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Adapted from class notes of D. Patterson 
C opy ri g h t 1 9 9 8 ,  2 0 0 0  U C B

Single-cycle Design-1 Computer Architecture
CTKing/TTHwang

Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� C ont rol  f or t h e singl e-cy cl e C P U
� Control of CPU operations
� A L U c ontroller
� M ain c ontroller
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H o w  to  D es ig n a  P r o c es s o r ?
1 .  A nal y z e inst ru ct ion set  (d at apat h req u irem ent s)
� T h e m eaning  of eac h  instru c tion is g iv en b y  th e register 
tra n sf ers
� D atapath m u st inc lu d e storag e elem ent
� D atapath m u st su pport eac h  reg ister transfer

2 .  S el ect  set  of  d at apat h com ponent s and  est ab l ish  
cl ock ing m et h od ol ogy

3 . A ssem b l e d at apat h m eet ing t h e req u irem ent s
4 .  A nal y z e im pl em ent at ion of  each  inst ru ct ion t o 
d et erm ine set t ing of  cont rol  point s ef f ect ing regist er 
t ransf er

5 .  A ssem b l e t h e cont rol  l ogic

Single-cycle Design-3 Computer Architecture
CTKing/TTHwang

� A l l  M I P S  inst ru ct ions are 3 2  b it s l ong w it h  3  f orm at s:
� R-ty pe:

� I-ty pe:
� J-ty pe:

� T h e d if f erent  f iel d s are:
� op:  operation of th e instru c tion
� rs,  rt,  rd :  sou rc e and  d estination reg ister
� sh am t:  sh ift am ou nt
� fu nc t:  selec ts v ariant of th e “op” field
� ad d ress /  im m ed iate
� targ et ad d ress:  targ et ad d ress of j u m p

op target address
02631

6 bits 26 bits

op rs rt rd shamt funct
061116212631

6 bits 6 bits5 bits5 bits5 bits5 bits

op rs rt immediate
016212631

6 bits 16 bits5 bits5 bits

S tep  1 :  A na ly z e I ns tr uc tio n S et
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op rs rt rd shamt funct
061116212631

6 bits 6 bits5 bits5 bits5 bits5 bits

op rs rt immediate
016212631

6 bits 16 bits5 bits5 bits

op rs rt immediate
016212631

6 bits 16 bits5 bits5 bits

op address
016212631

6 bits 26 bits

Our  E x a m p le:  A  M I P S  S ub s et
� R-T y pe:
� ad d  rd ,  rs,  rt
� su b  rd ,  rs,  rt
� and  rd ,  rs,  rt
� or rd ,  rs,  rt
� slt rd ,  rs,  rt

� L oad / S t ore:
� lw rt, rs, im m 1 6
� sw rt, rs, im m 1 6

� B ranch :
� b eq rs, rt, im m 1 6

� J u m p:
� j  targ et
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L o g ic a l R eg is ter  T r a ns f er s

M E M [  PC  ]  =  op |  rs |  rt |  rd |  sh amt |  fu nct
or       =  op |  rs |  rt |    I mm1 6
or       =  op |  I mm2 6

I nst Reg i ster transfers
ADD R[ rd]  < - R[ rs]  +  R[ rt] ;     PC  < - PC  +  4
S U B R[ rd]  < - R[ rs]  - R[ rt] ;     PC  < - PC  +  4
L O AD R[ rt]  < - M E M [  R[ rs]  +  si g n_ ex t( I mm1 6 )] ;     PC  < - PC  +  4
S T O RE M E M [  R[ rs]  +  si g n_ ex t( I mm1 6 ) ]  < -R[ rt] ;     PC  < - PC  +  4
B E Q i f ( R[ rs]  = =  R[ rt] ) th en PC  < - PC  +  4  +  si g n_ ex t( I mm1 6 )]  | |  0 0

else PC  < - PC  +  4

� RT L  giv es t h e m eaning of  t h e inst ru ct ions
� A l l  st art  b y  f et ch ing t h e inst ru ct ion,  read  regist ers,  
t h en u se A L U  = >  sim pl icit y  and  regu l arit y  h el p
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R eq uir em ents  o f  I ns tr uc tio n S et
A f t er ch eck ing t h e regist er t ransf ers,  w e can see t h at  
d at apat h need s t h e f ol l ow ings:

