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Processor Microarchitecture Introduction

Microarchitecture: how to
implement an architecture
in hardware

Good examples of how to
put principles of digital
design to practice.

Introduction to final
project.
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MIPS Processor Architecture

- For now we consider a subset of MIPS
instructions:
- R-type instructions: and, or, add, sub, slt
- Memory instructions: 1w, sw
- Branch instructions: beq

* Later we'll add addi and 5
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MIPS Micrarchitecture Oganization

Datapath + Controller + External Memory

Controller
I I T T T 11
ReadData

CLK
Reset

> Datapath :

: iPC = A RD Instr

i : Instruction

n : Memory

N J

e MIPSProcessor . ; External Memory

)
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How to Design a Processor: step-by-step

1. Analyze instruction set architecture (ISA) = datapath
requirements

- meaning of each instruction is given by the data transfers (register
transfers)

- datapath must include storage element for ISA registers
- datapath must support each data transfer

2. Select set of datapath components and establish clocking
methodology

3. Assemble datapath meeting requirements

4. Analyze implementation of each instruction o determine
setting of control points that effects the data transfer.

5. Assemble the control logic.
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Review: The MIPS Instruction

31 26 21 16 11 6 0
R-type  [lop e [ we " va | shame [ funct |
6 bits 5 bits 5 bits 5 bits 5 bits 6 bits
31 26 21 16 0
Ifype [ [ [ w [ stdrovimmedne ]
6 bits 5 bits 5 bits 16 bits
J_Type 31 26 0
6 bits 26 bits
The different fields are:

op: operation (“opcode”) of the instruction

rs, rt, rd: the source and destination register specifiers
shamt: shift amount

funct: selects the variant of the operation in the "op" field
address / immediate: address offset or immediate value
target address: target address of jump instruction
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Subset for Lecture

add, sub, or, slt

addu rd,rs,rt 31 26 21 16 11 6 0
[0 [ v [ vt [ va [ hame] funct]
*subu rd,rs,rt 6bits  Sbits  Sbits  Sbits 5 bits 6 bits
lw, sw
*lw rt,rs,immlé6
°sw rt,rs,imml6é 3 26 21 16 0
[ oo [ v [ vt [ immediate |
6 bits 5 bits 5 bits 16 bits
beq
*beq rs,rt,immlé6
31 26 21 16 0
[ oo [ v [ vt [ immediate |
6 bits 5 bits 5 bits 16 bits
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Register Transfer Descriptions

All start with instruction fetch:
{op,rs,rt,rd,shamt, funct} < IMEM[ PC] OR

{op,rs,rt, Imm16} < IMEM] PC ] THEN

inst Register Transfers

add R[rd] <= R[rs] + R[rt]; PC<PC+4
sub R[rd] <= R[rs] - R[rt]; PC<—PC+4
or R[rd] < R[rs] | R[rt]; PC < PC+4
slt R[rd] <= (R[rs] <R[rt]) 21 : 0; PC<-PC+4
Iw R[rt] < DMEMI[ R[rs] + sign_ext(Imm16)]; PC < PC +4
SW DMEM[ R[rs] + sign_ext(Imm16) | < R[rt]; PC < PC +4

beq if (R[rs] == R|[rt] ) then PC < PC + 4 + {sign_ext(Imm16), 00}
else PC <~ PC + 4
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Microarchitecture

Multiple implementations for a single architecture:

- Single-cycle
« Each instruction executes in a single clock cycle.
Multicycle

* Each instruction is broken up into a series of shorter steps with
one step per clock cycle.

Pipelined

+ Each instruction is broken up into a series of steps with one step
per clock cycle

* Multiple instructions execute at once.
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CPU clocking [1/2

» Single Cycle CPU: All stages of an
instruction are completed within one long
clock cycle.

- The clock cycle is made sufficient long to allow
each instruction fo complete all stages without
interruption and within one cycle.

