EECS 322: Computer Architecture

Single-cycle
Multi-cycle FSM controller
Multi-cycle microcontroller




MIPS instruction formats

Arithmetic

2. Register addressing

] addr | Pe

add $rd ’$rs ’$rt op |rs |rtI | rd | |funct | | | iegi_StterS
Data Tran Sfer op |3.r§ase r(:?ressrg Alddress | Memory
IW $rd ,Offs et ($rS) | Register + | ( )—— Byte Halfwordl Word
I 1
sw $rd,offset($rs)
.. op al\:s |erstsmg| Plddress | Memory
Conditional branch | ' | :
PC + Word
beq $rd,$rs,raddr |
Unconditional jump o [ = |
1 | é—- Word
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Single Cycle Implementation

e Calculate instruction cycle time assuming negligible delays except:

— memory (2ns), ALU and adders (2ns), register file access (1ns)

Adder2: PC — PC+signext(IR[15-0]) <<2

Instruction [25—21]

ReadO
address

Instruction [20—- 16]

Instruction(l]
[31- 0]

L

Instruction [15—11] g
0

Instructiond
memory

RegDst
Instruction [15-0]

ALU ALU

RegWrite
l
Readl
register 1 Read[]
Readl data 1
register 2
) Read[]
WriteO data 2
register
> \é\g{;em Registers

result

| Address

MemWrite
|

Read
data

Writeg Datal

1\6 Signi\ 32

| extend

Instruction [5-0]

Adderl: PC « PC+4 I

data  memory
1

MemtoReg

|
nnnnnn |

r Adder3: Arithmetic ALU I

Single Cycle =2 adders + 1 ALU
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Single/Multi-Clock Comparison

add = 6ns = Fetch(2ns)+RegR(1ns)+ALU(2ns)+RegW(2ns)

lw = 8ns = Fetch(2ns)+RegR(1ns)+ALU(2ns)+MemR(2ns)+RegW(2ns)
SW =7ns = Fetch(2ns)+RegR(1ns)+ALU(2ns)+MemW(2ns)

beq =5ns = Fetch(2ns)+RegR(1ns)+ALU(2ns)

J = 2ns = Fetch(2ns)

CPUsingle —cycleclock ~ 8ns

_ = =1.27 timesfaster
CPU multi—cycleclock  6.3ns

Architectural improved performance without speeding up the clock!
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Some Design Trade-offs

High level design technigues

Algorithms:  change instruction usage

minimize z Ninstruction ™ linstruction

Architecture: Datapath, FSM, Microprogramming
adders: ripple versus carry lookahead
multiplier types, ...

Lower level design technigues (closer to physical design)

clocking: single verus multi clock
technology: layout tools: better place and route

process technology: 0.5 micron to .18 micron
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Single-cycle problems

R L
e Single Cycle Problems:

— what if we had a more complicated instruction like floating
point? (fadd = 30ns, fmul=100ns)

— wasteful of area (2 adders + 1 ALU)
 One Solution:
— use a“smaller” cycle time (if the technology can do it)
— have different instructions take different numbers of cycles
— a“multicycle” datapath (1 ALU)

e Multi-cycle approach

— We will be reusing functional units:
ALU used to increment PC (Adderl)
and to compute address (Adder2)

— Memory used for instruction and data
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Reality Check: Intel 8086 clock cycles

Arithmetic
3
118-133
128-154
114-162
165-184

Data Transfer
14
15

Conditional Branch
4/16

Unconditional Jump

15

add
mul
Imul
div
1div

mov
mov

je

jmp

reglo, regl6
dx:ax, reglé very slow!!
dx:ax, regl6
dx:ax, regl6
dx:ax, regl6

regle, mem1l6
mem16, regl6

displacement8

segment:offsetl6

&2,



Multi-cycle Datapath

lorD MemRead MemWrite IRWrite RegDst RegWrite ALUSrcA
PC 0 »{ 0
M Instruction | ReadO M
u Address [25-21] " register 1 U
X Instruction Readl Readd X
> ° 1 v | . Zero
1 Memory [20-16] ! ) " | register 2 data 1 ALU
MembData _ 0 _Registers ALU
Instruction (I M Write Readp result
[15-011 1 instruction| u register  data 2= V| ° [reg—{0
WriteO i — X .
data InstructionC] 15-11 >, Write[] Jdep|1 M /
register data ol > )L(l
Instruction(] 0 3
[15-0] M
u
X
»| Memory[ > &
datad ALUO
register ® »|control
Instruction [5—0]

