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https://youtu.be/EZb1_VF-yMg
https://youtu.be/z6qxMFgNEM4
https://youtu.be/w82mNGranjA
https://youtu.be/ouwuXl5AG-k
https://youtu.be/a8yewzP-kJc
https://youtu.be/EHOSM9tEhMw
George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York




Last Time

Address Memory
OXFFFFFFFC Operating
System & IO 0x00008067
O0x7FFFFFFO Stack <—sp = Ox7FFFFFFO 0x01010113
Dynamic Data 0x00c12083 x A
0x00022DC4 Heap *‘ P Oxcd4alac23 c_' AL?H
0x000220c0 . b B | I\ Oxfa5ff0ef
,y <«—gp = 0x00011DEO “4 000200513
: “ 0x00300593
0x00011A30 f
N . +q ~ Oxcdelaa23
: a4 C 0x00300713 Address of main:
v 14 Q Oxc4ela823 0x10180
S ¥4 Q| 0x00200713
S va M| ox00112623
0020015 0x00010180 0xf£010113 <—pc = 0x00010180
Oxcdelaa23 OxfelffO6f
0x00300713
Oxcdela823 0x00850533
0x00200713
0x00112623 Oxfdlfflef
0x00010180 0x££010113 [«<—pc = 0x00010180
Oxfelff06f 0x00040513
0%00850533
Oxfdlff0ef Oxff£58593
0x00040513
0x£££58593 0x00008067
0x00008067
0x01010113 0x01010113
0%00812403
0x00c12083 0x00812403
0x0005da63
0x00258533 0x00c12083
L ARPHA — [ 00050a63
0%00112623
0x00010144 0x££010113 0x00a58533
. 0x00050413
0x00010074 0x00812423
Exception
Fiamilore 0x00112623
0x00010144 O0xf£010113
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Introduction

 Microarchitecture: how to
implement an architecture in
hardware

* Processor:
— Datapath: functional blocks
— Control: control signals
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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

—5 Losker

— Pipelined: Each instruction broken up into
series of steps & multiple instructions
execute at once —
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Review: Instruction Formats

7bits  5bits 5bits  3bits  5bits 7 bits
funct7 | rs2 | rs1 |funct3 | rd op | R-Type
immy1. rs1 |funct3 | rd op | I-Type

immy15 | rs2 | rs1 |funct3 | immy | op | S-Type

imMaz 105 rs2 | rs1 |funct3 immaq44] op | B-Type

immM3+.12 rd op | U-Type
IMM20,10:1.11,19:12 rd op J-Type
20 bits 5 bits 7 bits
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RISC-V Processor
. Considerof RISC-V instructions:

— R-type ALU instructions:
e add, sub, and, or, s1t ¢ F-Type
— Memory instructions:
g ¥t — *lw,sw <+~ < -typt
— Branch instructions:

eq ety
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RISC-V Archltectural State Elements

.,MQ i wside T - %
e ¥
\lr Lo\
CLK & ¢
cLK Cll_K l : Secl valwe l l v
PCNext [©] PC WES : WE
4 A RDp= Ts| Msectas RO 5
32 32 32 32 + A RD +
Instruction Seet-vawe 732 32
Memory 7§L A2 sicl Mir RD2 =5, Data
— — A3 dst Adde Memory
i wp3 Redister - wb
32 L wetre to negerFile 32 wete Dete
2
M aching
insAruction



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York




<

Single-Cycle
RISC-V Processor

4




Example Program

* Design datapath
* View example program executing

. TnsTruction M{W\ox-z/
Example Program:

Address Instruction Type Fields Machine Language
imms. rsl f3 rd op
P>  o0x1000 17: 1w x6, -4(x9) [ 111111111100 01001 010 00110 0000011 FFC4A303
+4 - immys  rs2 rsi f3  immuyg op
0x1004 sw  x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
¢ - funct7 rs2 rsl f3  rd op
0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 0062E233
'T‘\ L - imm12’10;5 rs2 rsl f3 imm4;1,11 op
5 0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3

—
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Single-Cycle RISC-V Processor

e Datapath: start with 1w instruction
e Example: 1w x6, —-4(x9)
lw rd, imm(rsl)

