Herbert Wertheim
College of Engineering
UNIVERSITY of FLORIDA

UF

Digital Logic And Computing Systems

Lecture 07 — Processor Design

Dr. Christophe Bobda
EEL3701C Fall 2025

LEADING THE CHARGE, CHARGING AHEAD




Instruction Set Architecture (ISA)

4 HW/SW interface:

< Define a set of instructions, needed to
controll the hardware (CPU)

— Instruction set architecture

Software

The number and type of instructions
depend on the application field

Hardware
A

In general, instructions are designed

1. to optimize the construction and operation of
the underlying hardware

2. to make the program readable and easy to
understand
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Computer Paradigms

= Domain Specific Computers
= Application Specific Processor (ASIP)

Array A, B: [1:n]
Real c = A*B;

C = 0;
forpei=l_fto-n_do
C = C + A[i]*B[i]L

i n Ali] B[i]
+

End for;

= Summary

= Max. Performance
= Min. Flexibility
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Computer Paradigm

= Von Neuman Computer
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General Purpose Computing

= Examples
= Microcontrollers

= Motorolla 68000 familly
= |ntel MCS-51 (8056), MCS 96 (8xC196)

= Embedded Processor (System on Chip)
= Apple A series
= Nvidia Tegra series
= Qualcom Snapdragon series
= IBM PowerPC series

= Soft Cores
= ARM Cortex
= Altera Nios, Xilinx Microblazes,
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Von Neumann Computer
Basic Structure

= A computer consists of
= Processor + Memory + In/Output

= Memory consists of fixed-length words
= Data and Instructions

= Processor consists of data path and control path
= Data path + Control path = Central Processing Unit (CPU)

= Program Counter (PC), store memory address of the next instruction

= More Registers in data path

= QOperation on register much faster
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Processor/Central Processing Unit (CPU)

Processor Memory
@ ——P
Data Path _ Data
Register REIE
and
¥ Instructions
A 4 3 ¢ v
Instruption- PC R Address- Address
register register f

Control Path
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Execution Cycle

v
Instruction Fetch

\ 4

Decode

\ 4

Read Operand

A 4

Execute

A 4

Write Back

A 4

Fetch Next Instruction
|

O @ &7 1@ (O (&
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Instruction fetching

1 Instruction Fetch

Processor

Data path

Register

i A4

Memory

Instruction-
register

oo >

Control path

Address-

Data

Data
and
Instructions

Address
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Instruction decode

@} Decode
Processor Memory
Data path - | * " Data
Register —
and
5 Instructions
\ 4 ¢ v
Instruption- PC S Add_ress- Address
reqgister register %

Control path
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Read Operands

(3) Read Operand
Processor Memory
Data path Data

Register DELE

and
£ Instructions

Instruptions- PC .| Address- Address
register

Control path

— UNINERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING

register l

11



Execute

@? Execute
Processor Memory
Data path . : Data

Register DELE

and
J l Instructions

A 4 i
Instru_ctions- PC R Address- Address
register register f

Control path
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Result write back

®

Write Back

Processor Memory
Data path Data
Register Data
and
‘ Instructions

Instruction-
register

PC

\ | [___ﬁ

\ 4

Control path
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Next Instruction fetching

Q

Fetch Next Instruction

Processor Memory
@9 ———— P
Data Path ) : Data
Register DEIE
and
L Instructions
A 4 3 l v
Instruction- | Address- Address
register register 7

Control Path
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Literature

Computer Organization and Design MIPS
Edition: The Hardware/Software Interface
(The Morgan Kaufmann Series in Comput
Architecture and Design)

by David A. Patterson, John L. Hennessy,
ISBN-13: 978-0124077263

https://www.elsevier.com/books/computer-
mips-edition/patterson/978-0-12-407726-¢
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Overview

= Datapath’s Components
= Once Cycle Implementation

= Multiple Cycle Implementation
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Implementing a MIPS Subsets

= Instruction Set Architecture (ISA) is a simplified MIPS-ISA
= Data transfer: 1w, sw
= Branching: beq,
= Arithmetic/Logic: add, sub, and, or, slt

= Example
add StO, Sgp, Szero  #
lw  Stl, 4(Sgp) # fetch N
st $t1, St1, 2 #

add St1, St1, Sgp #
or St2,Szero,256 #

—» top:

slt ~ St3, StO, St1 #
beq St3, Szero, done # loop condition
sw  St2, 28(5t0) #
addi StO, StO, 4 #
S top # go to top of loop
» done:
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Implementing a MIPS Subset

