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Major Goals 2

Q To present the design of MIPS processor
O Single-cycle implementation
O Pipelined single-cycle implementation

A To illustrate to datapath & control for both implementations
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What Do We Study in this Chapter?

a Focus on implementing of a subset of the core MIPS instruction set
O Memory-reference instructions: 1w, sw

O Arithmetic-logical instructions: add, sub, and, or, slt
O Branch and jump instructions: beq, j

A Instructions not included:
Q Integer instructions such as those for multiplication and division
O Floating-point instructions
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How Is an Instruction Executed?

1. Fetch the instruction from memory location indicated by program
counter (PC)

2. Decode the instruction — to find out what to perform
Meanwhile, read source registers specified in the instruction fields
Q 1w instruction require reading only one register

Q most other instructions require reading two registers

3. Perform the operation required by the instruction using the ALU
O Arithmetic & logical instructions: execute
QO Memory-reference instructions: use ALU for address calculation
O Conditional branch instructions: use ALU for comparison

4, Memory access: 1w and sw instructions

5. Write back the result to the destination register
Increment PC by 4 or change PC to branch target address
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Brief Overview of MIPS Processor Implementation

PC
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1. Building a Datapath
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Basic Building Blocks

Q Instruction memory:

Q A memory unit that stores the instructions of a program

Q Supplies an instruction given its address
O Program counter:

Q A register storing the address of the instruction being executed
Q Adder:

Q A unit that increments PC to form the address of next instruction

—p| INstruction
address —
>| PC
Instruction = >Add Sum
Instruction
memory —
a. Instruction memory b. Program counter c. Adder
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Executing Instruction

1. Fetch the current instruction from memory using PC

2. Prepare for the next instruction
» By incrementing PC by 4 to point to next instruction (base case)
»  Will worry about the branches later

Read
address

INSIrUCtiON |[r—

Instruction
memory
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Datapath for Arithmetic/Logical (R-Type) Instr.

a E.g.: add $t0, $sl1, $s2
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Register | Value
000000 \10003) \10010 \01000} 00000 | 100000 ) 200
6bits  5pffs\ 5 )i‘é Sp6 Sbits 6 bits
Read 100
) register 1 Read .
.H e Read e Zero
register 2 Register >
Instruction .
rermory Write e re'gtlltJ =
. register 200
Write data 2
data
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Datapath for Load/Store (I-Format) Instr.

Q E.g.: 1w $t0, 1000 ($s1) Register | Value
t0 200
35 17 (s1) | 8 (10) 1000 (immediate) s1 100
100011 | 10001 | 01000 | 0000 0011 1110 1000 Memory[1100]

6 bits 5 bits 5 bits 16 bits 50

instr[25-21] AN 34] ALU operation @ 0
: register 1 100 MemWrite
instr[20-16] Read —

Read data 1
Instruction register 2 Zerof—>
. Registers ALU ALU 50
instr[20-16] write result —| Address Read
register Read > / 1100
: data 2 -
.| Write
L mzzrﬁgr
@ RegWritel 200 ,| Write y
(not used) data
32

16
. 1000 \ | Sign
instr(15-0} (Offset)" |extend @

Note: For load word instruction, MemWrite has to be de-asserted so that the memory will not be modified by
incoming write data.
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Datapath for Branch (I-Format) Instr.

Q E.g.: beq $t0, $t1,'\\2}?

1
1000: beq $t0, $t1, L1}
1004: . 2 instructions PC+4 from 1004
1008: . are skipped Instruction datapath
1012: Ll1l: add $t0, $tl, S$t2 >Add Sum Branch target
1012
2 g
Register | Value ’ Iiptlfzt
t0 200
instr[25-21] ALU operation
Instruction register 1 Read 200
PC 1000 9 | Read data 1 !
register 2

Register To branch.
Write File control logic
register Read 200
Write data 2
data
RegWrite,
instr[15-0] @
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A Simple Single-Cycle Implementation

a We have already built a datapath for each instruction separately
a Now, we need to combine them into a single datapath

QO Key to combine

Share some of the resources (e.g., ALU)

among different instructions

Note:

Q This simple implementation is based on the (unrealistic) assumption
> i.e. all instructions take just one clock cycle each to complete