I-Type
31:20 19:15 14:12 11:7 6:0
IMM11.g rsl |funct3 rd op

12 bits 5 bits 3 bits 5 bits 7 bits




Single-Cycle Datapath: 1w fetch

STEP 1: Fetch instruction

CLK CLK
CLK | | \
PCNext a VB ror WE
PC A RD Instr
Q : Q —{ A RD |—
X X
- Instruction | = — RD? b— Sata
3 | Memory g
o) ¥ —1 A3 ' Memory
5 — wWD3 Reg_lster — wpo
S File
Address Instruction Type Fields Machine Language
Immy g rsl f3 rd op

01000 L7: lw x6, -4(x9) ][ 111111111100 01001 010 00110 0000011 FFC4A303




Single-Cycle Datapath: 1w Reg Read

STEP 2: Read source operand (rs1) from RF

CLK
CLK L
PCNext sl pp WS Rpy o e
PC A RD Instr ('_9_0
o . Q — A RD}—
X |Instruction| =
= T p— e
8| Memory | & A2 RD2 Data
o & — A3 . Memory
S — wp3 Reg_lster — wo
S File
Address Instruction Type Fields Machine Language
Immy .o rsl f3 rd op

0x1000 L7: lw x6, -4(x9) [ 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle Datapath: 1w Immediate

STEP 3: Extend the immediate

CLK CLK
CLK | | L
PCNext 19:15 Al WE3 RD1 0x2004 WE
€ PC A RD Instr 9
Q : Q —{ A RD j—
X [lInstruction| =
lé\ Merl’lj10:‘y ﬁ — A2 RD2 — Data
° > I Register Memory
S VP2 Fie — WD
31:20 / ImmExt
' Extend OXFFFFFFFC
OXFFC .
-4 Sipeded s\ -4 % conplewent = 32-bik
Address Instruction Type Fields Machine Language
IMmMmy g rsl f3 rd op
0x1000 L7: 1w x6, -4(x9) I 111111111100 01001 010 00110 0000011 FFC4A303
F F C
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Single-Cycle Datapath: 1w Address

STEP 4: Compute the memory 000 add

001 subtract
add ress Conprke 010 and
M{W“ NM 011 or
ALUControl,.q

000 Add 101 SLT

CLK Dl93 7oed CLK
cre ‘ | - 0ovq |
. WE3 0x2004 — WE
PCNext PC Instr wis | Ay RD1 SICA &
A RD 9 2 00%0 2904
o ) o >3 ALUResult | A rRD —
X X
S '”@Zﬁ‘iﬂﬁ” T — A2 RD2 |— srece| <] oxoooo2000 Data
. g — A Redist 32-1i4 Memory
_ egister .
S WD3 " hile | WD
/ ImmExt
- Extend OXFFFFFFFC
OXFFC X
Address Instruction Type Fields Machine Language
IMmMmy1-o rsl f3 rd op

0x1000 L7: lw x6, -4(x9) | 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
000
CLK CLK
CLK | | |
PcNext Mpc Instr 19:159 A VB pp1 0x2004 __ SrcA S WE.-a
A RD | ALUResult ReadData
2 |instruction| £ — A RD
5 L — A2 RD2 f— SrcB <<| 0x00002000 Dat 10—
S| Memory 3 117 oone ¢ ata
o & —= P _ Memory
S WD3 Reg_lster — wo
S \0 File
A
ImmExt
31:20 Extend OxFFFFFFFC )j
OXFFC
\
Address Instruction Type Fields Machine Language
Immy 1o rsl f3 rd op
0x1000 L7: 1w x6, -4(x9) | 111111111100 01001 010 00110 0000011 FFC4A303

6
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Single-Cycle Datapath: PC Increment

STEP 6: Determine address of next instruction

RegWrite ALUControl,.g
1 000
CLK CLK
CLK | ]
: WE3 0x2004 WE
poNext[Mec |, Ly finst =2 a1 RD1 SIEA
g|nstrucnont o — A2 RD2 p— sree [ <| ox00002000 pata | 10
g| Memory o) 117
= 4:; 5 A3 ) Memory
5 WD3 Regllster — wp
b File
ImmExt
y 1099 _( -
PCPlus4 |0xFFC OXFFFFFFEEC
4
Address Instruction Type Fields Machine Language

imm;y g rsl f3 rd

op
01000 L7: lw x6, -4(x9) | 111111111100 01001 010 00110 0000011 FFC4A303
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Single-Cycle