= Datapath Design
= Define components and their interconnects

= Define control and status signals

= Controller Design
= Define a state for each execution step
= For each state, define the next states and the control signals

= Implement the controller (hardwired or microprogrammed)
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Clocking

= The whole CPU consists of combinational and sequential parts

= We use a system clock (CLOCK). All registers are synchronous edge-
triggered

= Sequential element can be simultaneously read and be written in 1 clock

Sequential o mpinational

Element  g)5ck T4 T Ty

e o8] I

3 A A A
_A- CLOCK 7>mai |

= The clock period is the longest path between two registers
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Instruction Format

Instructions: add, sub, and, or, slt, beq, 1lw, sw

Instruction’s format:

31 26 25 21 20 16 15 11 10 6 5 0
R-Typ op rs rt rd shamt funct

31 26 25 21 20 16 15 0
I-Typ op rs rt immediate

31 26 25 0
J'Typ op target
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Datapath’s Components

1. Instruction Load, Incrementing Program Counter (PC)
= Each instruction cycle, an instruction is fetched from the memory
= Register PC holds the address of the next instruction
= In general, the address of the next instruction is PC «— PC + 4

= Components needed for instruction fetching

Instruction memory
Register PC
= Adder

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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Datapath’s Components

= Components

Instruction I
address
_ Add Sum
Instruction f—— — ™ >
—_—
Instruction
memory

A Adder

Program Counter (PC)

Instruction Memory

Input: Address (32 Bit)

Output:  Instruction (32 Bit) New value is loaded in PC

with the clock

Because the memory can only be read,
it can be considered as a combinational
element

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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Datapath’s Components

= Segment of the Datapath for instruction fetch and PC increment

Read
address

PC |—e—

Instruction f——

I Instruction

memory

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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Datapath’s Components

2. Arithmetic and Logic Instructions
= Read 2 registers, execute operation

and store result in register Register file
Inputs:
= Com pOnentS — 2 register addresses (5 Bit), which point to

= Register file the registers to read (operand)

= ALU — 1 register address (5 Bit), which points to
the register to write (result)

(5 [Read
T | register | Read ) — Data input for writing (32 Bit)
Register ) 5 | Read data 1
numbers N register 2 | . ]
_ \ Data — clocked signal RegWrite to control the
5 . Registers iy
| Write writing
L register Read
data2 [
Data { — \[/)V;;e e / Outputs:
: — 2 Data output (32 Bit) to read the two
| RegWrite

operand registers

4
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Datapath’s Components

= Register file with 32 registers, 2 reads and one write ports

Read Register 1 5
Read Register 2 5
§ ReaWrite
ﬁ D .
0 Register 0
' C
Write : & H Read Data 1
Register | 5-t0-32 | i | 32-MU >
decoder| 32
5 : -
31
D .
Register 31
C
— & F : Read Data 2
v | 32-MU >
: 32
Write Data 32
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Datapath’s Components

= 1-bit ALU for operations AND, OR, ADD

‘ j
full adder |

Cin operation
_________________________ |
: 1 !
I |
a & 1
I ~10 !
I |
I |
I 2
1 =1 |
I P 1 et
: 3-MUX
|
I 2
|
|
|
|
|
|
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ALU Extension

= sub through addition of 2's-complement — invert b, C, (0) = 1
= nor through a+b =a. b — invert a, invert b
= slt througha-b<07?

= Most significant bit generates a set-Signal that tells if a<b,
less(LSB) = set, less(Digit 1..31) =0

Ainvert binvert Cin oper ation
a-|s >0
L 1 2-MUX > &
b-—»{ 1 > 0
=1 o
1
z
\ 4-MUX —>»
» 2
b _ P full adder
L 1 2-MUX >
b 1
»|3
less
Cout \

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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32-Bit ALU

ao

as1

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING

Ainvert bnegate

operation

[

vy v
Cin
> ALUO
less Cout

20

I I

[

Cin

ALU

0 =155

Cout

>1/0

4

4

o
LA
S
“
>
S
—_—
]
8
L

>=1

7] |zero

fwr wert in operation

b 0 full adder
ﬁ 2-MUX
1

less

= sub through 5 1

— b

negate

invert — Cm(o) :1

"beqg through a—b=07?