� M em ory
� store instru c tions and  d ata

� Regist ers (3 2  x  3 2 )
� read  RS
� read  RT
� W rite RT  or RD

� P C
� E x t end er f or z ero- or sign-ex t ension
� A d d  and  su b  regist er or ex t end ed  im m ed iat e
� A d d  4  or ex t end ed  im m ed iat e t o P C
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� C ont rol  f or t h e singl e-cy cl e C P U
� Control of CPU operations
� A L U c ontroller
� M ain c ontroller
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� Basic building blocks of  com b inat ional  l ogic 
el em ent s :

32

32

A

B
32 Sum

Carry

32

32

A

B
32 Result

ALU control

32A

B 32

Y32

Select

A
dder

M
U

X

A
LU

CarryIn

Adder MUX

ALU

4

S tep  2 a :  D a ta p a th C o m p o nents
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S t orage el em ent s:
� Regist er:
� S im ilar to th e D  F lip F lop ex c ept

� N-b i t i npu t and ou tpu t
� W ri te E nab le i npu t

� W rite E nab le:
� neg ated ( 0 ):  Data O u t w i ll not ch ang e
� asserted ( 1 ):  Data O u t w i ll b ecome Data I n

Clk

Data In

Write Enable

N N
Data Out

S tep  2 b :  D a ta p a th C o m p o nents
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Clk

busW

Write Enable

32
32

busA

32
busB

5 5 5
RW RA RB

32-bit
Registers

S to r a g e E lem ent:  R eg is ter  F ile
� C onsist s of  3 2  regist ers:
� A ppend ix  B . 8
� T w o 3 2 -b it ou tpu t b u sses:
b u sA and  b u sB
� O ne 3 2 -b it inpu t b u s:  b u sW

� Regist er is sel ect ed  b y :
� RA  selec ts th e reg ister to pu t on b u sA (d ata)
� RB  selec ts th e reg ister to pu t on b u sB (d ata)
� RW  selec ts th e reg ister to b e  w ritten v ia b u sW (d ata) 
w h en W rite E nab le is 1

� C l ock  inpu t  (C L K )  
� T h e CL K  inpu t is a fac tor O N L Y  d u ring  w rite operation
� D u ring  read ,  b eh av es as a c om b inational c irc u it
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Clk

Data In

Write Enable

32 32
DataOut

Address

S to r a g e E lem ent:  M em o r y
� M em ory  (id eal iz ed )
� A ppend ix  B . 8
� O ne inpu t b u s:  D ata In
� O ne ou tpu t b u s:  D ata O u t

� W ord  is sel ect ed  b y :
� A d d ress selec ts th e w ord  topu t on D ata O u t
� W rite E nab le =  1 :  ad d ress selec ts th e m em oryw ord  to b e w ritten v ia th e D ata In b u s

� C l ock  inpu t  (C L K )
� T h e CL K  inpu t is a fac tor O N L Y  d u ring  w rite operation
� D u ring  read  operation,  b eh av es as a c om b inational log ic  b loc k :

� Address v ali d = >  Data O u t v ali d after access ti me
� No need for read control
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PC

Instruction 
memory

Read 
address

Instruction

4

Add

� I nst ru ct ion f et ch  u nit : com m on operat ions
� F etc h  th e instru c tion:  m em [ PC]
� Upd ate th e prog ram  c ou nter:

� S eq u enti al code:  PC  < - PC  +  4  
� B ranch  and J u mp:    PC  < - “S ometh i ng  else”

S tep  3 a :  D a ta p a th A s s em b ly

F ig.  5 . 6
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op rs rt rd shamt funct
061116212631

6 bits 6 bits5 bits5 bits5 bits5 bits

Instruction
Registers

Write 
register

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Write 
data

ALU 
result

ALU
Zero

RegWrite

ALU operation3rs

rt

rd

S tep  3 b :  A d d  a nd  S ub tr a c t
� R[ rd ] < - R[ rs] op R[ rt ] E x : ad d     rd ,  rs,  rt
� Ra,  Rb ,  Rw c om e from  inst. ’s rs,  rt,  and  rd  field s
� A L U and  Reg W rite:  c ontrol log ic  after d ec od e 

