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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

— 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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ARM Processor

e Consider subset of ARM instructions:

— Data-processing instructions:

« ADD, SUB, AND, ORR

* with register and immediate Src2, but no shifts
— Memory instructions:

« LDR, STR

e with positive immediate offset

— Branch instructions:
e B
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Architectural State Elements

Determines everything about a processor:

— Architectural state:
e 16 registers (including PC)
* Status register

— Memory
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ARM Architectural State Elements
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Single-Cycle ARM Processor

e Datapath
* Control
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Single-Cycle ARM Processor

* Datapath
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Single-Cycle ARM Processor

e Datapath: start with LDR instruction

 Example: LDR R1, [R2, #5]
LDR Rd, [Rn, imml2]

Memory Immediate 11:0

11.7 6.5 4 3.0

cond [QP|I|PUBWIL| Rn | Rd Src2

T - 0/ M
31:28 27:26 25:20 19:16 15:12 11:0 Immlz
]\

shamt5 [sh |0] Rm

Register
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Single-Cycle Datapath: LDR fetch

STEP 1: Fetch instruction

CLK CLK
CLK _ | | | |
2 X1/ WE3 2D N WE
PC PC A RD =
Instruction A RD [—
— A2 RD2 —
Memory Data
Memory
— A3 Register
. — WD
—1 WD3 File
—1 R15
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Single-Cycle Datapath: LDR Reg Read

STEP 2: Read source operands from RF

CLK CLK
CLK B L L
5
o | 19:16 RA1 WE3 WE
' = A1 RD1 p—
PC PC A RD
Instruction A RO
— A2 RD2 |—
Memory IVIData
emo
— A3 Register — wo v
—1 WD3 File
— R15
Memory _ Immediate 11:0
=0 .
31:28 27:26 25:20 19:16 15:12 11:.0 / Imm12
oD
cond [QPIIPUBWIL| Rn | Rd Src2 s 4 s
funct Tzl\ shamt5 [sh |0 Rm
. Register
ILDR Rd, [Rn, imml2] &
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Single-Cycle Datapath: LDR Immed.

STEP 3: Extend the immediate

CLK CLK
CLK B \I/ | \I/ |
=]
o |19:16 RA1 WE3 WE
' = A1 RD1 p=—
PC PC A RD ==
Instruction A RO
— A2 RD2 —
Memory IVIData
; emo
2 A3 Register v
. — WD
—1 WD3 File
— R15
110 l{Etlmm
Memory _ Immediate 11:0
=0 -
31:28 27:26 25:20 19:16 15:12 11:.0 / Imm12
50T
cond [QPIIPUBWIL| Rn | Rd Src2 s 4 s
funct Tzl\ shamt5 [sh |0 Rm
Register

IDR Rd, [Rn, imml2]
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Single-Cycle Datapath: LDR Address

STEP 4: Compute the memory address

ALUControl
CLK %0 CLK
CLK B L <
= . WE3 [~ WE
. oC 2 19:16 RA1 A1 RD1 SrcA
A RD 5| ALUResult
Instruction >2'[ A RO
— A2 RD2 —
Memory SrcB J Data
15:12 Memory
A3 Register — wp
—| wp3 File
— R15
11:0 l{ Extlmm
Memory _ Immediate 11:0
=0 -
31:28 27:26 25:20 19:16 15:12 11:.0 / Imm12
=
cond [QPIIPUBWIL| Rn | Rd Src2 s 4 s
funct Tzl\ shamt5 [sh |0 Rm

Register

IDR Rd, [Rn, imml2]
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Single-Cycle Datapath: LDR Mem Read

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

RegWrite ALUControl
CLK T ” CLK
e = < NV
2 WE3 WE
pC! PC 7] 19:16 RA1 A1 RD1 SrcA
A RD S| ALUResut | |ReadData
Instruction — A2 RD2 — SrcB <
Memory Data
15:12 Memory
A3  Register I
— \WD3 File
— R15
11:0 l{ Extlmm
Memory B Immediate 11:0
=0 -
31:28 27:26 25:20 19:16 15:12 11:0 / Imm12
op|7
cond |7 [I|PV[B|WIL| Rn Rd Src2 - o5 4 0
funct Tzl\ shamt5 [sh |0 Rm
. Register
IDR Rd, [Rn, imml2]
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Single-Cycle Datapath: PC Increment