— zero = z,t...Tzy,
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ALU Input/Output

ALU operation

4

— Zero

> ALU | Result
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bo

as

asq
b3

Cin

operation

full adder

Qinvert bpegate operation o b
v j ! “ ‘:z,Mu
ALUO i
less  Couw
o zZ b 02 Mb—l
ALUA } "
0—»less ¢, less
e 5=1
i zero
Cin
ALU31 =S
0—less set T
0000 AND
0001 OR
0010 add
0110 subtract
0111 set on less than
1100 NOR
ainvert bnegate Op eration (2 Blt)

4-MUX |—>
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Instruction Format

Instructions: add,

Instruction’s format:

I-Typ

J-Typ

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING

sub, and, or, slt, beq, 1w,
31 26 25 21 20 16 15 11 10 6 5 0
op rs rt rd shamt funct
31 26 25 21 20 16 15 0
op rs rt immediate
31 26 25 0
op target

SW

30



Datapath’s Components

3. Data transfer instructions
= Compute a memory address

= Transfer data from register
to memory or vice versa

= Components
= Sign extension
= Data memory
= ALU,
= Register file

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING

lw Stl 48

($50)
31 /)R’)R 2120 1615 0

op

rs

rt

immediate

Sign

immediate

Sign Extension

Input: Operand in 2-complement (16 Bit)
Output:  Result in 2-complement (32 Bit)

Copy bit 15 of operand in all higher positions (16-31)

of the result

31



Datapath’s Components

= Components

§ Data Memory

‘ MemWrite Input: _
— Address (32 Bit)

— Write Data (32 Bit)
Read
—| Address data "
— Clocked control signal MemWrite tells,
when data must be written in memory
Data
Write memory — Control signal MemRead tells,
S
data when data are ready on the read port
MemRead Output: read data (32 Bit)
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Instruction Format

Instructions: add, sub, and, or, slt, beq, 1lw, sw

Instruction’s format:

31 26 25 21 20 16 15 11 10 6 5 0
R-Typ op rs rt rd shamt funct

31 26 25 21 20 16 15 0
I-Typ op rs rt immediate

31 26 25 0
J'Typ op target
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Datapath’s Components

31

2625

21

20

1615

4. Branch Instructions op

rs

rt

immediate

= Define if a branch instruction must be executed or not

= |f branch condition true, go to branch address

= Otherwise, continue execution sequentially (after current instruction)

= Compute the branch address from a Base and Offset:

= |In MIPS, the base for conditional branching is the address of the next instruction after the branch

(PC+4)
— the 16-bit Offset must be added to (PC+4)

= The offset-field must be shifted 2 Bit left (Word address)

= Components
= Register file, ALU, Sign Extension
= Shifter, Adder

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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31 2625 2120 1615

Datapath’s Components

op rs rt immediate

= Part of the data path for conditional branching

A 4

PC+4 from instruction datapatt

Branch
Add Sum

target
.
Read ALU operation
Instruction register 1 Read
Read data 1

register 2 To branch

) Registers control logic

0 Write 9 9

register Read

) data 2
Write
data

RegWrite

16 Sign

extend

35 —
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Datapath — 1-Cycle Implementation

= Approach

= Instructions are executed in only 1 clock cycle
= Every component of the datapath can be used only once during an instruction cycle

» Instruction and data memory are separated

= Multiplexers allow instructions of different classes to (re)use the same datapath

= Advantage

= simple, in particular controller design

= Drawbacks

= Instructions need different datapath components

= Combinational delay varies from instruction to instruction

= Clock period T = maximum delay

= Instructions execute in just 1 clock period but a very long one

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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Datapath for 1-cycle Implementation

= Datapath for memory and R-Instructions

e ALU operation
register 1 Read 4N operatior .
data 1 . Viem\Write
g MemtoReg
Instruction register 2 Zero — emtoReg
Registers Read
Write O dgig Address oo
register /
Write .
Tdata - Data
Reg% Wiite  memory
ian. MemRead
s

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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Datapath for 1-cycle Implementation