F ig.  5 . 7

4
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Instruction

16 32

Registers
Write 
register

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Data 
memory

Write 
data

Read 
data

Write 
data

Sign 
extend

ALU 
result

Zero
ALU

Address

MemRead

MemWrite

RegWrite

ALU operation3

S tep  3 c :  L o a d / S to r e Op er a tio ns
� R[ rt] < -M em[ R[ rs] + S i g nE x t[ i mm1 6 ] ]    E x :  lw rt, rs, i mm1 6

F ig.  5 . 8

rs

rt

rt

11

op rs rt immediate
016212631

6 bits 16 bits5 bits5 bits rd

4
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D a ta p a th f o r  M em o r y  a nd  R -ty p e ( b + c )

F ig.  5 . 1 0
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� b eq rs,  rt ,  im m 1 6
m em [ PC] F etc h  inst.  from  m em ory

E q u al < - R[ rs] = =  R[ rt] Calc u late b ranc h  c ond ition

if (CO N D  = =  0) Calc u late nex t inst.  ad d ress
PC   < - PC  +  4  +  (  S i g nE x t( i mm1 6 ) x  4  )

else
PC   < - PC  +  4

op rs rt immediate
016212631

6 bits 16 bits5 bits5 bits

S tep  3 d :  B r a nc h  Op er a tio ns
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16 32
Sign 

extend

ZeroALU

Sum

Shift 
left 2

To branch 
control logic

Branch target

PC + 4 from instruction datapath

Instruction

Add

Registers
Write 
register

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Write 
data

RegWrite

ALU operation
3

D a ta p a th f o r  B r a nc h  Op er a tio ns
� b eq rs,  rt ,  im m 1 6

F ig.  5 . 9

4
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� C ont rol  f or t h e singl e-cy cl e C P U
� Control of CPU operations
� A L U c ontroller
� M ain c ontroller
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A  S ing le C y c le D a ta p a th

PC

Instruction 
memory

Read 
address

Instruction

16 32

Add ALU 
result

M 
u 
x

Registers

Write 
register
Write 
data

Read 
data 1

Read 
data 2

Read 
register 1
Read 
register 2

Shift 
left 2

4

M 
u 
x

ALU operation3

RegWrite

MemRead

MemWrite

PCSrc

ALUSrc

MemtoReg

ALU 
result

Zero
ALU

Data 
memory

Address 
 

Write 
data

Read 
data M  

u 
x

Sign 
extend

Add

F ig.  5 . 1 1
4
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PC

Instruction 
memory

Read 
address

Instruction

16 32

Add ALU 
result

M 
u 
x

Registers

Write 
register
Write 
data

Read 
data 1

Read 
data 2

Read 
register 1
Read 
register 2

Shift 
left 2

4

M 
u 
x

ALU operation3

RegWrite

MemRead

MemWrite

PCSrc

ALUSrc

MemtoReg

ALU 
result

Zero
ALU

Data 
memory

Address 
 

Write 
data

Read 
data M  

u 
x

Sign 
extend

Add

D a ta  F lo w  d ur ing  add

F ig.  5 . 1 1

• Clocking
• d a t a  f low s  in 
ot h e r  p a t h s

1
0
0
.
.
0
1
0
0 �

4
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C lo c k ing  M eth o d o lo g y
� Def ine w h en signal s are read  and  w rit t en
� A ssu m e ed ge-t riggered :
� V alu es in storag e (state) elem ents u pd ated  only  on a 
c loc k  ed g e
= >  c loc k  ed g e sh ou ld  arriv e only  after inpu t sig nals 
stab le
� A ny  c om b inational c irc u it m u st h av e inpu ts from  and  
ou tpu ts to storag e elem ents
� Clock cycle :  tim e for sig nals to propag ate from  one 
storag e elem ent,  th rou g h  c om b inational c irc u it,  to 
reac h  th e sec ond  storag e elem ent
� A  reg ister c an b e read ,  its v alu e propag ated  th rou g h  
som e c om b inational c irc u it,  new  v alu e is w ritten b ac k  
to th e sam e reg ister,  all in sam e c y c le = >  no feed b ac k  
w ith in a sing le c y c le

