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Chapter 4
|

| The Processor
Single-Cycle Datapath

| Introduction

I CPU performance factors

Instruction count
Determined by ISA and compiler.

CPI and Cycle time
Determined by CPU hardware.
We will examine two MIPS implementations
A simplified version — single-cycle execution.
A more realistic pipelined version.

First, we will use a simple subset of instructions which
shows most aspects of a basic CPU:

Math: add, sub, and, or, s1t
Memory access: 1w, sw
Branch and jump: beq, j
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Stored Program Execution
| L
Get the instruction. ’”S;; L;ZZO”
Decide what kind of instruction it is.
Get any necessary data. ’n;ffucgon
ecoae
Execute the instruction. ¥
Store the result. Operand
Repeat forever. F ‘;tc”
Result
Store
¥
Next
Instruction
I

MIPS Fetch-Execute Processor Architecture

| Program Counter (PC)

e

Program
Memo

Instruction Register

v

Control

Address Logic

Data
Memory
(Register File)
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Big Picture Review

Note: no multiplexers shown.

Data
Register #
Address Instruction Registers Address
. Register # Data
Instruction memor
memory Register # T y
Data

* What is the role of the Add units?

« Explain the inputs to the register unit.

* Explain the inputs to the ALU.

« Explain the inputs to the data memory unit.

Building a Datapath

Datapath

Elements that process data and addresses
in the CPU

Registers, ALUs, mux’s, memories, ...
We will build a MIPS datapath incrementally by refining
the overview design shown earlier.

Register #
Registers
Register #

Register # T

Address  Instruction Address

Data
memory

Instruction
memory

Data
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Instruction Fetch

Add ——
4 ——»
Read \
—| PC address Increment by
/ 4 for next
32-bit Instruction ——» instruction
register
Instruction
memory

Executing R Format Operations

| R format operations ( )
31 25 20 15 10 5 0
R-type: | op rs rt rd shamt funct
Perform operation (op and ) on values in 1= and

Store the result back into the Register File into location

RegWrite ALU control

Read Addr 1
Regist Read
Read Addr 2 Data 1 overflow

File > zero
i ALU
Write Addr Rea

Data 2

v

Instruction

v

\Write Data

Note that the Register File is not written for every instruction (e.g. sw),
so we need an explicit write control signal for the Register File.
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Executing Load and Store Operations

Load and store operations involve computing a memory address by adding
the base register to the 16-bit sign-extended offset field in the instruction.

address offset

MemWrite

>

>

|Address

Data
Memory Read Datal

Write Data

MemRead

I-Type: op rs rt
Store: The value that is read from the Register File into the Data Memory.
Load: The value that is read from the Data Memory and written to the
Register File.
RegWrite ALU control
overflow
$|Read Addr 1 Zero
: Readf=—
Register
Instruction P{Read Ag«_dlr 2 Datat
e
P{\Write Addr Read ALU
Data 2=
=Pl \\rite Data
\ \
16 32

Executing Branch Operations

Branch operations involve comparing the operands read from the Register
File for equality (the zero ALU output) and then computing the branch target
address by adding the updated PC to the 16-bit sign-extended offset field
contained in the instruction.

I-Type:

op rs address offset
Ad v Branch
Add target
o address
ALU control
Register
File
PRead Addr 1 ero (to branch

Read

A

Instruction

Vi

ead Addr 2Data 1

rite Addr  Read|

rite Data D212 9

16 32

control logic)
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Executing Jump Operations

A Jump operation involves replacing the lower 28 bits of
the PC with the lower 26 bits of the fetched instruction
shifted left by 2 bits.

31 25 0

J-type: | 5 target address

Jump

Instruction address
Memory
28
Read

PC] *Address Instruction

26

Overview With Control Signals

Add l
4
Read
Read — 3
PG address registars) dRea<11 MemWrite
P Reega':te 2 ale MemtoReg
regi: r
Instruction 4 <
Write Registers Read Address Read
Instruction | T register data 2 data
memory ]
e
Write  Data
RegWrite data memory

MemRead

16 32

Sign-
extend

The graphic above is referred to as the Datapath.

Cptr350 Chapter 4 — The Processor - Datapath



| More Detailed Datapath
I

RegDst
Branch
| MemRead
Instruction [31-26] | | MemtoReg

ontrol 15,
MemWrite
ALUSrc

RegWrite
Foad Instruction [25-21] Read
ea i
PC address register 1 goag
Instruction [20-16] Read data 1
Instruction | | register 2
[31-0] Write ~ Read
Instruction | | |instruction [15-11] register data 2
memory 1
| Write
data Registers
Instruction [15-0] 16 [sign-| 32
extend i ’->

Instruction [5-0]

Y

s

Read
Address’ jo1o

xc=2©)

ite Data
Write
data memory|

Creating a Single Datapath from the Parts

Single-cycle design — fetch, decode, and execute
each instruction in one (and only one) clock cycle.

No datapath resource can be used more than once per
instruction, so some must be duplicated (e.g., separate
Instruction Memory and Data Memory, several adders).

Multiplexers needed at the input of shared elements, with
control lines to do the selection.

Write signals to control writing to the Register File and Data
Memory.

Cycle time is determined by the length of the longest
path, known as the critical path.
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Adding the Control

| The purpose of the controller is to control the flow of data.

The controller determines which control signals to activate and when to
activate them. The signals needed are dependant on the operation to be
performed (Register, Branch or jump, or Memory read/write).