= Datapath for |- und R-Instructions

Read
address

Instruction

j Instruction

memory

— UNINERSI ¥ U FLURILA FERDER |

ALU
result

—
Zero

ALU operation
MemWirite

result

Read
register 1 Read
Read data 1
register 2
Registers
Write ’ dlz?aag g
register J ﬁl }_'
Write e X
data ~
RegWrite ‘ \
/ \
16:ign I' 532
| extend |

v

MemtoReg
Read s
Address data .
u
X
. Data
»| Write memory
data
MemRead

vvER | =iV Ul L EgEeE e EINOHNINEERRTING
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Controller Design

Instructions: add, sub, and, or, slt, beq, 1lw, sw

Instruction’s format:

31 26 25 21 20 16 15 11 10 6 5 0
R-Typ op rs rt rd shamt funct

31 26 25 21 20 16 15 0
I-Typ op rs rt immediate

31 26 25 0
J'Typ op target
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ALU-Controller

31 26 25

21 20

16 15

11 10 65

op

rs

rt

rd

shamt

funct

= The ALU has a separate controller

= ALU has 4 control input, however, only 6 combinations are used (resp. 95,
since nor instruction not considered)

= Observation

= |nstructions 1w, sw:ALU must add

= |Instruction beq:

= ALU-Controller

ALU must subtract

= |nstruction R-Typ: ALU operation depends on field funct

funct[5:0]

AluOp[1:0]

ALUOperation[3:0]

= Advantage: the (Main)controller is simplified

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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ALU-Controller

= Specification

= X (don't care)

ALU operation

b —]

> ALU

Instruction
operation

4

— Zero

/

—» Result

ALU control
input

0000 AND

0001 OR

0010 add

0110 subtract

0111 set on less than
1100 NOR

Instruction
opcode
LW 0o

Desired
ALU action
add

load word OO0, 0010
sSW 00 store word 00000 add 0010
Branch equal 01 branch equal OO0 subtract 0110
R-type 10 add 100000 add 0010
R-type 10 subtract 100010 subtract 0110
R-type 10 AND 100100 AND 0000
R-type 10 OR 100101 OR 0001
R-type 10 s&t on less than 101010 set on less than 0111

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF

ENGINEERING

b

negate

invert Dipyers

2-MU.

operation

>=1

full adder

operation (2 Bit)
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3 26 25 2120

16 15

1 10 65

0

Controller Design - | =

rt

rd shamt funct

31 26 25 2120

16

15

op rs

rt

immediate

= Specification

= Controller’s input is the OP code: Instruction[31:26] op

target

Read registers rs, rt indexed in Instruction[25:21] and Instruction[20:16]
Base register rs for 1w and sw indexed in Instruction[25:21]
16-bit offset for beq, 1w and sw indexed in Instruction[15:0]

Target (Result) register is
= rt for 1w, indexed in Instruction[20:16]

* rd for add/sub/and/or/slti, indexed in Instruction[15:11]

— 1 MUX needed to select between rt and rd

= Because only one cycle is needed to execute an instruction, the controller is pure

combinational circuit!

= Exercise: which datapath and controlpath extension are required for j instructions?

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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3 26 25 21 20 16 15 11 10 65

1-Cycle Architecture o T [ o [ o] e

(Control+Datapath) y me am e

op rs rt immediate
3 26 25
op target
Add
ALU
4 /—\ Add osuit
Shift
-~ = -
\ Nl RegDst @
\_Branch
| | _MemRead
Instruction [31-26] ! | MemioReg
IComroI (—ALUCE
[ _ALUSrc
\ I
\ RegWrite
A
Instruction [25-21] Read
Read i
register 1
- PC address o Read _
Instruction [20-16] Read data 1
- zZ
Instruction | o | register 2 oo
[31-0] ' ALU ALy Read
M . Read /0 Le—~| Address —(1
. U | Write data 2 > result data M
Instruction | Binstruction [15-11] | x register M u
memaory {1 g u
\I/ | Write [ 1 0
data  Registers ~ . Data
Write memory
data
~ \_
Instruction [15-0] 16 ; 32 \
| Sign [ ALU |

| extend g
U | control |
Instruction [5-0] I
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Control Signals

Control signal Function
RegDst 0: Result Register indexed in field rt of the instruction

1: Result Register in field rd

Branch 0: PC — PC+4
1: PC «— Branch address, if Zero=1

MemRead 1: read data memory
MemWrite 1: write data memory (clocked)
MemtoReg 0: ALU-Result written back into result register