R eg is ter -R eg is ter  T im ing

32
Result

ALUctr

Clk

busW

RegWr

32
32

busA

32
busB

5 5 5

Rw Ra Rb
32 32-bit
Registers

Rs RtRd

A
LU

Clk

PC

Rs, Rt, Rd,
Op, Func

Clk-to-Q

ALUctr

Instruction Memory Access Time

Old Value New Value

RegWr Old Value New Value

Delay through Control Logic

busA, 
B

Register File Access Time
Old Value New Value

busW
ALU Delay

Old Value New Value

Old Value New Value

New ValueOld Value

Register Write
Occurs Here

Ideal
Instruction

Memory

P
C

32

Clk
Single-cycle Design-23 Computer Architecture
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Critical Path (Load Operation) = 
PC’s Clk-to-Q +
Instruction memory’s Access Time +
Register file’s Access Time +
ALU to Perform a 32-bit Add +
Data Memory Access Time +
Setup Time for Register File Write +
Clock Skew

Clk

5

Rw Ra Rb
32 32-bit
Registers

Rd

A
LU

Clk

Data In

Data
Address

Ideal
Data

Memory

Instruction

Instruction
Address

Ideal
Instruction

Memory

C
lk

P
C

5
Rs

5
Rt

16
Imm

32

32
3232

A

B

N
ex

t A
dd

re
ss

T h e C r itic a l P a th
� Regist er f il e and  id eal  m em ory :
� D u ring  read ,  b eh av e as c om b inational log ic :

� Address v ali d = >  O u tpu t v ali d after access ti me
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� C ont rol  f or t h e singl e-cy cl e C P U
� Control of CPU operations
� A L U c ontroller
� M ain c ontroller
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ALUctr
RegDst ALUSrc

MemRd MemtoRegMemWr Equal

I nstru cti on< 3 1 : 0 >

<21:25>

<16:20>

<11:15>

<0:15>

Imm16RdRsRt

PCsrc

Addr

I nst.
M emory

Dat apat h

C ont rol

Op

<21:25>

Funct

RegWr

S tep  4 :  C o ntr o l P o ints  a nd  S ig na ls
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D es ig ning  M a in C o ntr o l
� S om e ob serv at ions:
� opc od e (O p[ 5 -0]) is alw ay s in b its 3 1 -2 6
� tw o reg isters to b e read  are alw ay s in rs (b its 2 5 -2 1 ) 
and  rt (b its 2 0-1 6 ) (for R-ty pe,  b eq ,  sw )
� b ase reg ister for lw and  sw is alw ay s in rs (2 5 -2 1 )
� 1 6 -b it offset for b eq ,  lw ,  sw is alw ay s in 1 5 -0
� d estination reg ister is in one of tw o positions:

� lw :  i n b i ts 2 0 -1 6  ( rt)
� R-ty pe:  i n b i ts 1 5 -1 1  ( rd)
= >  need a mu lti plex  to select th e address for w ri tten reg i ster
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D a ta p a th w ith  M ux a nd  C o ntr o l

MemtoReg

MemRead

MemWrite

ALUOp

ALUSrc

RegDst

PC

Instruction 
memory

Read 
address

Instruction 
[31– 0]

Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

RegWrite

4

16 32Instruction [15– 0]

0
Registers

Write 
register
Write 
data

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1
Read 
register 2

Sign 
extend

ALU 
result

Zero

Data 
memory

Address Read 
data M 

u 
x

1

0

M 
u 
x

1

0

M  
u 
x

1

0

M  
u 
x

1

Instruction [15– 11]

ALU 
control

Shift 
left 2

PCSrc

ALU

Add ALU 
result

F ig.  5 . 1 5

C ontrol poi nt
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� A L U op is 2 -b it  w id e t o represent :
� “I-ty pe” req u iring  th e A L U to perform :

� ( 0 0 ) add for load/ store and ( 0 1 ) su b  for b eq
� “R-ty pe” (1 0,  need  to referenc e func field

Main
Control

Op code
6

ALU
Control
(Local)

func

2

6
ALUop

ALUctr
3

R-type lw sw beq jump
ALUop (Symbolic) “R-type” Add Add Subtract xxx

ALUop<2:0> 10 00 00 01 xxx

Our  P la n f o r  th e C o ntr o ller

op rs rt rd shamt funct
061116212631

R-type

A
LU
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D a ta p a th w ith  C o ntr o l U nit

PC

Instruction 
memory

Read 
address

Instruction 
[31– 0]

Instruction [20  16]