STEP 6: Determine address of next instruction

RegWrite ALUControl
CLK T CLK
CLK ] |
2 1o V' WE3 VORE
. . 2 19:16 RA1 A1 RD1 SrcA
| ALUResult ReadData
Instruction >§ A RD
— A2 RD2 |—
Memory SrcB IVIData
15:12 emory
A3  Register
. — WD
— \WD3 File
Plusd — R15
11:0 i{ Extlmm
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Single-Cycle Datapath: Access to PC

PC can be source/destination of instruction

PCSrc RegWrite ALUControl
| el "
2 NV WE3 ~WE
Z Eal RA1 A1 RD1 SrcA
I:‘struc:oz_ >§ AL UResult A RD ReadData
— A2 RD2 t—
Memory SrcB MData
15:12 emory
A3  Register I oo
4 — WD3 File
-DPCF’lUSB R15
[ ]

| Pcpius4

11:0 l{ Extlmm
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Single-Cycle Datapath: Access to PC

PC can be source/destination of instruction

* Source: R15 must be available in Register File
— PCis read as the current PC plus 8

PCSrc RegWrite ALUControl
* CLK * CLK
2 |10116 Rat| N WES SrcA V' WE
A RD |—
—| ALUResult ReadData
A RD
Instruction — A2 RD2 — >ztl
Memory SrcB Data
15:12 Memory
A3  Register — wo
4 — WD3 File
-DPCF’lUSB R15
| PCPlus4 llj
110 l{ ExtImm
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Single-Cycle Datapath: Access to PC

PC can be source/destination of instruction

* Source: R15 must be available in Register File
— PCis read as the current PC plus 8

e Destination: Be able to write result to PC

| Pcpius4

PCSrc RegWrite ALUControl
| el "
2 NV WE3 ~WE
Z Eal RA1 A1 RD1 SrcA
I:‘struc:oz_ >§ AL UResult A RD ReadData
— A2 RD2 t—
Memory SrcB MData
15:12 emory
A3  Register I oo
4 — WD3 File
-DPCF’lUSB R15
[ ]

11:0 l{ Extlmm
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Single-Cycle Datapath: STR

Expand datapath to handle STR:

* Write data in Rd to memory

PCSrc RegWrite ALUControl MemWrite
0 CLK TO 00 Cl_K 1
=1 N WE3 NV WE
2 19:16 RA1 A1 RD1 SrcA
A RD ALUResult A RD ReadData
Instruction RA2 A2 RD2 SrcB
Memory IVIData
emo
— A3 Register WiteData | 7 v
4 — \WD3 File
‘Plpcpms R15
PCPlus4 lj
110 i{ Extlmm
Memory B Immediate 11:0
=0 .
3128 27:26 25:20 19:16 15:12 11:0 / imm12
op|T
cond [OPIT|PUBIWI[L| Rn | Rd Src2 e e
funct 1= 1\ shamt5 |sh |0| Rm

Register

STR Rd, [Rn, imml2]
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Single-Cycle Datapath: Data-processing

With immediate Src2:

 Read from Rn and Imm8 (ImmSrc chooses the zero-extended Imm8
instead of Tmm12)

* Write ALUResult to register file
* Writeto Rd

Immediate

11:8 7.0
rot imm8
Data-processing | =1
31:28 272625 2421 20 1916 15:12 11:0
cond OO(F))I cmd |S Rn Rd Src2

funct

ADD Rd, Rn, imm8
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Single-Cycle Datapath: Data-processing

With immediate Src2:
Read from Rn and Imm8 (ImmSrc chooses the zero-extended Imm8

instead of ITmm12)
Write ALUResult to register file

Write to Rd
PCSrc RegWrite ImmSrc ALUControl Z MemWrite MemtoReg
CILK 1 0 vaies % CILK 0 0
Q
> N WE3 @ N WE
@ 19:16 RA1 A1 RD1 SrcA
A RD D[ ALUResult ReadData
= A RD
Instruction RA2 | | <
A2 RD2 SrcB Data
Memory Memo
Lo A3 Register WiriteData WD Y
4 — WD3 File
‘Dpcpluss R15 1
| PCPlus4 lj 0
110 II Extend ExtImm
Result