1: Transfer a memory value into result register

ALUOpI[1:0] together with funct[5:0] defines the ALU-Operation

ALUSrc 0: the lower ALU-Operand is read from the second register file output

1: the lower ALU-Operand consists of the sign-extended immediate value of the instruction (lower 16 bits)

RegWrite 1: write result register (clocked)
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: s
Controller Design el f..,fh

MemRead
6] MemtoReg
| Control 41 ucp
MamWrite
I I ALUSH
. ruth a bI e RegWirite
1
1] Read
register 1. o e
&] Read data 1 —
) register 2 > Zero —
00
M| | write Read ay /AU A
1| % [ |register 9322 mo rest
=1 -
WS | write lb---\: L-
data  Registers —
N [
Y
! 16 [ gign | 2 .
| extend |
\ ! control
N
Instruction [5-0] I

Input or output | __ Signalname | Rformat | 1w | sw | beq
Op5

Inputs

Op4
Op3
Op2
Opl
Op0
Outputs RegDst
ALUSrc
MemtoReg
RegWrite
MemHRead
MemWrite
Branch
ALUOp1
ALUOpO

input or output | _ Signalname | Rformat | 1w | sw | beq

= F=1 (=] =] [} =) i iy PN ey ey A =1 =1
el ) | ol e Y O ) o e B N e T e Sl e ) e e

S o o|lol=lo|lo|l—|lolo|lo|lo|ao o
= = | f W W N - W IR W W W e

Op5
Op4d
Op3
Op2
Opl
Op0
RegDst
ALUSrc
MemtoReg
RegWrite
MemRead
MemWrite
Branch
ALUOp1
ALUOpO

Inputs
Qutputs

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING
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Controller Design

= Control and datapath extended to handle jump instructions

\

Instruction [25—9] Shift Jurnp address [31—0]
Ierl‘tz [
PC +4[31-28
\ ;___ SAdd Do
AN :
Req gD:.t - I" Shift .
\ Ji \left 2) ,
| Branch N
f | MemRead
Instruction [31—26]| MemtoReg
—-—lr(:ontrol ALUOp
| | MemWrite
\ } ALUSmC
-\“ / RegWrite
Instruction [25-21] 3
L | | Read 'Belgg E‘er 1
address i = Read Y
Instruction [20—-16] Read data Z
Instruction i ™| register 2 BIO —
[31-0] [ o) JALU g ) Read| _ /"
ML |write ~ Read u n;s it T Address "y (1)
Instruction | | |instruction [15-11]| & || regisier data 2 M| nd_
memory =1 | u o .
\-|-f+ Write . 1" o)
data Registers Wwrite Data —
data Memory
r’ *\ /_\ L
Instruction [15-0] 16 | gjgn. | 32 f \
'exr.end 1 - ALY
\ i control
./
Instruction [5-0] I

46 —
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Multi-Cycle Implementation

= Approach
* |nstruction processing is divided in multiple steps
» Each step executed in one clock cycle
* The number of cycles varies from instruction to instruction

= Advantages
= Clock period shorter than 1-cycle implementation — higher performance

= Datapath components could be used multiple times in one instruction cycle
— lower hardware overhead

= Drawbacks
= Additional registers are needed to store signal values between clock cycles
= Controller is more complex
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Multi-Cycle Implementation

= Difference to 1-cycle implementation

= Only 1 memory will be used for data and instructions
= Instead of 1 ALU and 2 adder, only 1 ALU is used
= Registers are used between datapath’s components

|

[

Address

Instruction
Memory or data

Data

=

Instruction
register

[ o

Memory
data
register

= Data

Register #
Registers
Register #

Register #

J

ALU e~

ALUOQut

— UNIVERSITY OF FLORIDA HERBERT WERTHEIM COLLEGE OF ENGINEERING

48 —



Multi-Cycle Implementation

= Additional Registers

= Instruction Register (IR): hold the instruction from memory for the whole
execution cycle — needs a control signal

= Memory Data Register (MDR): hold data from the memory, until it is used in
the next step

= Register A, B: hold register values, which will be used in the next step

= Register ALUOut :hold the result of the ALU-Operation until it's either copied
back into memory or register

= Next page:
Data path and controller for the multi-cycle implementation

(with extension for conditional branch)
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Multi-C