Instruction [25  21]

Add

Instruction [5  0]

MemtoReg
ALUOp
MemWrite

RegWrite

MemRead
Branch
RegDst

ALUSrc

Instruction [31  26]

4

16 32Instruction [15  0]

0

0M 
u 
x

0

1

Control

Add ALU 
result

M  
u 
x

0

1

Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Sign 
extend

M 
u 
x

1

ALU 
result

Zero

PCSrc

Data 
memory

Write 
data

Read 
data

M 
u 
x

1

Instruction [15  11]

ALU 
control

Shift 
left 2

ALU
Address

F ig.  5 . 1 7
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op rs rt rd shamt funct
061116212631

6 bits 6 bits5 bits5 bits5 bits5 bits

Op er a tio n o f  D a ta p a th :  a d d

� ad d rd ,  rs,  rt
m em [ PC] 1 .  F etc h  th e instru c tion
PC+ 4 from  m em ory
R[ rs],  R[ rt] 2 .  Instru c tion d ec od e

and  read  operand s
R[ rs] +  R[ rt] 3 .  E x ec u te th e ac tu al operation
R[ rd ] < - A L U 4 .  W rite b ac k  to targ et reg ister
PC < - PC+ 4  
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CTKing/TTHwang

PC

Instruction 
memory

Read 
address

Instruction 
[31– 0]

Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

MemtoReg
ALUOp
MemWrite

RegWrite

MemRead
Branch
RegDst

ALUSrc

Instruction [31– 26]

4

16 32Instruction [15– 0]

0

0M 
u 
x

0

1

Control

Add ALU 
result

M 
u 
x

0

1

Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Sign 
extend

Shift 
left 2

M 
u 
x

1

ALU 
result

Zero

Data 
memory

Write 
data

Read 
data

M 
u 
x

1

Instruction [15– 11]

ALU 
control

ALU
Address

I ns tr uc tio n F etc h  a t S ta r t o f  Add
� inst ru ct ion < - m em [ P C ];    P C  +  4

F ig.  5 . 1 9
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PC

Instruction 
memory

Read 
address

Instruction 
[31– 0]

Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

MemtoReg
ALUOp
MemWrite

RegWrite

MemRead
Branch
RegDst

ALUSrc

Instruction [31– 26]

4

16 32Instruction [15– 0]

0

0M 
u 
x

0

1

Control

Add ALU 
result

M 
u 
x

0

1

Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Sign 
extend

Shift 
left 2

M 
u 
x

1

ALU 
result

Zero

Data 
memory

Write 
data

Read 
data

M 
u 
x

1

Instruction [15– 11]

ALU 
control

ALU
Address

I ns tr uc tio n D ec o d e o f  Add
� F et ch  t h e t w o operand s and  d ecod e inst ru ct ion:

F ig.  5 . 1 9

Single-cycle Design-33 Computer Architecture
CTKing/TTHwang

PC

Instruction 
memory

Read 
address

Instruction 
[31– 0]

Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

MemtoReg
ALUOp
MemWrite

RegWrite

MemRead
Branch
RegDst

ALUSrc

Instruction [31– 26]

4

16 32Instruction [15– 0]

0

0M 
u 
x

0

1

Control

Add ALU 
result

M 
u 
x

0

1

Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Sign 
extend

Shift 
left 2

M 
u 
x

1

ALU 
result

Zero

Data 
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control
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A L U  Op er a tio n d ur ing  Add
� R[ rs]  +   R[ rt ]
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data
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u 
x

1

Instruction [15– 11]

ALU 
control

ALU
Address

W r ite B a c k  a t th e E nd  o f  Add
� R[ rd ] < - A L U ;      P C  < - P C  +  4

F ig.  5 . 1 9
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PC
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memory
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address

Instruction 
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Instruction [20– 16]

Instruction [25– 21]

Add

Instruction [5– 0]

MemtoReg
ALUOp
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RegWrite

MemRead
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RegDst

ALUSrc

Instruction [31– 26]
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register 2

Sign 
extend

Shift 
left 2

M 
u 
x

1

ALU 
result

Zero

Data 
memory

Write 
data

Read 
data

M 
u 
x

1

Instruction [15– 11]

ALU 
control

ALU
Address

D a ta p a th Op er a tio n f o r  lw
� R[ rt ]  < - M em ory  { R[ rs] +  S ignE x t [ im m 1 6 ]}