Q Implication:
O No datapath resource can be used more than once per instruction
Q Any element needed more than once must be duplicated
#* Instructions and data have to be stored in separate memories
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Combined Datapath for R-Type & Memory Instr.

d Use ALUSTrc to decide which source will be sent to the ALU
a Use MemtoReg to choose the source of output back to dest. register

4 —

Read

P Clé»
address

Instruction

Instruction
memory

@
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Read Registers
register 1
Read Read
register 2 datal
Write Read
register data 2
| Write
“|data
16 Sign

\
| extend

ALUSrc

result

32

v

Read
data

Address

Data
Write Mmemory
data

MemtoReg

—]
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Combined Datapath for Different Instr. Classes

PC

-

Read
address

Instruction

Instruction
memory

@
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>Add ALU
result

p—)>
Read Registers
register 1
Read Read >
register 2 data 1l A ysrc
Write Read
register data 2
Write
“|data —
16 - 32
N Sign
A extend

Zero
ALU ALU
result

Select the next PC:
Either PC+4 or branch

target address

v

Read
data

Address

Data

Write memory

data

—]

MemtoReg
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Muxing Two Possible Destination Registers

-

>Add ALU
result

s
Read Registers
Read “|register 1 3\
PC
> address Read dReald > MemtoReg
Instruction register 2 e ALUSrC zero
register data 2 result data
Instruction Write Data
memory data —
| write memory
| data

Destination register:
For R-format: itis rd field (bits 15-11)
For Iw: itis rtfield (bits 20-16)
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2. Control
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Overview: Datapath + Control Unit

P xcz ©

/

ALU
>Add result

N

Add
PCSrc

RegDst .
Branch

MemRead
MemtoReg
ALUOp
MemWrite
ALUSrc
RegWrite

Instrucfjon [31 -26]

/

Instruction [25

Read
regj 1

Read

pC address

Read
data 1

Instruction [20 -1 Read

Zero

register 2
Registers Read >ALU ALU

Instruction 0
M Write data 2 result
u

X

1

[31-0]

Address Read [,

Instruction data

memory

register

Instruction J15 -11]

/

InstrAn [15 0] 1\6 Sign

v lextend

Write

data Data

memory

P xcz9)

OxeczF

Write
data

32

Instruction [5 -0]

P

/

Topic we are going to discuss next
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Control Unit

Datapath control unit controls the whole operation of the datapath

a How? Through control signals, e.g.

® read/write signals for state elements: RegWrite, MemWrite, MemRead
® selector inputs for multiplexors: ALUSrc, MemtoReg, PCSrc, RegDst

® ALU control inputs (updated to 4 bits) for proper operations

ALU Control Input Function

0000 and

0001 or

0010 add

0110 subtract
0111 set on less than
1100 NOR

Q The ALU control is part of the datapath control unit
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Next: ALU Control

PC

Instruction [31 -26]

>Add
[ —
Read
address
Instruction
[31-0]
Instruction
memory

Control

Instruction [25 -21]

RegDst
Branch

ALU
>Add result

MemRead

xecZ ©

N

PCSrc

MemtoReg

ALUOp

MemWrite

/ ALUSIc

RegWrite

Read

Instruction [20 -16]

register 1

Read

Read data 1

L.g

M

u
Instruction [15 -11] 1X

Instruction [15 -0]

register 2
Registers Read

Write data 2
register

Write
data

P xcz9)

Zero
>ALU ALU

result

16 . 32
\ Sign |\

v lextend [ M

Instruction [5 -0]

Address

Write
data

Read
data

Data
memory

OxeczF
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Generation of ALU Control Input Bits

O Two common implementation techniques:
© 1-level decoding
— more input bits
@ 2-level decoding
+ less input bits, less complicated => potentially faster logic

I’ """"""""""" : ot T mm T T 1
| | Opcode —» ALU Op ! : Opcode :
1 |
! 6 bit 2 bit | | 6 bit I
I
|
: Function : 4 bit ) Function :
: code : : code :
' 6 bit | | 6 bit I
! L e e e e e e e e e m— I
2 levels of decoding: only 8 inputs are 1 level only, a logic circuit with
used to generate 3 outputs in 2" level 12 inputs is needed
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ALU Control Input Bits