— UNIVERSI

PCWriteCond

PCWrite

lorD

MemRead

MemWrite

MemtoReg

IRWrite

PCSource

ALUOp

ALUSrcB

ALUSrcA

RegWrite

Instruction [25-0]

|

Instruction
[15-11]

Instruction
[15-0]

Instruction [5-0]

Jump
address
[31-0]

PC [31-28]
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u u -
7N
Behaviour in every clock cycle e
( 7j : POWrte [ o tputs | ALUOP
forD | | ALUSrcB
MemRead | Control |
MemWrite | | ALUSrcA
MemioReg | | é)_%] .:‘ RegWrite
[ St 1 " . IRWrite /' RegDst 0
e Instruction Fetch S e
p " nS rUC Ion e C Instruction [25-0] 26 I@ 28 [asdld_r(e)]ss 2;1
Ins[l:rsl:clizosl} _
- PC [31-28]
I R <: Memo r y [ PC :| ; u Address Ins[t;téc_ﬁchr} Ou\
_bqj “:AeeTnT:)r:la & Ins;gg:_ﬁ&q I e?s er - )
PC <: PC —|_ 4 ; . InSIrH%‘L%r} h nstruction| U II I
™ ﬂ';e Instruction | 4
register ri
Instruction M i
- Step 2 - - = [}
ep <L. Instruction Decode, Register Fetch — A
data 18 | Sign | %2 {hi
register \Iexlend | '\
_ : : \/
A < Reg [ IR [ 2 5 ° 2 1 :| :| ’ Instruction [5-0]

B <= Reg[IR[20:106]];
ALUOut <= PC + (sign-extend (IR[15:0]) << 2);

= The controller interprets the instruction code(opcode, function)
= The instruction cannot be processed at this stage

= However: despite unknown instruction, the two input registers rs and rt are read from the
register file while the ALU computes the BRANCH address

= In case this “optimism” was not justified, the results are ignored in the next stept
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Behaviour in every clock cycle

e e
= Step 3:Execution, Memory Address =
Computation, Branch Completion Rtte \ /. Ree ~
B IrTslruction [25-0] 2 | Ii"’l'g |28
= Depending of the instruction, the LL " —eonan
ALU executes different operations: U g ' |
W:leemoataf Ins"ﬁ%‘% I} s T B
Memory address computation
[15-0]
ALUOut <= A + sign-extend(IR[15:0]); r
Arithmetic/Logikc(R-Typ): -

ALUout <= A op B;

Conditional Branch
if (A=B) PC <= ALUOut;

Unconditional Branch:
PC <= {PC[31:28], IR[25:0], "00"};
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Behaviour in every clock cycle

[
xC

_I—:/- PCWriteCond \ PCSource
. _ PCWrite [ oiouts | ALUOP
= Step 4: Memory Access, - ] O LA
MemRead : Control | ALl-IS "
. . ; — | ALUSrc
R-type Instruction Completion D
MemtoReg | 5o | gwvTl
Rwite %/ RegDst
. . N/ Jump
= The data transfer instruction — o (o) || e
nstruction [25-0] \‘ left2 | [31-0]
Il Instruction _
accesses the memory to store *&L 128 - oo
M Instruction eal
u Address [25-21] register 1
the resu It 4\1); Vemo Instruction Read dal N
MemDr:laf | (26-16] 0 regis::rg .
nstruction |} lm _ Registers ALUOUL |4
Write el ;?2—1 1; X Y:Sils‘ r
. ™ data Instruction | 4 1 ) d
M emory acceSS . register :fj—‘v :\;r;;e
Instruction M
[15-0] X
1

MDR <= Memory[ALUout],; oOr Momory

data
register | extend

Memory [ALUOut] <= B;
Instruction [5—0]

Arithmetic/Logic (R-Typ):
Reg[IR[15:11]] <= ALUOut;