F ig.  5 . 2 0
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PC
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address
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0

0M 
u 
x

0

1

Control

Add ALU 
result

M 
u 
x

0

1

Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
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ALU 
result

Zero

Data 
memory

Write 
data

Read 
data

M 
u 
x

1

Instruction [15– 11]

ALU 
control

ALU
Address

D a ta p a th Op er a tio n f o r  beq
if  ( R [ r s ] -R [ r t ] ==0)  t h e n Z e r o< -1  e ls e   Z e r o< -0
if  ( Z e r o==1 )  t h e n P C=P C+ 4 + s ignE x t [ im m 1 6 ] * 4 ;   e ls e   P C = P C +  4

F ig.  5 . 2 1
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� C ont rol  f or t h e singl e-cy cl e C P U
� Control of CPU operations
� A L U c ontroller
� M ain c ontroller
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Reg Dst:   0 = > rt; 1 = > rd Reg W ri te:   1 = > w ri te dest. reg .
AL U src:   0 = > reg B ; PC src:   0 = > PC < -PC + 4 ;

1 = > i mmed 1 = > PC < -b ranch  addr.
M emRd: 1 = > read memory M emW r: 1 = > w ri te memory
M emtoReg :  0 = > w ri te reg . from AL U ;

1 = > w ri te reg . from memory
ins t  R e gis t e r  T r a ns f e r
A D D R [ r d ]  < - R [ r s ]  +  R [ r t ] ; P C < - P C +  4

A L U s r c = R e gB ,  A L U ct r = “a d d ”,  R e gD s t = r d ,  R e gW r ,  P Cs r c = “+ 4 ”
S U B R [ r d ]  < - R [ r s ]  - R [ r t ] ; P C < - P C +  4

A L U s r c = R e gB ,  A L U ct r = “s u b ”,  R e gD s t = r d ,  R e gW r ,  P Cs r c = “+ 4 ”
L O A D R [ r t ]  < - M E M [  R [ r s ]  +  s ign_ e x t ( I m m 1 6 ) ] ; P C < - P C +  4

A L U s r c = I m ,  A L U ct r = “a d d ”,  M e m t oR e g,  R e gD s t = r t ,  R e gW r ,  P Cs r c=“+ 4 ”
S T O R E M E M [  R [ r s ]  +  s ign_ e x t ( I m m 1 6 ) ]  < - R [ r s ] ; P C < - P C +  4

A L U s r c = I m ,  A L U ct r = “a d d ”,  M e m W r ,  P Cs r c = “+ 4 ”
B E Q if  ( R [ r s ] ==R [ r t ] )  t h e n P C< -P C+ s ign_ e x t ( I m m 1 6 ) ]  | |  00 e ls e  P C< -P C+ 4

P Cs r c = B r a nch  a d d r e s s ,  A L U ct r = “s u b ”

C o ntr o l S ig na ls

(F ig.  5 . 1 6 )
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S tep  5 a :  I m p lem ent A L U  C o ntr o l
� Recal l : A L U  d esign in C h apt er 3  and  f u nc

ALUctr ALU Operation
0000
0001
0010
0110
0111

AND
OR
add
sub

set-on-less-than

funct<5:0> Instruction Operation
10 0000
10 0010
10 0100
10 0101
10 1010

add
subtract
and
or
set-on-less-than

ALUop func
bit<1> bit<0> bit<2> bit<1> bit<0>bit<3>

0 0 x

ALUctrALU
Operation

Add 1 0
bit<2> bit<1> bit<0>

0 0 Add 0
0 1 Subtract 0
1 0 Add 0
1 0 Subtract 0
1 0 And 0
1 0

x
x
x
0
0
0
0

x
x
x
0
1
0
0

x
x
0
0
0
1 Or

0
0
1
0
1
0
0

1
1
1
1
0
0 1

1 0 1

x
x
x
0
0
1
1
0 1 0 Set on < 1 1 1

lw
sw
beq
R
R
R
R
R

bit<4>bit<5>
x
x
x
0
0
0
0

x
x
x
1
1
1
1
1 0

bit<3>

0
0
0
0
0
0
0

0
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L o g ic  E q ua tio n f o r  A L U c tr