O Inputs used by control unit to generate ALU control input bits:
Q ALUOp (2 bits)
Q Function code of instruction (6 bits)

Instruc!:ion Desire_d ALU Instruction ALUOp Function ALI.! control
operation action opcode code input
Iw add load word 00 XXXXXX 0010
swW add store word 00 XOOXX 0010
beq subtract branch equal 01 XXXXXX 0110
add add R-type 10 100000 0010
sub subtract R-type 10 100010 0110
and and R-type 10 100100 0000
or or R-type 10 100101 0001
sit set on less than R-type 10 101010 0111
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Implementing ALU Control Block

Q Start from truth table

O Smart design converts many entries in the table to don't-care terms,
leading to a simplified hardware implementation

ALUOp Function code .
Operation
ALUOpl1 ALUOpO F5 F4 F3 F2 F1 FO
0 0 X | X| X| X|X]| X 0010 lw, sw
X 1 X | X| X| X | X]| X 0110 beq
1 X Xx|x|loflo]o]o 0010 |
1 1 110
X X|x|o]o 0 0 R-type

1 X x|[x]o|]z1fo]o 0000 ” Instr.
1 X X X 0 1 0 1 0001
1 X x|x|1|lo]1]o0 0111 y

OQ Why we can come up with some many don’t care?
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Hardware Implementation of ALU Control Block

ALUOp
l, ALU control block
.ALUOpO
ALUOp1

Operation2

i

P Operation
F2 ¢ Operationl '
F (5-0) l

F1

)
FO J

OperationO
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Effects of Control Signals

Signal name

Effect when deasserted

Effect when asserted

The register destination number for The register destination number for the
RegDst the Write register comes from rt field | Write register comes from rd field (bits
(bits 20-16) 15-11)
Enable data write to the register
RegWrite None specified by the register destination
number
The second ALU operand comes from | The second ALU operand is the sign-
ALUSrc the second register file output (Read extended, lower 16 bits of the
data port 2). instruction
PCSre The next PC picks up the output of The next PC picks up the output of the
the adder that computes PC+4 adder that computes the branch target
Enable read from memory. Memory
MemRead None contents designated by the address are
put on the Read data output
Enable write to memory. Overwrite the
. memory contents designated by the
MemWrite None address with the value on the Write
data input
MemtoReg Feed the Write data input of the Feed the Write data input of the
register file with output from ALU register file with output from memory
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Setting of Control Signals

A The 9 control signals (7 from previous table + 2 from ALUOp) can be
set based entirely on the 6-bit opcode, with the exception of PCSrc

Q PCSrc control line is set if both conditions hold simultaneously:
a. Instruction is a branch, e.g. beq

b. Zero output of ALU is true (i.e., two source operands are equal)
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Checking the Conditions for PCSrc

PC

Instruction [31 -26]

>Add
[ —
Read
address
Instruction
[31-0]
Instruction
memory

Instruction [25 -21]

RegDst
Branch

ALU
>Add result

MemRead

xecZ ©

N

PCSrc

MemtoReg

”

ALUOp

MemWrite

/ ALUSIc

RegWrite

Read

Instruction [20 -16]

register 1

Read

Read data 1

L.g

M

u
Instruction [15 -11] 1X

Instruction [15 -0]

register 2
Registers Read

Write data 2
register

Write
data

Zero

16 .
\ Sign

>ALU ALU

result

P xcz9)

v lextend

Instruction [5 -0]

Address

Write
data

Read
data

Data
memory

OxeczF
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Setting of Control Signals (Cont'd)

Q Setting of control lines (output of control unit):

Instruction | 9" | 2" mﬁ'gg weg- | Pems| e | Branch | ALUOp1|ALUOpO
R-format 1] 0| o 1| 0| 0 0 1 0
o 0 | 1 | 1 1 1 0 0 0 0
sSwW X 1 X 0 0 1 0 0 0
e X | 0] X | 0 | 0| o 1 0 1

sw & beq will not modify any register, it is ensured by making RegWrite to 0
So, we don't care what write register & write data are

QA Input to control unit (i.e. opcode determines setting of control lines):

_ Op_code Opcode in binary
Instruction| " |ops|op4|op3|op2]op1]opo
R-format 0o |o0o|o0|o0|oO]|oO]oO
1w 35 | 1]0]o0|0] 1|1
= 43 |10 1]o0o]1]1t
beq 4 0 0 0 1 0 0
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Review Datapath for R-Type Instr.