ADD Rd, Rn, imm8
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Single-Cycle Datapath: Data-processing

With register Src2:

 Read from Rn and Rm (instead of Imm8)
* Write ALUResult to register file
* Write to Rd

Data-processing

31:28 272625 24121 20 19:16 15:12 11:0 117 65 4 3:0
cond Oog I cmd S Rn Rd Src2 Register shamt5 sh |0 Rm
funct 1=0

ADD Rd, Rn, Rm
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Single-Cycle Datapath: Data-processing

With register Src2:
 Read from Rn and Rm (instead of Imm8)
* Write ALUResult to register file

* Writeto Rd
PCSrc RegWrite ImmSrc ALUSrc ALUControl ,:‘2 MemWrite MemtoReg
CLK 1 X 0 vaies (= CLK 0 0
_ | 3 |
3 X1/ WES . SrcA @ NV OWE
A RD D| ALUResult ReadData
. >3:I A RD
Inlsltructlon A2 RD2 0 SrcB Data
emo ‘
v 1 ) Memory
A3  Register Wirite Data
. WD
4 — \WD3 File
.| PCPlus8 R15 1
.| PCPlus4 lj 0

10 [ Extlmm

l Extend

Result

ADD Rd, Rn, Rm
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Single-Cycle Datapath: B

Calculate branch target address:

BTA = (Extimm) + (PC + 8)
Extimm = Imm24 << 2 and sign-extended

PCSrc RegSrc RegWrite ImmSrc ALUSrc ALUControl = MemWrite MemtoReg
1 X CLK TO 10 1 00 'Ic'l CLK 0 0
] [} ]
S| 19:16 «Q
2 —0 RAlf N WE3 SrcA 8 ~VWE
A RD _335 ! >3 ALUResult A RD ReadData
Instruction 0] _RA2 =
Memo 1 A2 RD2 0 SrcB Data
v 15:12 I— -|1/ . Memory
A3 Register Wiite Data WD
4 — wD3 File
‘DPCP|US8 R15 1
|_PCPlus4 lj 0

220 I Extend Extlmm

Result
Branch
31:28 27:26 25:24 23:0
cond ?g 1L imm24
funct B Label
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Single-Cycle Datapath: Extlmm

PCSrc RegSrc RegWrite ImmSrc ALUSrc ALUControl 2= MemWrite MemtoReg
1 1 X CLK 10 10 1 00 cC CLK 0 0
CLK 511916 C%E) I
< 20 RA1| Y WES SrcA @ Vv WE
VEECTTIEC T A kD I 15 A o
0 o >3 ALUResult A RD ReadData
Instruction 0] RA2 P
Memo 1 A2 RD2 0| srcB Data
v 15:12 |_ g . Memory
A3 Register Write Data WD
4 wD3 File
Ppcpluss R15 1
{ I PCPlus4 lj 0
4

230 [ Extend Extlmm

Result
ImmSrc, ., Extimm Description
00 {24’b0, Instry.q} Zero-extended imm8
01 {20°b0, Instry;.0} Zero-extended imm12
10 {6{Instr,3}, Instr,5.0} Sign-extended imm24
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Single-Cycle ARM Processor

——\ PCSrc |
Control MemtoRe
Unit 9
31:28 Cond MemWrite
27:26 Op ALUControl
25:20 L ALUSrc
unct
15:12 Rd ImmSrc
RegWrite
— Flags
N — ALUFags
)
Lo L8 J &
5 19165 2 RAT N WE3 SrcA NV OWE
1] Pc PC = A1 RD1
0 A RD —3;5 1 | D] ALUResult ReadData
Instruction ' 0] RA2 IT >z':l A RD
A2 RD2 0] srcB Data
Memory |— 1 y Memo
15:12 A3 Register Whrite Data WD v
4 —1 WD3 File
-PIPCPIUSS R15 1
E I PCPlus4 |j 0
4
230 || Extend ExtImm

Result

Digital Design and Computer Architecture: ARM® Edition © 2015 Lecture 19 <28>

ELSEVIER



