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Memory Mapped I/O vs. I/O Ports

• I/O Ports

LDA ADDR     :Get data at ADDR to A
OUT PORT     :Output data from A reg 
.
.
IN PORT      :Load port to A
STA ADDR     :Store data

µC

Periph Memory

Addr
Data

IOCTL
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Memory Mapped I/O vs. I/O Ports

• Memory Mapped I/O

LDA ADDR   :Load A from ADDR
.
.
STA ADDR   :Write A to ADDR

µC

Addr
Data

Periph Memory
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Architectural Implications of Limited Hardware

• Example memory map:

ROM

RAM

Periph

ROM

0x0000

0xFFFF
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Architectural Implications of Limited Hardware

• Example memory map:

ROM

RAM

Periph

ROM

0x0000

0xFFFF

64k

ROM

RAM

Periph

ROM

0x0000

0xFFFF

2k

4k

1k

256
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Architectural Implications of Limited Hardware

• Example memory map:

ROM

RAM

Periph

ROM

0x0000

0xFFFF

64k

ROM

RAM

Periph

ROM

0x0000

0xFFFF

0x0FFF

0x4000

0x47FF

0xFC00

0x8000
0x80FF

2k

4k

1k

256
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Architectural Implications of Limited Hardware

• Example memory map:

ROM

RAM

Periph

ROM

0x0000

0xFFFF

64k

ROM

RAM

Periph

ROM

0x0000

0xFFFF

0x0FFF

0x4000

0x47FF

0xFC00

0x8000
0x80FF

Program
ROM

RAM

Periph.

IntVec
ROM

Addr
Decode

µC

LSB

MSB

Explicit address decoding

0x0000-0x0FFF

0x4000-0x47FF

0x8000-0x80FF

0xFC00-0xFFFF

2k

4k

1k

256
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Architectural Implications of Limited Hardware

• Example memory map:

ROM

RAM

Periph

ROM

0x0000

0xFFFF

64k

ROM

RAM

Periph

ROM

0x0000

0xFFFF

0x0FFF

0x4000

0x47FF

0xFC00

0x8000
0x80FF

Program
ROM

RAM

Periph.

IntVec
ROM

Addr
Decode

µC

LSB

MSB

Partial address decoding

0x0000-0x0FFF

0x4000-0x7FFF

0x8000-0xBFFF

0xC000-0xFFFF

2k

4k

1k

256
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Architectural Implications of Limited Hardware

• Example memory map:

ROM

RAM

Periph

ROM

0x0000

0xFFFF

64k

ROM

RAM

Periph

ROM

0x0000

0xFFFF

0x0FFF

0x4000

0x47FF

0xFC00

0x8000
0x80FF

Program
ROM

RAM

Periph.

IntVec
ROM

Addr
Decode

µC

LSB

MSB

Partial address decoding
Creates mirrored addresses

0x0000-0x3FFF

0x4000-0x7FFF

0x8000-0xBFFF

0xC000-0xFFFF

ROM0xFBFF

0xF800

ROM0xC1FF

0xC000

Periph0x8100
0x81FF

Periph0xBFFF
0xBF00

RAM
0x4800

0x4FFF

RAM
0x7800

0x7FFF

ROM
0x1000

0x1FFF

ROM
0x3000

0x3FFF

ROM
0x2000

0x2FFF
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Effects of Mirrored Memory Addresses

ROM

RAM

Periph

ROM

0x0000

0xFFFF

0x0FFF

0x4000

0x47FF

0xFC00

0x8000
0x80FF

ROM0xFBFF

0xF800

ROM0xC1FF

0xC000

Periph0x8100
0x81FF

Periph0xBFFF
0xBF00

RAM
0x4800

0x4FFF

RAM
0x7800

0x7FFF

ROM
0x1000

0x1FFF

ROM
0x3000

0x3FFF

ROM
0x2000

0x2FFF
goto 0x0321 goto 0x2321

read 0x4567 read 0x4D67

get 0x8055 get 0xBF55

Accessing “different” addresses is not different
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Dealing with Insufficient Address Space