Datapath: Other
Instructions
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Single-Cycle Datapath: sw

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

RegWrite ImmSrc ALUControls.q MemWrite
0 1 000 1
CLK CLK
CLK | |
. WE3 0x2004 WE
PCNext|™|pC | A rp Hnstr 19.1; Al RD1 SrcA
Ox1008 2l instruction | £ 24:20 10 >3 ALUResylt A RD Readbaia
[N o Z P
S| Memory | S — A2 RD2 SrcB 0x0000200C Data
; ;ﬁ | h i WriteData Memory
S WD3 Register WD
w File
| Max to
choogye
/[: ImmExt
T Extend
4
Address Instruction Type Fields Machine Language

immy1s rs2 rsl f3  immyg op

0x1004 sw x6, 8(x9) S 0000000 00110 01001 010 01000 0100011 0064A423
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Single-Cycle Datapath: Immediate

ImmSrc ImméExt Instruction Type
0 {{20{instr[31]}}, instr[31:20]} I-Type
1 {{20{instr[31]}}, instr[31:25], instr[11:7]} S-Type
Diftertned”
I-Type
31:20 19:15 14:12 11:.7 6:0
IMmmMmy1.g rsl |funct3 rd op
12 bits 5 bits 3 hits 5 bits 7 bits
S-Type
31:25 24:20 19:15 14:12 11:7 6:0

Immyqys | rs2 | rsl [funct3 | immygo| Op

7 bits 5 bits 5 bits 3 hits 5 bits 7 bits
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Single-Cycle Datapath:?—type

 Read from rsl1 and rs2 (instead of imm)
* Write ALUResult to rd ikt € v Thgg

RegWrite ImmSrc ALUSrc ALUControl,. MemWrite ResultSrc
1 X 0 011 0 0
CLK CLK 14
CLK | |
19:15 WES3 6 SrcA WE
PCNext PC A RD Instr 5 Al RD1 0
0x100C Q , o >3 ALUResult A RD ReadData 1M
X|Instruction| % 24:20 10 ~ =| 14
5 S A2 RD2 0 |SrcB Data
o] Memory & 11.76
o) ) . A3 1) 10 Memor
0 4 Register WriteData y
N wp3 "9 WD
@ 14 File
ImmExt
L7 Extend
PCPlus4 0x00000008
Result
4
Address Instruction Type Fields Machine Language

funct7 rs2 rsl f3 rd op

0x1008 or x4, x5, x6 R 0000000 00110 00101 110 00100 0110011 O0062E233
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Single-Cycle Datapath: beqg

Calculate [target address: PCTarget= PC + imm

PCSrc RegWrite ImmSrc ALUSrc ALUControly. MemWrite ResultSrc
1 0 10 0 001 0 X
CLK CLK
PL*"‘ CLK \ |
: WE3 14 WE
0 PCNextFﬁpc R ~p |inst 19‘11 Al RD1 SICA _Zero
IJOX].OOO u >< . o >3 ALUResult A RD ReadData
&| Instruction | ¥ 24:20 14 ~ =X
S“U"' =S A2 RD2 0 |srcB 0 Dat
8| Memory m 174 ata
of 0] R — A3 _ 114 L— Memory
| 1 Register WriteData
8 > wD3 = WD
n File
'O
PCTarget o
= + g q
ImmExt 0x1000
L Extend
+ Result
PCH ,
0x1010
Address Instruction Type Fields Machine Language
IMmMmy, 105 FS2 rsl f3  immy.; Op

0x100C beq x4, x4, L7 B 1111111 00100 00100 000 10101 1100011 FE420AE3
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Single-Cycle Datapath: ImmExt
ImmSrc,, ImmExt _____lInstruction Type_

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], B-Type
instr[30:25], instr[11:8], 1’b0}
I-Type
imhll:o rél fun;:t3 rd o'p
12 bits 5 bits 3 bits 5 bits 7 bits
S-Type
imrﬁlm rs;2 rél fun;:t3 imrﬁ4;o o'p
7 bits 5bits 5bits 3 hbits 5 bits 7 bits
B-Type

IMMyz105 rs2 | rsl (funct3 [immy.q 1, Op
7 bits 5bits 5bits 3 bits 5 bits 7 bits
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Single-Cycle RISC-V Processor