- Step 9. Memory Read Completion
Reg[IR[20:16]] <= MDR;
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Controller’s Specification T e

forD | | ALUScB
MemRead | Control » .
MemWrite | | ALUSreA
MemtoReg | [5(3%] | RegWrite
IRWrite RegDst 0
Instruction [25-0] 26 [ toft2 ] 28 [31-0] 2
T Instruction _
31-26]
A [ PC[31-28]
Pe C‘M Instruction Read L0
u | Address [25-21] register 1 Read M
X i data 1| : [
—=41 Instruction Read
| Memory [20-1€] register 2 N i
MemData - } 0 ;
Instruction | 4 M _ Registers —e—| ALUOUL
[15-0] [[instruction| u e Wrile =gy N
tate Number Wite (Tans1e" X 7 registr L ele—(0 ]
- . data 2
data Instruction | $———\1 ) 4|1 M
Instruction fetch register g - Write 2
Struct 21C ™ data
Instruction decode/ Instruction '\L'I‘ 3 )
Register fetch [15-0] X | o
MemRead B 1) )
f \ / \
0 ALUSIcA =0 ""2’;1‘;"’ 16 [ gign | 2 .éhm'_ [ aw
lorD =0 regi i | control |
gister | extend | \ left 2 \ /
IRWrite ALUSIcA =0 \ | \\k/
Start ALUSICB - 01 ALUSKGB = 11 \_/ [
ALUOp = 00 ALUOp = 00 Instruction [5-0]
PCWrite

PCSource = 00

Memory-reference FSM R-type FSM Branch FSM Jump FSM
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, ] ] u .
Controller’s Specificatiol o /st
P I - ] r
7-\._;\ PCWrite | Outputs | ALUOp
forD | | ALUSrcB
MemRead | Control | -
MemWrite | | ALUSIcA
MemtoFeg ".I 15(1%] ,M
IRWrite /| RegDst 0
oy o6 @ o8 ;lcji';rl:ss"' !
Instruction [25-0] | ] [31-0]
Fomstate 1 Memory-reference FSM - L ) L2
[31-28]
L B PC[31-28]
' " ' " pC M Instruction Read L0
(Op = LW} ar (Op ="'SW } u Address [25-21] register 1 Read I\Lrl1
X =] | —
i data 1 : X
) ma\ M Instruction Rea}d ; |
Memory address computation oy |, 2ol register 2 N
Instruction | g _ Registers ALUOut |4
2 (15-0] yggit:ter Read H 0-\'
i ] p—>| Ll
ALUSIcA =1 ™ Z\g{f Instruction | 4 data 2 l14 1M
[ ALUSrcB =10 | register z\.’rite ) ;;
- ata
_ | Instruction 3
ALUOp = 00 uetion
Ls| Memol [] / \ B
= dalaw N Sign | 3 ___.ghifl ‘ cft:-#ol }
3 register | extend | \left2
1 \ /
8’ r"ili[rj;[;‘;y Memory Instruction [5-0] I_
. A access
3
| MemRead | MemWrite |
lorD =1 lorD =1
Memory read completion step
4
RegWrite To state 0
| MemtoReg =1 | -

@stzo
— UNIVER!
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Controller’s Specification

R-type FSM

From state 1

(Op = R-Type)

Execution

@ Srcﬁx

ALUSIcB = 00

1y
ﬁgn\

|' Renge |

To state 0

pe completion

— UNIVERSIT

.
’J PCWriteCond \  PCSourca
Py S T T -
L PCWrite | Outputs |_ALUOp
lorD | | ALUSrcB
MemRead | Control
MemWrite | | ALUSrcA
MemtoReg | 15(1%] | RegWrite
RWrite \ / RegDst 0
s Jump 1 M
i 3 @ address ;‘ H
Insiruction [25-0] 26 | oo 28 31-0] | |2
Instruction .
[31-26] PC[31-28]
P fﬁm Instruction Read L0
u | Address [25-21] register 1 o m
X | | I—
. Instruction data 1 EW_’ X
g Read
n:‘e mc;)r\«l [20-16] 5 register 2 L
emuaia T+ |nstruction Lo M _ Registers ALUOUL |4
[15-0] | [Instruction| u Write Read )
register 0 N
| Write ) [15-11] | X 9 data 2 ™| B [+ H
data Instruction 1 ) 4+{1 M
register 0] Write 5 u
— data X
Instruction M 3
[15-0] X
1
Memory |— f \ /
| data 16 Sign 'ji Shift [ ALU
register | exlej| IIQ" 2 control
Instruction [5-0]

ERTHEIM COLLEGE OF ENGINEERING
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Controller’s Specification

Branch FSM

From state 1

(Op = 'BEQ)

Branch completion

ALUSIrcA =1
ALUSrcB = 00
ALUOp = 01
PCWriteCond
PCSource = 01

To state 0

Jump FSM

From state 1

(Op=")