>

ALUOu

MemtoReg

ALUSrcB ALUOp

Multi-cycle =1 ALU + Controller
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Multi-cycle Datapath: with controller

/7_’_C!—I PCWriteCond/\ PCSource
PCWrite
N lorD /7OutpUT5\ALUOp
ALUSrcB
MemRead
Memwrite | Control ALUSTEA
MemtoReg Regwrite
IRWrite \ [5(2%? RegDst
N\ »(0 "
JumpO 1y
Instruction [25—0] address [31-0] X
»>|2
Instruction
[31-26]
)| P C 0 0
M Instruction(f] | | Readd M
u Address [25-21] register 1 U
X . q o
Instruction]] __|Readn  Read A X
=L Memory [20-16][] p register 2 datal 1
MemData > Instructi 0 W_tRDegisters ALUOU e
nstruction M rite Readll o B
Writel [15=0I'T instruction| u register  gata 2 m
rite ; X .
> Jata Instruction) [15-11] ! WriteD 4|1 '\L/II
register data 2
Instruction(] 3
[15-0]
Memory[l
datal]
register ¢ —
Instruction [5- 0]
>
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Multi-cycle: 5 execution steps

T1 (a,lw,sw,beq,j) Instruction Fetch

T2 (a,lw,sw,beq,j) Instruction Decode
and Register Fetch

T3 (a,lw,sw,beq,j) Execution, Memory Address Calculation,
or Branch Completion

T4 (@,lw,swW) Memory Access
or R-type instruction completion

Ts (a,lw) Write-back step

INSTRUCTIONS TAKE FROM 3 -5 CYCLES!
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Multi-cycle Approach

All operations in each clock cycle T; are done in parallel not sequential!

For example, T1 IR = Memory[PC] and PC=PC+4 are done simultaneously!

Action for Rtype | Action for memory-reference Action for Action for
Step name instructions instructions branches jumps
T, |Instruction fetch IR = Memory[PC]
PC=PC+4

T, |Instruction A =Reg [IR[25-21]]

decode/register fetch B = Reg [IR[20-16]]

ALUOuUt = PC + (sign-extend (IR[15-0]) << 2)

Execution, address ALUOut=AopB ALUOuUt = A + sign-extend if (A=B) then | PC=PC[31-28] II
T3 |computation, branch/ (IR[15-0]) PC=ALUOU | (IR[250]<<?)

jump completion

Memory access or R-type | Reg[IR[15-11]] = | Load: MDR = Memory[ALUOut]

completion ALUOut or
Ty Store: Memory [ALUOut] =B
T5 [Memory read completion Load: Reg[IR[20-16]] = MDR

Between Clock T, and Tz the microcode sequencer will do a dispatch 1
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Multi-cycle using Microprogramming

Finite State Machine Microcode controller
( hardwired control )

b
— Microcode

Combinational — storage

control logic —— Datapath control outputs Datapat
— Outputs control

- outputs
Outputs § [— flrmware
Input e

Inputs i l ;

‘ A N - S Microprogram counter Soer?tlrjslncmg
Next state Address select logic [«
Inputs from instruction | State register ‘T
register opcode field W W W
Inputs from instruction

register opcode field

Requires microcode memory
to be faster than main memory
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Microcode: Trade-offs

e Distinction between specification and implementation is sometimes blurred

e Specification Advantages:

— Easy to design and write (maintenance)

— Design architecture and microcode in parallel
 Implementation (off-chip ROM) Advantages

— Easy to change since values are in memory

— Can emulate other architectures

— Can make use of internal registers
 Implementation Disadvantages, SLOWER now that:

— Control is implemented on same chip as processor

— ROM is no longer faster than RAM

— No need to go back and make changes
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Microinstruction format