>

1 -. Instruction é. Decode/

) 5. Reg.
Fetch Register 3. Execute 4. Memory Write
Read
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CPU clocking [2/2

Multiple-cycle CPU: Only one stage of
instruction per clock cycle.
- The clock is made as long as the slowest stage.

1.vlnstruction‘ 2. Decode/ ‘ 5. Reg.
Fetch Register 3. Execute 4. Memory Write
Read

| ||

Several significant advantages over si lgle cycle
execution: Unused stages m a particular
instruction can be skipped OR instructions can
be pipelined (overlapped).

Spring 2010 EECS150 - Lec10-cpu Page 11

MIPS State Elements

Determines everything about the
execution status of a processor:

— PC register
- 32 registers
- Memory
CLK CLK CLK
| | | |
pPC' PC WE3 WE
2 [ g P -] A1 RD1 |-=
-+ A2 RD2 p=r=
Instruction 5 32 = A RPI=%
Memory Data
1 A3 Regist Memory
egister
- wD3 File == WD

Note: for these state elements, clock is used for write
but not for read (asynchronous read, synchronous write).
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Single-Cycle Datapath: 1w fetch

First consider executing 1w

R[rt] < DMEM] R]rs] + sign_ext(Imm16)]

* STEP 1: Fetch instruction

PC Instr

>
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Single-Cycle Datapath: 1w register read

R[rt] < DMEM][ R][rs] + sign_ext(Imm16)]

* STEP 2: Read source operands from register file

25:21

dnstr >
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Single-Cycle Datapath: 1w immediate

R[rt] < DMEM] R[rs] + sign_ext(Imm16)]

* STEP 3: Sign-extend the immediate

5.0 Signimm ,
—)' Sign Extend
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Single-Cycle Datapath: 1w address

R[rt] < DMEM][ R][rs] + sign_ext(Imm16)]

* STEP4: Compute the memory address

ALUControl, .,

Zero
ALUResult
—

>

Signimm
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Single-Cycle Datapath: 1w memory read

R[rt] < DMEM][ R[rs] + sign_ext(Imm16)]

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

CLK
|
N

ReadData
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Single-Cycle Datapath: 1w PC increment

* STEP 6: Determine the address of the next
instruction PC < PC +4

CI‘_K
pc, PC

— >

PCPlus4

Spring 2010 EECS150 - Lec10-cpu Page 18



Single-Cycle Datapath: sw

DMEM][ R[rs] + sign_ext(Imm16) | < R[rt]

Write data in rt to memory

WriteData
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Single-Cvycle Datapath: R-type instructions

Read from rs and rt R[rd] < R(rs] op Rlrt]
Write ALUResult to register file
Write to rd (instead of rt)

RegDst ALUSrc MemtoReg
0

0
ALUResult

Result
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Single-Cycle Datapath: beqg
if (R[rs] ==R|[rt] ) then PC < PC + 4 + {sign_ext(Imm16), 00}
* Determine whether values in rs and rt are equal

* Calculate branch target address:
BTA = (sign-extended immediate <« 2) + (PC+4)

PCSrc

Branch
1

0] PC' Zero
1

PCBranch
+
»
>
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Complete Single-Cycle Processor

——\MemtoReg
Control MemWrite
Unit 5 n
ranci —
ALUControl,, )—PCSre
31:26
—10p  |ALUSIc
2 Funct [RegDst
RegWrite
—
CLK CLK
CLK | |
y WE3 SrcA Zero WE
A RD |[nstr 1221 A1 RD1 0
3 ALUResult A RD ReadData 1
Instruction % e
Memory — Ai RD2 Nsrea [ < MData
. emory
i WriteDat
WwD3 Regllster riteData WD
File
20:16 TJ
15:11 J—‘
WriteRe!
PCPlus4 S
4

signimm |
150 Sign Extend PCBranch
+

Result
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Spring 2010

N

Control Unit

’ Control
Unit — MemtoReg
— MemWrite
— Branch
Opcodesg—{ Main
— ALUSrc
Decoder
— RegDst
— RegWrite
lALUOpm
ALU
Functs.g— Decoder —— ALUControl,.q
N/
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Review: ALU

\.