PCWrite
PCSource = 10

To state 0

Jump completion

~pc

~
’J PCWriteCond \  PCSource
— A —— - :
N PCwrite | Outputs | ALUOp
'_ lorD | !
o ALUSrcB
MemRead | Control
MemWrite | | ALUSreA
MemtoReg | [5(3%] | RegWrite
IRWrite  \, /' RegDst 0
N Jump
' 1
- 2 ,g%l 28 address
Instruction [25-0] | left2 | [31-0] 2
Instruction _
N [31-26] AN PC [31-28]
M Instruction Fte.'gd Le/D
u Address [25-21] register 1 Read I\L!I'I
X - L
—=\1 Instruction Read data 1 Ej_. X
e Memory [20-16] register 2 N i
MemData He= : 0 ;
Instruction | & M .. Registers ALUCUL |4
[15-0] | [instruction| u » Write Read AN
| write | |jismty] | X || register  jeE *.—.- |
data Instruction | ¢————\1 . 41 M
register ~ Write u
—{0 data 2x
Instruction 'L"} b o
(15-0] X | N
N N
vy - / \
L~ Memory r / \ / \
data 16 | Sign | 3 __./Shm)_ ALU |
register | extend | '-\IfltZ/ -._.'30““0'_..-‘
Instruction [5-0]
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Memory address

computation

,
{ ALUSICA = 1
| ALUSICE = 10
| ALUOp=00

o | Memo
o access
3 7
r.-‘

;’ RegDst = B

| MemPRead
lorD =1
4

yd

i

Memo
r‘cmpl

RegWrite
\ MemtoReg = 0

S

l |I1‘tI'LJ,tiCﬂ fetch

MemFlead
O ALUSICA =0

lorD = 0
IRWrite
Start 4"1 ALUSICB=01 |
|\ AWOp=00 |
PCWrite

\PCSoume = Oty

Branch
completion

Execution

g /__,--

8~
ALUSrcAﬂ

\ / ALUSICA= 1",
| ALUSIcB=00 | | A:LUUS(;CB_}?D '
\ ALUOp =10 | P=
/| PCWriteCond
7\ PcSource=01/

Instruction decode/
register fetch

o

{ ALUSICA = D ‘

I—-i ALUSKCE = 11 |

ALUOp=00 |

I.Jl)

Jump
completion

9~

!
f PCWrite
| | PCSource =10

ry Memo I}-‘

f.iu._r"'
-

5/ \?/ \\

II [ Memwrite | [ RegDsi=1 1\

R-type completion

L o= ) RegWrite |

f |\ MemtoReg=0
~— / \ /j

ry read

eton step

N
a PCWriteCond  / \  PCSource
T — "
< \ PCwrite | Outputs | ALUOp
- lorD | ]
| ALUSICB
MemRead | Centrol
MemWrite | | ALUSrcA
\ Op | RegWrite
MemtoReg L o | gwri
IRWrite  \ RegDst 0
N Jump 1 M
. 6 @ 8 address gr
| Instruction [25-0] { etz ) [31-0] »
Instruction _
L pc le=(0) [21-26] -, | pomi-ee
M Instruction Read 0
U | Address [25-21] register 1 M
X f L
1 Instruction Read data 1 E_l_, X
"/ | Memory [20-16] o] register 2 i\ F
MemData Instruction | 4 M _ Registers e+ ALUOUL
[15-0] | [Instructien| U Write Read o
| Write ] is-11] egser a0 -—»—— H
data Instruction | 1 1M
register Write u
{0 data 2x
Instruction M 3
[15-0] ¥
Ll / )
Memory j 6 | | 30 / TR
data | sign | [ Shift | )
register | extend | w(ﬂ 2 | control )
\/ ‘\\ -
Instruction [5-0]

ENGINEERING
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Steps of 1 Instruction Cycle

d) Instructiotl Fetch IF
@ Instruction Decod;, Register Fetch 1D
@ Execution, Memory Address ‘C')omputation, Branch Completior EX
!
@ Memory Access, R-type Instruction Completion MEM
@ Memory Read"CompIetion WB
]

WB = write back
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Comparison 1-cycle vs multi-cycle implementation

1-cycle
implementation

1w SW

Multi-cycle
implementation

IF ID EX |MEM| WB IF ID EX | MEM
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LEADING THE CHARGE, CHARGING AHEAD
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