x

ALUop func
bit<1> bit<0> bit<2> bit<1> bit<0>bit<3>

0 0 x

ALUctr

1 0
bit<2> bit<1> bit<0>

x 1 0

1 x 0
1 x 0
1 x 0
1 x

x

x

0
0
0
0

x

x

0
1
0
0

x

0
0
0
1

0

1

0
1
0
0

1

1
1
0
0 1

1 x 1

x

x

0
0
1
1
0 1 0 1 1 1

bit<4>bit<5>
x

x

x
x
x
x

x

x

x
x
x
x

x

bit<3>

0

0
0
0
0
0

0

F ig.  5 . 1 3
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A L U ct r2   =   A L U op0
+  A L U op1 ����f u nc2 ’����f u nc1 ����f u nc0 ’

ALUop func
bit<1> bit<0> ALUctr<2>

x 1 1
1 x 1
1 x

bit<2>
x
0
0

bit<1>
x
1
1

bit<0>
x
0
0 1

bit<3>
x
0
1

This makes func<3> a don’t care

L o g ic  E q ua tio n f o r  A L U c tr 2

bit<4>
x
x
x

bit<5>
x
x
x

F ig.  5 . 1 3
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A L U ct r1   =   A L U op1 ’
+  A L U op1 ����f u nc2 ’����f u nc0 ’

ALUop func
bit<1> bit<0>

0 0
ALUctr<1>

x 1
1 x
1 x
1 x

bit<2>
x
x
0
0
0

bit<0>
x
x
0
0
0

1
1
1
1
1

bit<3>
x
x
0
0
1

bit<1>
x
x
0
1
1

L o g ic  E q ua tio n f o r  A L U c tr 1
bit<4>

x
x
x
x
x

bit<5>
x
x
x
x
x
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A L U ct r0   =   ALUop1
����f u n c 3 ’����f u n c 2 ����f u n c 1’����f u n c 0
+  ALUop1’����f u n c 3
����f u n c 2 ’����f u n c 1����f u n c 0 ’

� S ee F ig.  5 . 1 3  f or com pl et e t ru t h  t ab l e

ALUop func
bit<1> bit<0> ALUctr<0>

1 x 1
1 x

bit<3>
0
1

bit<2>
1
0

bit<1>
0
1

bit<0>
1
0 1

L o g ic  E q ua tio n f o r  A L U c tr 0

F ig.  5 . 1 3

bit<4>
x
x

bit<5>
x
x



Single-cycle Design-44 Computer Architecture
CTKing/TTHwang

T h e R es ulta nt A L U  C o ntr o l B lo c k

Operation2

Operation1

Operation0

Operation

ALUOp1

F3

F2

F1

F0

F (5– 0)

ALUOp0

ALUOp

ALU control block

F ig.  C . 2 . 3
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Outline
� Designing a processor
� B u il d ing t h e d at apat h
� A  singl e-cy cl e im pl em ent at ion
� C ont rol  f or t h e singl e-cy cl e C P U
� Control of CPU operations
� A L U c ontroller
� M ain c ontroller
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S tep  5 b :  I m p lem ent M a in C o ntr o l
� L ogic eq u at ion f or each  cont rol  signal :
B ranch : if  (O P  = =  B E Q )  t h en 1  el se 0
A L U src : if  (O P  = =  0 )  t h en regB el se im m ed
A L U op: if  (O P  = =  0 )  t h en  f u nct

el seif (O P  = =  B E Q )  t h en “su b ”
el se “ad d ”

M em W r: (O P  = =  S W )
M em t oReg: (O P  = =  L W )
RegW r: if  ((O P  = =  S W )  | |  (O P  = =  B E Q ) )

t h en 0  el se 1
RegDst : if  (O P  = =  L W )  t h en 0  el se 1
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add sub lw sw beq
RegDst
ALUSrc
MemtoReg
RegWrite

MemWrite
Branch
ALUop1

ALUop0

1
0
0
1

0
0
1

0

1
0
0
1

0
0
1

0

0
1
1
1

0
0
0

0

x
1
x
0

1
0
0

0

x
0
x
0

0
1
0

1

func
op 00 0000 00 0000 10 0011 10 1011 00 0100Appendix A

10 0000See 10 0010 We Don’t Care :-)