• Programs, RAM, and peripherals may require additional address space

µC

16 bit
address

External
Memory,

Peripherals

>65536 addresses

A0:A15

D0:D7
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Dealing with Insufficient Address Space

• Programs, RAM, and peripherals may require additional address space
• Use bank selection

µC

16 bit
address

External
Memory,

Peripherals

>65536 addresses

A0:A15

D0:D7

Latch
A16:A19
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Dealing with Insufficient Address Space

• Programs, RAM, and peripherals may require additional address space
• Use bank selection

µC

16 bit
address

External
Memory,

Peripherals

>65536 addresses

A0:A15

D0:D7

Latch
A16:A19

Latch occupies 1 or more address locations
Creates a larger physical address space



CpE450
3/27/2006

Copyright ©2005-2006
Stevens Institute of Technology - All rights reserved 5-14/45

Memory Paging

µC

16 bit
address

External
Memory,

Peripherals
Latch

Logical
Memory

Physical
Memory

Physical
Memory

Physical
Memory

Physical
Memory

Physical
Memory

Latch address
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Embedded System Development

Customer
System

Requirements

System
Delivery
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning

SW
Architecture

HW
Architecture
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design

HW
Debug

SW
Debug
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design

HW
Debug

SW
Debug

HW/SW
Integration
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

Final
Testing

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design

HW
Debug

SW
Debug

HW/SW
Integration
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design

HW
Debug

SW
Debug

HW/SW
Integration

Final
Testing

1/8th 2/8ths 3/8ths 4/8ths 5/8ths 6/8ths 7/8ths 8/8ths

Development time on project
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Embedded System Development

Customer
System

Requirements

System
Delivery
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HW/SW
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Design

Detailed
SW

Design
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Debug
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design

HW
Debug

SW
Debug

HW/SW
Integration

Final
Testing

1/8th 2/8ths 3/8ths 4/8ths 5/8ths 6/8ths 7/8ths 8/8ths

Development time on project

t

Cost to fix
error
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HW/SW Design Errors

• Consider the following program segment:

unsigned long int x;
x = 0x01234567;
y = first_byte(x);

/* what is the value of y? */

byte first_byte(unsigned long int in)
{
return( (0xFF000000&in)>>24);
}
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HW/SW Design Errors

• Consider the following program segment:

unsigned long int x;
x = 0x01234567;
y = first_byte(x);

/* what is the value of y? */

byte first_byte(unsigned long int in)
{
return( (0xFF000000&in)>>24);
}

7 6 5 4 3 2 1 0 01(&x)

7 6 5 4 3 2 1 0 23(&x)+1

7 6 5 4 3 2 1 0 45(&x)+2

7 6 5 4 3 2 1 0 67(&x)+3

y = 0x67
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HW/SW Co-design Errors

• Consider the following program segment:

• Sun workstations and TI DSPs address memory differently than SGI 
workstations and Intel ’86 family PCs

unsigned long int x;
x = 0x01234567;
y = first_byte(x);

/* what is the value of y? */

byte first_byte(unsigned long int in)
{
return( (0xFF000000&in)>>24);
}

7 6 5 4 3 2 1 0 01(&x)

7 6 5 4 3 2 1 0 23(&x)+1

7 6 5 4 3 2 1 0 45(&x)+2

7 6 5 4 3 2 1 0 67(&x)+3

y = 0x67

7 6 5 4 3 2 1 0 67(&x)

7 6 5 4 3 2 1 0 45(&x)+1

7 6 5 4 3 2 1 0 23(&x)+2

7 6 5 4 3 2 1 0 01(&x)+3

y = 0x01

“Big Endian vs. Little Endian” arithmetic

Depends on processor arithmetic architecture
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More on HW/SW Co-design Errors

• Previous case was easy to debug.  What about this one:

struct port
{
byte status;
byte data;
}

.