/

P xcz ©

ALU
>Add result

>Add

Read
address

Instruction
memory

Instruction
[31-0]

Instruction [31 26

@

Instruction [25 -21]

rese ()

RegDst
Branch

MemRead
MemtoReg
ALUOp
MemWrite
/ ALUSIc
RegWrite

|

Instruction [20 -16]

Instruction [15 -11]

»| Read o
> register 1 Read
Read data 1 0
register 2

Registers Read
data 2

Read
data

Write

1 Address
register

Data

@
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Review Datapath for Load Instr.

P xcz ©

/

ALU
>Add result

>Add

Read
address

Instruction
memory

Instruction
[31-0]

12/

Instruction [25 -21]

Instruction [20 -16]

RegDst
Branch

|

MemRead

rese ()

MemtoReg

ALUOp

MemWrite

/ ALUSIc

RegWrite

11

Read

register 1

Read

@

E <

Instruction [15 -11]

Instruction [15 -0]

register 2
Registers

Write

[ register

Read|
data 1

Read
data 2
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Review Datapath for Branch Instr.

M

>Add result

PCSrc 1
RegDst left 2 =
)

MemRead
MemtoReg
ALUOp
MemWrite
/ ALUSIc
RegWrite

/

Instruction [25 -21] Read
) Read register 1
PC address | ion [20 -16] i
nstruction - » Read
i register 2 ce
mStr[gitlo(;]] ]: 0 _ Registers Read >ALU ALU

| " Write data 2 result Address Read| /)

Instruction u register e M

memory Instruction [15 11] [ X i :

K \é\;rt';e Data X

> memor
Write Y 2
data

@ Instruction [15 -0] 16 Sign

extend

Instruction [5 0]
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Implementing Datapath Control Unit

Q Start with truth table

Input or output Signal name R-format 1w

Op5 0 1 1 0
Op4 0 0 0 0
Op3 0 0 1 0
Inputs
Op2 0 0 0 1
Opl 0 1 1 0
Op0 0 1 1 0
RegDst 1 0 X X
ALUSrc 0 1 1 0
MemtoReg 0 1 X X
RegWrite 1 1 0 0
Outputs MemRead 0 1 0 0
MemWrite 0 0 1 0
Branch 0 0 0 1
ALUOp1 1 0 0 0
ALUOpO 0 0 0 1
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Hardware Implementation of Datapath Control Unit :2

Inputs

Op5 g —

Op4 1o * *

o i

Op1l

Op0 T T T

D000

R-forma Iw S beq
] )

[ )

!
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RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite

Branch
ALUOp1

ALUOpPO




Extend Datapath & Control to Handle Jump Instr.

Instruction [25-0] | Q\j u m p add r

\ \
=? |[31-0] ;
PC+4 [31-28] I\le
\ X
! ALU
A Add result 1 O
>Add
Jm —
4 —
Instruction [31-26]
» Control
Instruction [25—21] Read
y| Read register 1
—>|PC address Read
Instruction [20—16] Read data 1
Instruction I register 2
[31-0] 0 ) Registers Read 5 ALU aALu .
- M Write data 2 > result »| Address Read| . 7
Instruction u register M data M
memory ) X u
Instruction [15—11] ; u
1 —> \éVrtlte X Data X
- : memor
y 0
Write
data
Instruction [15-0] 1\6 Sign 3;2

\@\

Instruction [5- 0]
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Problems with Single-Cycle Datapath & Control

Single-cycle implementation can't run very fast

Why?

Q Every instruction takes one clock cycle (CPI = 1), and

Qa Clock cycle is determined by the longest path in the machine
> i.e. clock cycle is expected to be large, resulting in poor performance

What we have seen so far, the longest path is for a load instruction
Q Load involves five functional units in series
Q i.e. instruction mem., register file, ALU, data mem., register file

It is more severe when considering other computational instructions
Q e.g. multiplication, division, and floating-point operations, etc.

Other issues
Q Sharing of hardware functional units is NOT possible within a cycle
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