T r uth  T a b le o f  C o ntr o l S ig na ls

MemRead 0 0 1 0 0 F ig.  5 . 2 2

Main
Control

Op code
6

ALU
Control
(Local)

func

2

6

ALUop

ALUctr
4

RegDst
ALUSrc

:
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R-type lw sw beq
RegWrite 1 1 0 0

Op code 00 0000 10 0011 10 1011 00 0100

RegW rit e =   R-t y pe  +   l w
=  op5 ’����op4 ’����op3 ’����op2 ’����op1 ’����op0’ (R-ty pe)
+  op5 ����op4 ’����op3 ’����op2 ’����op1 ���� op0 (lw )

op<0>

op<5>. .op<5>. .
<0>

op<5>. .
<0>

op<5>. .
<0>

op<5>. .
<0>

R-type lw sw beq jump
RegWrite

T r uth  T a b le f o r  R eg W r ite

X
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P L A  I m p lem enting  M a in C o ntr o l

R-format Iw sw beq

Op0

Op1
Op2

Op3

Op4

Op5

Inputs

Outputs

RegDst

ALUSrc

MemtoReg

RegWrite

MemRead

MemWrite

Branch

ALUOp1

ALUOpO

F ig.  C . 2 . 5
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P utting  it A lto g eth er  ( +  j um p  ins tr uc tio n)

Shift 
left 2

PC

Instruction 
memory

Read 
address

Instruction 
[31– 0]

Data 
memory

Read 
data

Write 
data

Registers
Write 
register

Write 
data

Read 
data 1

Read 
data 2

Read 
register 1

Read 
register 2

Instruction [15– 11]

Instruction [20– 16]

Instruction [25– 21]

Add

ALU 
result

Zero

Instruction [5– 0]

MemtoReg
ALUOp
MemWrite

RegWrite

MemRead
Branch
Jump
RegDst

ALUSrc

Instruction [31– 26]

4

M 
u 
x

Instruction [25– 0] Jump address [31– 0]

PC+4 [31– 28]

Sign 
extend

16 32Instruction [15– 0]

1

M  
u 
x

1

0

M 
u 
x

0

1

M 
u 
x

0

1

ALU 
control

Control

Add ALU 
result

M 
u 
x

0

1 0

ALU

Shift 
left 226 28

Address

F ig.  5 . 2 4

W o r s t C a s e T im ing  ( L o a d )
Clk

PC

Rs, Rt, Rd,
Op, Func

Clk-to-Q

ALUctr

Instruction Memoey Access Time

Old Value New Value

RegWr Old Value New Value

Delay through Control Logic

busA
Register File Access Time

Old Value New Value

busB

ALU Delay

Old Value New Value

Old Value New Value

New ValueOld Value

ExtOp Old Value New Value

ALUSrc Old Value New Value

MemtoReg Old Value New Value

Address Old Value New Value

busW Old Value New

Delay through Extender & Mux

Register
Write Occurs

Data Memory Access Time
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D r a w b a c k  o f  S ing le-C y c le D es ig n
� L ong cy cl e t im e:
� Cy c le tim e m u st b e long  enou g h  for th e load  
instru c tion:
PC ’s C lock  -to-Q   +
I nstru cti on M emory  Access T i me +
Reg i ster F i le Access T i me  +
AL U  Delay  ( address calcu lati on)  +
Data M emory  Access T i me  +
Reg i ster F i le S etu p T i me  +
C lock  S k ew

� C y cl e t im e f or l oad  is m u ch  l onger t h an need ed  f or 
al l  ot h er inst ru ct ions
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S um m a r y
� S ingl e cy cl e d at apat h = >  C P I = 1 ,  C l ock  cy cl e t im e 
l ong

� 5  st eps t o d esign a processor:
1 .  A naly z e IS A  = >  d atapath req u irem ents
2 .  S elec t set of d atapath c om ponents
3 .  A ssem b le d atapath m eeting  th e req u irem ents
4 .  A naly z e im plem entation of eac h  instru c tion to 
d eterm ine setting  of c ontrol points

5 .  A ssem b le th e c ontrol log ic
� M I P S  m ak es cont rol  easier
� Instru c tions sam e siz e
� S ou rc e reg isters alw ay s in sam e plac e
� Im m ed iates sam e siz e,  loc ation
� O perations alw ay s on reg isters/ im m ed iates