\

ALU

Spring 2010

3F
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| Function
0 A&B

1 A|B

10 A+B
11 not used
100 AS&™B
101 A|™B
110 A-B
111 SLT
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Control Unit: ALU Decoder

ALUOp,., | Meaning
0 Add
1 Subtract
10 Look at Funct
11 Not Used
ALUOp,., | Funct ALUControl,.,
0 X 010 (Add)
X1 X 110 (Subtract)
1X 100000 (add) 010 [Add)
1X 100010 (sub) 110 (Subtract)
1X 100100 (and) 000 (And)
1X 100101 (or) 001 (Or)
Spring 2010 { qx 101010 (s1t) | 111 (SLT) Peoe 25
Control Unit: Main Decoder
Instruction Op,, | RegWrite | RegDst | AluSrc | Branch | MemWrite | MemtoReg | ALUOp,,
R-type 0
1w 1E+05
sw 1E+05
beqg 100
Spring 2010 EECST50 -TecT0-cpu Result
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Control Unit: Main Decoder

Instruction Ops,

RegWrite

RegDst AluSre

Branch

MemWrite

MemtoReg

ALUOp,,

R-type 0

10

1w 1E+05

SW

1E+05

beq 100

1
1
0
0

X|X|al|-
o|l-|-10

-~ |O|lO0|O

o|l-~|0|0O

X|X|o|o

MemtoRe:

Control|

Unit [MemWrite

Branch

[ALUCOontrol, ,
ALUSTC
RegDst
RegWrite

Op
Funct

—
CLK
I

A RD

Instruction
Memory

WE3

RD1 SrcA

Al

Instr

A2

RD2 | J0sro8
1

A3 )
wog Register
File

| ALUResult

PCSrc

CLK
I

WE

A RD

0
ReadData 1

WriteData

Data
Memory

PCPlus4

016 N

1
WriteReg,,

Signlmm
150 Sign Extend

PCBranch
+
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WD

Result]
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Single-Cycle Datapath Example: or

CLK

P

1S

dio @ R[S}

Instruction
Memory

o
]

CPlus4

Instr

MemtoReg

)
Control

Unit MemWrite

Branch

ALUControl, o

31:26 op

Funct

IALUSrc
RegDst
RegWrite

—
CI‘_K 1

WE3
o o = R

Sc

L

=/ s a» a» «=RED.

Q

Register

A3
WwD3

0

Cx

ALUResult

PCSrc

0

SrcB | <

WriteData

File 1

0:16 g
1

WriteReg, .

Signlmm
150

PCBranch
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ReadData j

Result
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Extended Functionality: addi

» No change to datapath

——\MemtoReg
Cont_rol MemWrite
Unit 5 h
rancl
ALUControl, o [ —pcsre
31:26
— Op ALUSrc
H2{Funct [RegDst
RegWrite
—
CLK CLK
CLK | |
Instr o521 | 0% WE3 RD1 SrcA Zero WE ~
_ | A RD 3| ALUResult A Rp |ReadData IJ-
'“;::12‘;;" z000] pp RD2 Msres [ < Data
A3 i 1 WriteDat Memory
WD3 Rngillseter riteData WD
20:16 [0
15:11 i j—‘
PCPlus4 WiteReSag
Signlmm
4 —|15'0 Sign Extend <2 N PCBranch
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Control Unit: addi
Instruction Op., RegWrite RegDst AluSre Branch MemWrite | MemtoReg ALUOp,,,
R-oype 0 1 1 0 0 0 0 10
1w 1E+05 1 0 1 0 0 1 0
sw 1E+05 0 X 1 0 1 X 0
beq 100 0 X 0 1 0 X 1
addi 1000
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Control Unit: addi

Instruction Opy,, RegWrite RegDst AluSre Branch | MemWrite | MemtoReg | ALUOp,,
Riype 0 1 1 0 0 0 0 10
T 1E+05 1 0 1 0 0 1 0
sw 1E+05 0 X 1 0 1 X 0
beq 100 0 X 0 1 0 X 1
addi 1000 1 o 1 o 0 o o
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Extended Functionality: j