Field name Value Signals active Comment
Add ALUOp =00 Cause the ALU to add.
ALU control Subt ALUOp =01 Cause the ALU to subtract; this implements the compare for
branches.
Func code ALUOp =10 Use the instruction's function code to determine ALU control.
SRC1 PC ALUSICA=0 Use the PC as the first ALU input.
A ALUSIrcA=1 Register A is the first ALU input.
B ALUSrcB = 00 Register B is the second ALU input.
SRC2 4 ALUSrcB =01 Use 4 as the second ALU input.
Extend ALUSrcB =10 Use output of the sign extension unit as the second ALU input.
Extshft ALUSIcB =11 Use the output of the shift-by-two unit as the second ALU input.
Read Read two registers using the rs and rt fields of the IR as the register
numbers and putting the data into registers A and B.
Write ALU RegWrite, Write a register using the rd field of the IR as the register number and
Register RegDst = 1, the contents of the ALUOuUL as the data.
control MemtoReq = 0
Write MDR RegWrite, Write a register using the rt field of the IR as the register number and
RegDst = 0, the contents of the MDR as the data.
MemtoReg =1
Read PC MemRead, Read memory using the PC as address; write result into IR (and
lorD =0 the MDR).
Memory Read ALU MemRead, Read memory using the ALUOut as address; write result into MDR.
lorD=1
Write ALU MemWrite, Write memory using the ALUOut as address, contents of B as the
lorD=1 data.
ALU PCSource = 00 Write the output of the ALU into the PC.
PCWrite
PC write control ALUOut-cond PCSource =01, If the Zero output of the ALU is active, write the PC with the contents
PCWriteCond of the reqister ALUOUL.
jump address PCSource = 10, Write the PC with the jump address from the instruction.
PCWrite
Seq AddrCtl = 11 Choose the next microinstruction sequentially.
Sequencing Fetch AddrCtl = 00 Go to the first microinstruction to begin a new instruction.
Dispatch 1 AddrCtl = 01 Dispatch using the ROM 1.
Dispatch 2 AddrCtl = 10 Dispatch using the ROM 2. CWRU EECS 322 March 6, 2000




Microinstruction format: Maximally vs. Minimally Encoded

e No encoding:

— 1 bit for each datapath operation
— faster, requires more memory (logic)
— used for Vax 780 — an astonishing 400K of memory!

e Lots of encoding:

— send the microinstructions through logic to get control signals
— uses less memory, slower

 Historical context of CISC:

— Too much logic to put on a single chip with everything else
— Use a ROM (or even RAM) to hold the microcode
— It's easy to add new instructions
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Microprogramming: program

ALU Register PCWrite
Label control [SRC1| SRC2 control Memory control Sequencing
Fetch Add PC 4 Read PC [ALU Seq
Add PC Extshft |Read Dispatch 1
Mem1 Add A Extend Dispatch 2
LW2 Read ALU Seq
Write MDR Fetch
SW2 Write ALU Fetch
Rformatl [Func code [A B Seq
Write ALU Fetch
BEQ1 Subt A B ALUOut-cond [Fetch
JUMP1 Jump address [Fetch
Action for R-type | Action for memory-reference Action for Action for
Step name instructions instructions branches jumps

Instruction fetch

IR = Memory[PC]
PC=PC+4

Instruction
decode/register fetch

A = Reg [IR[25-21]]
B = Reg [IR[20-16]]

ALUOut = PC + (sign-extend (IR[15-0]) << 2)

Execution, address
computation, branch/
jump completion

ALUOUt = A op B

ALUOut = A + sign-extend
(IR[15-0])

if (A ==B) then
PC = ALUOut

PC =PC [31-28] Il
(IR[25-0]<<2)

Memory access or R-type
completion

Reg [IR[15-11]] =
ALUOuUt

Load: MDR = Memory[ALUOut]
or
Store: Memory [ALUOut] =B

Memory read completion

Load: Reg[IR[20-16]] = MDR

........