() PCSrc @ @ 3

COnt_roI ResultSrc
Unit ;
@7’} _‘ 5 MemWrite
6:0
—n op ALUControl,.q
funct3 |ALUSrc
funct7s | ImmSrc,.o
’fZero | RegWrite

14:12

30

—/

CLK CLK
CLK | |

. WE3 WE
] PCNext I é I PC Instr 1) A1 RD1 SrcA Zero
ALUResult ReadData

ly l—l Instruction A RD

24:20 r~ ’
Memory - A2 RD2 0 |SrcB Data
™ L WriteData Memory

WD3 Reg_lster o WD
File | ———

/
/

—

v
LU

s

PCTarget
= + 9

ImmEXxt

Extend

PCPlus4

Result



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York




Single-Cycle
Control




Single-Cycle Control

Low-Level View

Instr

Zero

High-Level View

6:0

14:12

30

)

Zero

PCSrc

Control

ResultSrc

Unit

MemWrite

op

ALUControl,,  ©Pso

funct3

ALUSrc

funct7s

ImmSrcio

Zero

RegWrite

—

funct32;o
funct7s

—\ Branch
—— ResultSrc
Main FH— MemWrite
Decoderl—— ALUSrc
— |mMmSrcy.g
—— RegWrite
\_ y,
ALUOp g
ALU
Decoder ALUControl,.q




Single-Cycle Control: Main Decoder

(o] ) Instr. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp

el =) pesre O
— = 00

—— ResultSrc 0 O \
Main [—— MemWrite \ 0
OPso —T Decoder|—— ALUSrc
—— ImmSrcy 1 ]
—— RegWrite
ALUOpl;o
funct3,q — DQ:IBchier —— ALUControl,.q
funct7s ——
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Review: ALU

ALUControl,,,  Function
000 dd

001 su btrac\ . T —
010 \ [and ) ALU

011 \\Qﬁ—////

101 SLT

Resuh
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Review: ALU

000 add
001 subtract
010 and
011 or

101 SLT

A
N

B
N

Cou \

x30197)—

N N L]%

[N-1]

N

710T) W11 Q10 201 Y00
\Q <— ALUControl

AN

Result

%j0u00NTV


George York



George York



George York



George York



George York



George York



George York



George York



George York



George York




Single-Cycle Control: ALU Decoder

Zero - PCSrc

M\ Branch

ResultSrc
Main MemWrite
0pso yT-— Decoder ALUSrc
ImmSrcy.q
RegWrite

_| ALU
Decoder

funct3,.q ALUControl,y

funct7s
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Single-Cycle Control: ALU Decoder

ALUOp funct3 op;, 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)
u_uopl:o /
I
obs ALU
funct3,.g Decoder ALUControl,.g
funct7sg
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Example: and

op Instruct RegWrite ImmSrc  ALUSrc MemWrite ResultSrc  Branch ALUOp

)

PCSrc
ResultSrc
MemWrite

op ALUControl,.o
funct3 |ALUSrc

30 V “e
funct?s | ImmSrc..q 0\

Control
Unit

6:0

14:12

Zero | RegWrite
—
0 CLK ClTK 1 XX CI"K 0 0
WE
PCNext PC
1 = A  RD | ReadData
. A RD
Instruction
Memory Data |
o o i WriteData Memory
WD3 Regllster WD
File
PCTarget
= + g
_ ImmExt
L Extend
PCPlus4
Res%
4



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York



George York




-

Extending the
Single-Cycle

Processor

4




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
e But second source comes from immediate

Change ALUSrc to select the immediate

And ImmSrc to pick the correct immediate
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Extended Functionality: I-Type ALU

op Instruct. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp

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
19 | I-type 1 00 1 0 0 0 10
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Extended Functionality: addi

op Instruct. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp

Y 19 | I-type 1 00 1 0 0 0 10

)
PCSrc

Control

Unit ResuItS-rc
MemWrite

op ALUControly.o

funct3 [ALUSrc

funct7s ImmSrc,.o

6:0

14:12

30

Zero  |RegWrite
N
0 CLK 1 00 C‘LK 0 0
F PCNext [™|pc : WES WE
| A1 = RD1
1 u ReadData
. A RD
Instruction RD2
Memory Mggtgr
Register WriteData WD y
File
PCTarget
= + ¢
) ImmExt
R ity
a en
PCPlus4
Result
4 e

addi x5, xo6, -33
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Extended Functionality: jal