Jump

PC Instr
1 o

PCJump

27:0 31:28

25:0 ’S :::!
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Control Unit: Main Decoder

Instruction Opy,, RegWrite | RegDst | AluSrc | Branch | MemWrite | MemtoReg | ALUOp,, | Jump
Ritype 0 1 1 0 0 0 0 10 0
T 1E+05 1 0 1 0 0 1 0 0
sw 1E+05 0 X 1 0 1 X 0 0
beq 100 0 X 0 1 0 X 1 0
3 100
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Control Unit: Main Decoder

Instruction Opy, RegWrite | RegDst | AluSrc | Branch | MemWrite | MemtoReg | ALUOp,, | Jump
Riype 0 1 1 0 0 0 0 10 0
w 1E+05 1 0 1 0 0 1 0 0
sw 1E+05 0 X 1 0 1 X 0 0
beq 100 0 X 0 1 0 X 1 0
3 100 0 X X X 0 X XX 1
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Review: Processor Performance

Program Execution Time
= (# instructions)(cycles/instruction)(seconds/cycle)
= # instructions x CPI x T
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Single-Cycle Performance

« T, 1s limited by the critical path (1w)

MemtoReg
MemWrite
Branch 0 0
ALUControl,
Op  JALUSrc
Funct [RegDst

RegWrite

~
Control
Unit

PCSrc

31:26

50

—
CLK
|

1

o] 7  WE3 SrcA

RB=
RB1=

0
WE 1
Instr frlm==== 0
A= --RB ] ~~2| ALUResult a— - JReadData |
Instructi : o |
nstruction 2016 I srcB <
1

Memory =1 A2 RD2 |

Register WriteData

A3
g =

0
2016 0
1511 1

WriteReg, ,

150
PCBranch
+

PCPlus4

Result
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Single-Cycle Performance

 Single-cycle critical path:
T ¢ pcq PC T tmem + maX(tRFreada tsext T tmux) + tALU +
t

mem + tmux + tRF setup

 In most implementations, limiting paths are:
— memory, ALU, register file.

— Tc = tpcqﬁPC + 2l‘mem + tRFread + ZLmux + tALU + ZRFsetup
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q |7, pc 30
Register setup Letup 20
Multiplexer fux 25

ALU ALl 200
Memory read frem 250
Register file read tpFread 150
Register file setup | fgpeenp 20
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Single-Cycle Performance Example

Element Parameter Delay (ps)
Register clock-to-Q |7, pc 30
Register setup Lsetup 20
Multiplexer fux 29

ALU Iy 200
Memory read fem 290
Register file read tREread 150
Register file setup | Zzreenup 20

T, e tpcq_PC + 2tmem T tRFread + tmux + tALU + tRFsetup
=[30 + 2(250) + 150 + 25 + 200 + 20] ps

=925 ps

Spring 2010 EECS150 - Lec10-cpu Page 39

Single-Cycle Performance Example

* For a program with 100 billion instructions executing on a single-
cycle MIPS processor,

Execution Time =
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Single-Cycle Performance Example

* For a program with 100 billion instructions executing on a single-
cycle MIPS processor,

Execution Time = # instructions x CPI x T

= (100 x 10%)(1)(925 x 10-125)
=92.5 seconds
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Pipelined MIPS Processor

* Temporal parallelism
» Divide single-cycle processor into 5 stages:
— Fetch
— Decode
— Execute
— Memory
— Writeback