, 2000



Microprogramming: program overview

\g @.
L 3 a,

* Dispatch 1 *, "~.,

: 6- b

R Dlspatch 2
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Microprogram steping: T; Fetch

(Done in parallel) IR -« MEMORY[PC] & PC —

O Address
Memory
vempai A=t

Writed
data

Instruction

_ | ReadO

[25-21]

Instruction

" | register 1
Read[]

o| Readd gata 1

[20—16]

Instruction (I
[15-0]

Instruction(]
[15-0]

" | register 2
0 _ Registers
M WriteU Readfl
Instruction| U register  data 2 >
Instrgctionl] 15-11 1X Write L
register data

r

»| Memory[

datald

register &

Instruction [5—0]

ALUOu

Label ALU SRC1 SRC2 RCntl Memory

Fetch add pc

A

ReadPC

PCwrite

ALU

Seq
Seq
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T- Fetch + 1

A — Reg[IR[25-21]] & B — Reg[IR[20-16]] &

L __________________________________

ML Instructionh - »| Readl
25-21 ister 1

uld Address [ ] .'fgﬁ [

)

Instruction Readd Zero
L Memory [20-16] register 2 data 1 ALU
MemData [re—gpup _ N m Eﬁﬁisﬁrs ‘ ALU Su
Instructior M r Rl B result

[15-0] register  data 2

o

>
Al
C;o P xcZ

Write[ I Instruction )lé
i 15-11
> data Instructionld i
register ‘
| <X
Instruction (|3
[15-011
I |
a | | I
»| MemoryO
datall | ' ' 1
register - * an o i B
Instruction [5-0]

Label ALU SRC1 SRC2 RCntl Memory PCwrite Seq
add pc ExtSh Read D#1
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T3 Dispatch 1: Mem1

+ signh_extend(IR[15-0])

L PC 0 »(0
ML Instruction | ReadO M
up=»| Address [25-21] " | register 1 U
X Instruction ReadO Readd A - /
> _ > Zero
L Memory [20-16] " | register 2 data 1 |1 ALU
nstruction M rite Read[] u
(15011 Linstruction| u register  data 2 [~=%| B 0
Write ; X
et data InstrgctlonD " Writeld 1
register data » X
Instruction( 3
[15-0]
»| Memory[
datal

register

Instruction [5—0]

Label ALU SRC1 SRC2 RCntl Memory PCwrite Seq
Memladd A ExtSh D#2
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T, Dispatch 2: LW?2

PC

0 o
M Instruction o | Readd " i/l
u Address [25-21] " | register 1 u
X Read[]
Instruction . | ReadO > X
= Memory [20-16] ! " | register 2 data 1 _l—b 1
1 MemDate " w—gpum—p _ 0 _Registers
1 Instruction(, M Write[ Read[]
: | [15-01T] instruction| u register  data 2 [~ B fugummtr(0
- \d/\gtlctaem Instructiond 15-11] | X Write[ 4epl1 M
| register 1 data 9 g
I Instructionl 0 3
| [15-0] M
I ] x
| b Memory[ > 1
1 datal
I register &
|
|
I Instruction [5—0]
|
' - - - - - - - - - - - - - - - - - - -

Label ALU SRC1 SRC2 RCntl Memory
LW2

ReadALU

Zero

ALU ALy
result

PCwrite

ALUOL

b Em Em B B B B BN BN BN BN B BN BN BN BN BN BN BN B BN BN BN BN BN B Em

Seq
Seq
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Ts LW2+1

IR[20-16]

PC 0 »(0
MO Instruction ».| Readl M
uCl=»|Address [25-21] " | register 1 u
X Instructigg(] Readl Readt__, X
> _ > Zero
1 Memory [20—1% b . > rooister 2 data 1 | ol 1 L
MemData [r—ggm—p> ) _ Registers ALU =p! ALUOU
Instruction (I Write[d Read[] result
[15-0] register  data 2 ™| B |agu—{0
> \d/\gt';em Instrgctionl] Write Lep|1 M
register data 4P )li
Instructionl 3
[15-0]
»| MemoryL
datal]
register & >
Instruction [5—0]

Label ALU SRC1 SRC2 RCntl Memory
WMDR

PCwrite Sed

Fetch
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T, Dispatch 2: SW?2

ALUOut

-

Address
Memory

MemData

Yrited
data

i =N Em BN BN BN BN BN B B

Instruction

_ | ReadO

[25-21]

Instruction

" | register 1

| Read

[20—16]

Instruction (I
[15-0]

Instructiond
register

Instruction(]
[15-0]

v

|

Instruction
15-11

szzo

HXCzo

MemoryO
datald
register &

" | register 2

_ Registers
Write

register

Writed
data

Read

data 1

Read

v

data 2

Instruction [5—0]

