stage.
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Stalling Hardware

ReSIcE @ ZeroE
CLK CLK CLK
RegWriteD %7 RegWriteE 67 RegWriteM 67 RegWriteW
Ct'nt_';OI ResultSrcD 1. ResultSrcE o ResultSrcM o Result$rcWi.
ni
MemWriteD MemWriteE 0 MemWriteM
JumpD JumpE
&0 BranchD BranchE
I ALUControlD. ALUCOnNtrolE o
o | [ ] ALusreo ALUSIE
funct7s . u
—
CLK CLK 1 CLK
CLK $ ] |
015 WE3 RD1E SrcAE WE
0 ]pce| | pcE] A RD InstD_f——1 A1 RD1 %
1 z :|1 ) ALUResultM A rD M ReadDataW
Instruction 24:20 RD2E =
— A2 RD2 E Data
Memory A3 Memor
Register Writ¢DataE WriteDataM v
WD3 . WD
File
PCD PCE '\l
+
19:15 Rs1D Rs1E l)
24:20 Rs2D Rs2E
117 RdD RdE Rdvi | Rdw
4 —] ExtimmD Extipm
317 Extend
PCPlus4F - PCPlus4D o PCPlus4E PCPlus4M
u T | L PCPlus4W
PCTargetE
ResultW
E g
=l ] @
w o ”_CJ o| © 5
5 5 g £l g g
& > o 2| 14
Hazard Unit
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Pipelined Processor Control Hazards

DDCA Ch7 - Part 15: Pipelined Processor Control Hazards https://www.youtube.com/watch?v=VcnwVxD4LAc
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Control Hazards

* beq:
* Branch not determined until the Execute stage of pipeline
* Instructions after branch fetched before branch occurs
* These 2 instructions must be flushed if branch happens

1 2 3 4 5 6 7 8 9 10

>

Time (cycles)

sl
20 beq s1, s2, L1 |IMP=A HIRF[., DM RF
e e
t1 (

24 sub s8, tl, s3 M (=22 H] RF 53\]._;8_ oM RF Flush

[ these
28 or s9, t6, s5 M |2E RF DM RF instructions
B
2C
i s3
58 Ll: add s7, s3, s4 M 2 I RF[Sa | [P+ DML |2 RF
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Control Hazards

Branch misprediction penalty:

 The number of instructions flushed when a branch is taken (in this case, 2 instructions)

08.04.2024

20

24

28

2C

58

Ll:

beq

sub

or

add

1 4 5 6 7 8 9 10
>
Time (cycles)
sl
sl, s2, L1 M = U RE [ DM RF
L. T T
b t1 r |
s8, tl, s3 M =22 H| R s3\j|:::D_ oM RF Flush |
[ these :
s9, t6, s5 M |2E RF DM RF instructions |
- -_ 44— - J
| i s3
s7, s3, s4 v < U RF 54 R DM s7 [Rr
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Control Hazards: Flushing Logic

* If branch is taken in execute stage, need to flush the instructions in the Fetch and Decode
stages

* Do this by clearing Decode and Execute Pipeline registers using FlushD and FlushE

* Equations:

1 2 3 4 5 6 7 8 9 10
FlushD = PCSrcE e e
FlushE = |wStall OR PCSrcE 20 beq sl1, s2, Ll " " " "
________________________ |
24 sub s8, tl, s3 Flush I
] _ _ , these :
28 or s9, t6, s5 or instructions |
)
2C

58 Ll: add s7, s3, s4
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Control Hazards: Flushing Hardware
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z
]
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RISC-V Pipelined Processor with Hazard Unit
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PCSrcE @ ZeroE
CLK CLK CLK
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Summary of Hazard Logic

Data hazard logic (shown for SrcA of ALU):

if ((Rs1E == RdM) AND RegWriteM) AND (Rs1E !=0) // Case 1
ForwardAE = 10

else if ((Rs1E == RdW) AND RegWriteW) AND (Rs1E !=0) // Case 2
ForwardAE = 01

else ForwardAE = 00 // Case 3

wwwwwwwwwwww
MMMMMMM

Load word stall logic:
IwStall = ((Rs1D == RdE) OR (Rs2D == RdE)) AND ResultSrcE,
StallF = StallD = IwStall

ALUControlfzo

Control hazard flush:

FlushD = PCSrcE —
FlushE = IwStall OR PCSrcE 1 ] .
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Pipelined Performance

DDCA Ch7 - Part 14: Pipelined Processor Data Hazards https://www.youtube.com/watch?v=zuegcg6ZSFQ
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Pipelined Processor Performance Example

e SPECINT2000 benchmark:
* 25% loads
* 10% stores
e 13% branches
* 52% R-type
* Suppose:
* 40% of loads used by next instruction
* 50% of branches mispredicted

* What is the average CPI?
(Ideally it’s 1, but...)
* Load CPI =1 when not stalling, 2 when stalling - So, CPI,, =
* Branch CPl =1 when not stalling, 3 when stalling = S0, CPlpe, =

* Average CPI =(0.25)(1.4) + (0.1)(1) + (0.13)(2) + (0.52)(1) =1.23
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Pipelined Processor Performance Example

* Pipelined processor critical path:

Tc_pipelined = max of [
theg + tmem + Esetup Fetch
2(trrread T tsetup) Decode
theg * Atuxt taw + tanpor + ety EXecute
theg + tmem T tsetup Memory
2(t,0q + trux + trewrite) ] Writeback

* Decode and Writeback stages both use the register file in each cycle
* So each stage gets half of the cycle time (T./2) to do their work

* Or, stated a different way, 2x of their work must fit in a cycle (T)
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Pipelined Critical Path: Execute Stage
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Pipelined Performance Example

Element Parameter Delay (ps)
Register clock-to-Q tyeq PC 40
Register setup Lsetup 50
Multiplexer tux 30
AND-OR gate I AND-OR 20
ALU fALU 120
Decoder (Control Unit) Ldec 25
Extend unit Ldec 35
Memory read fnem 200
Register file read ! RFread 100
Register file setup ! RFsetup 60
T;' *_pipelined = tpcq + 4tmux + tALU + tAND—OR + tsetup

08.04.2024

= (40 +4*30 + 120 + 20 + 50) ps = 350 ps
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Pipelined Performance Example

Program with 100 billion instructions

Execution Time = (# instructions) x CPI x Tc
= (100 x 109)(1.23)(350 x 10-12)
=43 seconds
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Processor Performance Comparison

Execution

Time Speedup
Processor (seconds)  (single-cycle as baseline)
Single-cycle |75 |
Multi-cycle | 155 0.5

Pipelined 43 1.7
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