31 25 20 15 10 5 0
R-type: op rs rt rd shamt functl

A e g
I-Type: | op rs rt address offset

S22 . 2
Jtype: | op o It‘a;ﬂg;elt ;ac;dlr(;ssl o

Observations
The op field is always in bits 31-26.

The addresses of registers to be read are always specified by the rs (bits 25-21)
and rt fields (bits 20-16); for Iw and sw, rs is the base register.

The address of the register to be written is in one of two places — in rt (bits 20-16)
for Iw; in rd (bits 15-11) for R-type instructions.

The offset for beq, lw, and sw is always found in bits 15-0.

R-type Instruction
|
0
Add
d=p> 1
4
PCSrc
ALUOp Branch
MemRead
Instr{31-26] Control MemtoReg
Unit MemWrite
ALUSrc
RegWrite
RegDst
* ovf
Instr[25-21] g
Instruction Read Addrt Read Addr
Memory Ins{f[20-16] ... RGister p2 oo zer e
nstrf20-16] Reaqd Addr 2 Data 1 ero Data
Read "
PC Instr[31-0] 0 File Memory Read Datajmdp 1
Address } Write Addr  pooq 0 ALu i
= Data 2 Write Data 0
Instr{15 Write Data
1] 1
Instr[15-0] ALU
16 32 control
Instr[5-0]
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| Load Word Instruction

0
Add
= 1
4
PCSrc
ALUOp Branch MemRead
emRea
Instr[31-26] Control ViemtoReg
Unit MemWrite
ALUSrc
RegWrite
RegDst
* ovf
Instr[25-21] o
Instruction Read Aac: Read Agd
Memory Inst Register "2 o ress
nstiig0-18] Read Addr 2 Data 1 z Data
Read - File
PC |nddress Instr[31-0] 0 Wiite Adur ALU Memory Read Data 1
| — Read: 0 )
Instr[15 . Data 2 Write Data 0
Write Data 1
-11]
Instr[15-0] \ Sign \ ALU
16 | Extend] %35 control
Instr[5-0]
|
0
Add
Add-} 1
4 Shift
left 2 PCSrc
ALUOP Branch MomRoad
emRea
Instr[31-26] Control ViemtoReg
Unit MemWrite
ALUSrc
RegWrite
RegDst
4 ovf
Instr[25-21]
Instruction Read Addr 1 Read Add
Memory Instr[20-16 Register o2 \ ress
nstr[20-16] Read Addr 2 Data 1 zern Data
Read "
PC Instr[31-0] File ALUM Memory Read Data
Address : I
Write Addr Read 0
Write Data
Instr[1 . Data 2 Write
1] Write Data » 1
Instr[15§0] \ Sign \ ALU
16 | Extend) 35 control
Instr{5-0]

Cptr350 Chapter 4 — The Processor - Datapath




Adding the Jump Operation

| Instr[25-0] /.
\- - shift >3 \32

26 \left 2
PC+4[31-28]

Add

Jump
ALUOCH Branch
Instr[31-26] Control
Unit
ALUSrc
RegWrite
RegDst
ovf

Losule2-2gliRead Addr 1

Instruction

PCSrc

MemRead

MemtoReg

Memvvrite

. Read
Register
Read Addr 2 Data 1

File
) ALU
\Write Addr Rea ")

Memory

Read
PC Address Instr{31-0}

ddress

Data

Data 2 rite Data
\Write Data

Memory Read Datal

ALU
16 32 control
Instr{5-0]

Instruction Critical Paths

wires, setup and hold times:
Instruction and Data Memory (200 ps)
Register File access (reads or writes) (100 ps)
ALU and adders (200 ps)

Calculate the clock cycle time assuming negligible delays for
multiplexers, control unit, sign extend, PC access, shift left 2,

Instr. | IMem | Reg Rd |ALU Op | D Mem | Reg Wr| Total
R- 200 100 200 100 600
type

load 200 100 200 200 100 800
store | 200 100 200 200 700
beq 200 100 200 500
jump | 200 200
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Single-Cycle Disadvantages & Advantages

Uses the clock cycle inefficiently — the clock cycle
must be timed to accommodate the slowest
instruction.

This would be especially problematic for more complex
instructions like floating point multiply.

' 3

Cycle 1 <D Cycle 2=———p
Clk | I

| lw | SW Wastel

May be wasteful of area. Some functional units (e.g.,
adders, memory) must be duplicated since they can
not be shared during a clock cycle.

However, the single-cycle implementation is simple
and easy to understand.

How Can We Make the Datapath Faster?

Fetch (and execute) more than one instruction at a time
This is called Superscalar processing — covered later in
this chapter.

Start fetching and executing the next instruction before
the current one has completed
Pipelining — modern processors are pipelined for
performance.
Remember the performance equation:
CPU time=CPI*CC*IC
Under ideal conditions and with a large number of
instructions, the speedup from pipelining is approximately
equal to the number of pipe stages

A five stage pipeline is nearly five times faster because the
CC (clock cycle time) can be nearly five times faster.
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Five Instruction Sequence

I Time (clock cycles)

Inst O M L Reg ﬂ]_ RegE

S ~0n 3 <

Inst 1 Tt Reg[= B

Inst 2 M L Regl: ? ﬂ]_ Reg

sSo0oQ =0

Inst 3 Mo Reg[=

e

v

Once the
pipeline is
full, one
instruction is
completed
every cycle,
so CPI =1

M-l Reg DM
] Inst4 [
Time to fill:the pipeline H

]_ Reg

Summary

Stored program execution.
Single cycle execution
Data path design
R-type instructions.
I-type instructions.
J-type instructions.

Next — pipelining.
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