Enhance the single-cycle processor to handl

* Similar to beq

* Butjump is always taken
— PCSrc should be 1

 Immediate format is different
— Need a new ImmSrc of 11 "~
* And jal must compute PC+4 and store in rd

— Take PC+4 from adder through ResultMux

) av.cad%v

Q) VP swhyrwbe
@ roé Pa-\‘f
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Extended Functionality: jal

Zero

0p6:0

funCt32;o
funct7s

Decoder

/o
J
Branch j‘} PCSrc
' ) Jump &unuué\'-lmtl
——— ResultSrcy.
Main | MemWrite
Decoder| ALUSrC
5
— Imercl;o
—— RegWrite
ALU ALUControl,.q
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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], | B-Type
instr[11:8], 1’b0}
11 {{12{instr[31]}}, instr[19:12], instr[20], J-Type
instr[30:21], 1’b0}
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
immyy.o rsl |funct3 rd op IMMyz 05| rs2 | rsl [funct3 |immgy1:) Op
12 bits 5bits 3 bits 5 bits 7 bits 7bits  5bits 5bits 3bits 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
immiys | rs2 | rsl |funct3 | immso | op IMM20,10:1,11,19:12 rd op
7 bits 5 bits 5bits 3 bits 5 bits 7 bits 20 bits 5 bits 7 bits




Extended Functionality: jal

Instruct. RegWrite ImmSrc  ALUSrc MemWrite ResultSrc Branch ALUOp Jump
3 1w 1 00 1 0 01 0 00 0
35 SW 0 01 1 1 XX 0 00 0
51 R-type 1 XX 0 0 00 0 10 0
99 beq 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




op
111

Extended Functionality: jal

Instruct.

RegWrite

ImmSrc

11

ALUSrc

X

MemWrite

ResultSrc

Branch

10 0

ALUOp

XX

Jump

A

RD

Instruction
Memory

Instr

6:0

)

PCSrc

Control
Unit

ResultSrcy.g

MemWrite

14:12

op

ALUControly.q

funct3

30

ALUSIc

Zero
-

funct7s

ImmSrcy.o

| RegWrite

19:15

CLK
|

24:20

Al

A2
A3

WD3

WES3

Register

RD1

Zero

RD2

ALUResult

CLK
|

WriteData

File

PCPlus4
+

ImmExt
= Extend

A

WE

RD

Data
Memory

WD

ReadData

- Result.
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Single-Cycle
Performance




Processor Performance

Program Execution Time

= (#instructions)(cycles/instruction)(seconds/cycle)

T
1)2)“

=#instruc@>@<
DO
T
) X

T
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Single-Cycle Processor Performance

PCSrc
ResultSrc, .o

Control

Unit -
MemWrite

op ALUControl,.q

funct3 |ALUSIc

ImmSrc,.g
RegWrite

WriteData

Instruction
Memory
Register
File
PCPlus4
+

PCTarget
= + 9

ReadData
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Single-Cycle Processor Performance

e Single-cycle critical path:
Tc_single = tpcq_PC + tmem + max[tRFread' 1:dec + 1:ext + 1:mux] + 1:ALU + 1:mem + 1:mux + 1:RFsetup

e Typically, limiting paths are:

— memory, ALU, register file

t tmem +t

+1

o SO/ Tc_single = 1:pcq_PC t 1:mem t 1:RFread t 1:ALU mux t tRFsetup

mux t tRFsetup

= tpcq_PC t 2’[mem'l' tRFread t tALU




Element Parameter

Register clock-to-Q Loeq PC 40

Register setup Lsetup 50
Multiplexer tux 30

AND-OR gate tAND-OR 20

ALU taLu 120

Decoder (Control Unit) |t 25

Extend unit toyt 35

Memory read toem 200 sloweeY
Register file read teFread 100

Register file setup trFsetup 60

Tc_single = tpcq_PC t 21:mem + 1:RFread t 1:ALU t tmux + tRFsetup

= (40 + 2*200 + 100 + 120 + 30 + 60) ps = 750 ps

45 Digital Design & Computer Architecture Microarchitecture
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Single-Cycle Performance Example

Program with 100 billion instructions:

Execution Time = # instructions x CPI x T,
= (100 % 10°)(1)(750 x 10125s)
=75 seconds
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