* Add pipeline registers between stages

Spring 2010 EECS150 - Lec10-cpu Page 42



Single-Cycle vs. Pipelined Performance

Single-Cycle

0 100 200 300 400 500 600 700 800 90

r T T
Instr

1000 1100 1200 1300 1400 1500 1600 1700 1800 190Q
T T T T T T T T T — >

- Time (ps)
1 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read / Write | Reg
2 Fetch Decode Execute Memory Write
Instruction Read Reg ALU Read / Write | Reg
Pipelined
Instr
1 Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read/Write Reg
Py Fetch Decode | Execute Memory Write
Instruction Read Reg ALU Read/Write Reg
3 Fetch Decode Execute Memory Write
Instruction Read Reg ALU Read/Write Reg
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Pipelining Abstracti
1 2 3 4 5 6 7 8 9 10
>
Time (cycles)
= 50 [ = s
w $s2
lw $s2, 40(50) [m] I III’ I .- -
X St < X
$s3
add $s3, $t1, §t2 mIIII’ I .- =
X 551 s s
$s4
sub $s4, $sl, $s5 mlll.’ I .- =
M St5M X
and $s5, $t5, St6 a“°
sw $s6, 20($sl)
or $s7, $t3, s$t4

Spring 2010
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Single-Cycle and Pipelined Datapath

CLK
| CLK L L
WE3 Z
Instr 224 A1 RD1 ero
| A RD AlResuf | o ReadData
Instruction 2016] Ao RD2
Memory Data
11 i WiiteData_| MemerY
wD3 Reg_ls(er WD
File |
010 07 writeReg,
1511 1 _l
PCPlus4
Signlmm
150
+ PCBranch
Result
CLK
CLK [ ALUOUtW.
CkK CLK CLK
CLK - | L L L
WE! ZeroM WE L
P XA =
0
| A RD H ! —— avoum ||, oo ReadDataw |
Instruction P 1
Memory A2 RD2 Data
] A3 i witeDatawt | Memery
wD3 Regllster \WriteDataE: WD
File
2016 WriteRegE, ,
1511
<<2
160 PCBranchM
+
PCPlus4F PCPIus4D PCPIus4E
Resultw
Fetch Decode Execute Memory Writeback
Spring 2010 EECS150 - Lec10-cpu Page 45

Corrected Pipelined Datapath

*  WriteReg must arrive at the same time as Result

CLK
ClLK [ ALUOUW
CLK CLK CLK
CLK < | | | |
WE3 ZeroM WE
A RD instrD P22 A1 RD1 ero =
| B ALUOUtM A roH ReadDataW
In;ltructlon 2018 pp RD2 Data
emory A3 "
lemo
Register WriteDataE WriteDataM i
WwD3 File WD
2016 o 0 WriteRegE .y WriteRegM,, WriteRegW .,
15:11
SignlmmE
150 <<2
+ PCBranchM
PCPlus4F PCPlus4D PCPlus4E
L] L] - L.
ResultwW
Fetch Decode Execute Memory Writeback
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Pipelined Control

CLK CLK CLK
/—\ |RegWriteD @ RegWriteE ib RegWriteM @ RegWriteW
C(:Jnt‘;ol MemtoRegD MemtoRegE MemtoRegM MemtoRegW
ni
MemWriteD MemWriteE MemWriteM
BranchD BranchE BranchM’i,
\
22 op ALUControlD| | ALUCOntrolE, ) PCSreM
20 Funct | |ALUSCD ALUSrcE
RegDstD RegDstE
N/ [ ALUOutW
CLK CLK CLK
ciK L w - \
WE3 ZeroM WE
nstd P2 A1 RD1 HH
| A o ALUOuUtM A RD ReadDataW
Instruction 2016 pp ro2 U M
Memory Data
s Regist WriteDataM Memory
i riteDatal
w3 Register WD
File
20:16 RIE ) ) )
RAE 0\| WriteRegE, ., WriteRegM, o WriteRegW,,.,
15:11 1
<<2
4 Signimmé PCBranchM
+
PCPlus4F PCPlus4D PCPlus4E

ResultW

Same control unit as single-cycle processor
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Pipeline Hazards

» Occurs when an instruction depends on results
from previous instruction that hasn't completed.

- Types of hazards:

— Data hazard: register value not written back to register
file yet

— Control hazard: next instruction not decided yet
(caused by branches)
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