.

.

port.status = DATA_RATE | BITS_7 | NO_PARITY;
.
.
.
port.data = *x++;
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Still More on HW/SW Co-design Errors

• First case was easy to debug.  Second case was a little harder.
What about this one:

boolean PN_generator (long unsigned int *state)
{
next_bit = parity(state & MASK);
*state = *state>>1 | next_bit<<31;
}

boolean parity(long unsigned int x)
{
boolean p=0;
for(i=0;i<32;i++)
{
p ^= x&0x01;
x = x>>1;
}

return(p);
}
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Still More on HW/SW Co-design Errors

• First case was easy to debug.  Second case was a little harder.
What about this one:

boolean PN_generator (long unsigned int state)
{
next_bit = parity(state & MASK);
state = state>>1 | next_bit<<31;
}

boolean parity(long unsigned int x)
{
boolean p=0;
for(i=0;i<32;i++)
{
p ^= x&0x01;
x = x>>1;
}

return(p);
}

pseudo-random shift register

+
MASK = 0x29
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Still More on HW/SW Co-design Errors

• First case was easy to debug.  Second case was a little harder.
What about this one:

boolean PN_generator (long unsigned int state)
{
next_bit = parity(state & MASK);
state = state>>1 | next_bit<<31;
}

boolean parity(long unsigned int x)
{
boolean p=0;
for(i=0;i<32;i++)
{
p ^= x&0x01;
x = x>>1;
}

return(p);
}

Or:

unsigned int rand(unsigned int x)
{
return(mod(A*x+B,C));
}

A, B, and C are constants chosen to generate
maximal length random sequence

(or do they?)

pseudo-random shift register

+
MASK = 0x29
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

Final
Testing

HW/SW
Partitioning

SW
Architecture

HW
Architecture

Detailed
HW

Design

Detailed
SW

Design

HW
Debug

SW
Debug

HW/SW
Integration
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Embedded System Development

Customer
System

Requirements

System
Delivery

Product
Specifications

Final
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HW/SW
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SW
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Detailed
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Design

Detailed
SW

Design

HW
Debug
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Debug

HW/SW
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Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running
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Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Test cases

Stress testing Load testing Stress testing

Test cases
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Controllability

Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Test cases

Stress testing Load testing Stress testing

Test cases
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Controllability

Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Test cases

Stress testing Load testing Stress testing

Test cases

Run controls (start, stop, breakpoints)
Read and modify memory (on the fly?)
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Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Test cases

Stress testing Load testing Stress testing

Test cases

Observability
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Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Test cases

Stress testing Load testing Stress testing

Test cases

Observability Real-time trace analysis
Read memory (on the fly?)
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Controllability

Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Observability

Logic Analysis
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Controllability

Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Observability

In-Circuit Emulation
(ICE)
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Controllability

Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Observability

Built-in Test
Equipment
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Controllability

Getting a Real-Time Embedded System Running

Getting HW
running

Getting SW
running

Getting HW
running
correctly

Getting SW
running
correctly

Getting HW
running
reliably

Getting SW
running

in real-time

Getting HW
running

fast enough

Getting SW
running
reliably

Getting 
system
running

Observability

In-Circuit Emulation
(ICE)

Logic Analysis

Built-in Test
Equipment
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Assignment 3

• The Motorola 68000 and its descendents use a linear address space while the 
Intel 8086 and its descendents have used a segmented address space, 
requiring a page register and an offset register (within a page).  Research the 
hardware and software advantages of these approaches.

• Investigate at least two of the following µP/µC’s.  Do they use Big Endian or 
Little Endian numeric representation (note: it may be necessary to examine the
instruction set data sheets looking at the effect of instructions like “Shift Right”):

– Atmel AVR series
– Intel 8051
– Intel 80x86
– Microchip PIC microcontrollers
– Motorola 68HC12
– Parallax Stamp
– Zilog Z8