-
IS

144

+d

l—\><C§O

w N P O
xcZ

Label ALU SRC1 SRC2 RCntl Memory
WriteALU

SW2

Zero

ALU ALy
result

PCwrite

Seqg
Fetch
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T3 Dispatch 1: Rformatl

ALUOut

op(IR[31-26])

ul] Address

Writed
data

1 Memory

MemData

Instruction _ | Readl]
[25-21] " | register 1
Instruction | Read
[20-16] ! " | register 2
_ 0 _Registers
Instruction(l, M Write[ Read
(15-0] Instruction| U register
Instructiont] 15111, 1X Write[
register data
Instruction(} 0
[15-0] M
u
X
»| Memory[ > 1
datal]
register &
Instruction [5—0]

Read
data 1

data 2

v

I—\uczo

xcZ

\
w N

Label ALU SRC1 SRC2 RCntl Memory

Rf...1 op

A

B

op(IR[31-26])
PCwrite

Seq
Seq
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T, Dispatch 1: Rformatl+1

Reg[ IR[15-11] ]

M Instruction | Readl " i/l
uCl=»|Address [25-21] " | register 1 u
X Instruction Readl Readll__y| A X
> _ > _l Zero
L Memory [20-16] " | register 2 data 1 1 ALU
MemData [r—ggm—p> ) _ Registers ALU =p! ALUOU
Instructlﬁ rite(] Read[] result
. [15- Instruction register  data 2 B gt 0
> \d/\gt';em Instructiond Lep|1 M
register > u
»l< x
Instructionl - 3
[15-0] I
|
»| Memory[ ™
datal]
register & I >
|
|
| .
_ Instruction [5—0]
| |
‘ - - - - - - - - - - - - - - - | - - - - - - - - - - -

Label ALU SRC1 SRC2 RCntl Memory PCwrite Seq
WALU Fetch
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T3 Dispatch 1: BEQ1

If ( ==0){ PC ~ ALUOQOut; }

. EEENE I.
= e -
[ |
[ |
Instruction | Read " (,z/l "
Address [25-21] " register 1 U u
Read[] ;
Instruction . | ReadO | A= 1 u
Memory [20-16] ! ~ " | register 2 data 1 |1 m
MemData [me—ggm—p- _ 0 _Registers =» ALUOu
Instruction (L, MO o | Write[ Readfl _ B I (\
(15-01 ¥ nstruction| ut] | redister  data 2 [=—> v
Write[d ; 15— 11 X . —,_T_-ﬁ‘ MFE*T
> Jata Instruction(] 5 > ] Write DI 4|1
register
Instruction(} A L U O — A d d d I T
ut = ress computed in T;!

[15-0]

»| Memory[
datal
register &

> ﬁltrol

Instruction [5—0]

MemtoReg ALUSrcB ALUOp

Label ALU SRC1 SRC2 RCntl Memory PCwrite Seq
BEQ1 subt A B ALUOut-0 Fetch

CWRU EECS 322 March 6, 2000




T3 Dispatch 1: Jumpl

|
PC — PC[31-28] || IR[25-0]<<2 .
|
--------------------------------- .
| :
Instrlliclﬂ]. | Readl M
Address [25-21] - " | register 1 u
Read[d
Instruction o | ReadD »| A X Zero
Memory [20- 16][ﬂ. ! " | register 2 data 1 _l—b 1 ALU
MemData [ u 0 Registers ALU =1 ALUOu
Instruction M Write Readp B result
(1501 ¥ instruction| u register  data 2 [T | © jge—_{0
| Writel Instructiond X 4]l
data . 1 Writed
register data o2 |
Instruction 3
[15-0]

»| Memory[
datal
register

Label ALU SRC1 SRC2 RCntl Memory PCwrite Seq
Jumpl Jaddr Fetch
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The Big Picture

Initial (] Finite statel] .
: : Microprogram

representation diagram

e
Sequencingl] Explicit nextt] ~ Microprogram counterl]
control state function + dispatch ROMS
—
Logicll Logicl] TruthO
representation equations tables

Implementation(]
technique

—

Programmablel] Read only(]
logic array memory
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