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Computing systems are everywhere

Most of us think of “desktop” computers
PC’s
Laptops
Mainframes
Servers

But there’s another type of computing system
Far more common...
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Embedded Systems are extremely diversely
applied in areas such as

consumer electronics and appliances,

communication eqguipment,

medical equipment,

advanced avionics,

the automotive industry,

iIndustrial electronics, and a host of others.

Every day people are using embedded systems
without knowing it
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What is an Embedded System?

An embedded system Is a computer system
that Is built into a product, a piece of equipment
or another computer system, and IS

programmed to perform a particular task useful
to the product, equipment or system.
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Embedded systems come in a tremendous
variety of sizes and configurations but all
embedded systems share common features:

they perform a very well-defined task for the
product, equipment or system in which they are
found:; »

they do not permit user interaction with their
operation except where such interaction may be
the task of the embedded system, and

they are considered to be a component of the
product, equipment or system .
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Although the embedded system is embedded,
or hidden, inside a device or larger system,

It has hardware and software that allow it to
communicate with the external hardware,

It accepts inputs, perform calculations, and
generate outputs (analog & digital).

Real-time systems have an upper bound on
the time required to perform the >
iInput/calculation/output sequence.
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Peripheral and timer features need to be
supported, such as P

synchronous serial peripheral Interface (SPI),
asynchronous serial communication interface (SCI),
analog-to-digital (ADC) converters,
pulse-width-modulations (PWM) outputs,

event counter system for advanced timer operations,

iInput capture used for period and pulse width
measurement,

output capture used for generating signals and
frequency measurement, and others.
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Differences between the typical embedded
system and the desktop PC are:

Supported by a wide array of processor and
processor architectures, because of the
demand by different applications.

Usually cost sensitive. (o
Most often real-time constraints.

If it IS using an operating system, it IS most
likely a RTOS.

The implication of a software failure iIs much

more severe. %
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Usually have power constraints.

Often operate under extreme environmental
conditions.

Have far fewer system resources than
desktop systems.

Usually store all their object code in ROM.

Require specialised tools and methods to be
efficiently designed. >

Have dedicated debugging circuitry.
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Low cost. The cost of developing firmware for an
embedded system can be very high, but it is a
nonrecurring expense, only spend once to
develop the product. The actual cost of the
finished product can be very low. >

Increased product flexibility. The only change
may be a few lines of code.

Programmability. The same hardware platform
can perform different tasks. &
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Faster, software-based development with
advanced development tools reduces time
to market.

Development can commence without first
having to develop hardware.

Modifications and enhancements are more
rapidly incorporated.

The ability to develop more complex
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Protection of intellectual property. With self-
contained microcontrollers, all that Is visible
IS a plastic package with a few connections
to the outside world. The software Is burnt
Into the on-chip memory and effectively
Impossible to access.

Replacement for analog circuits with the
advent of high performance and low cost
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Improves mechanical performance. A finer
degree of control of electromechanical
systems can prevent excessive mechanical
wear, and in some cases, compensate for
wear and tear. A good example is an engine

Mmanagement system.
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“Computers in the future may weigh no more
than 1.5 tons.”

(Popular Mechanics, 1949)

“There Is no reason anyone would want a
computer in their home.”

(Ken Olson, DEC, 1977)
&
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ES’s In every facet of modern life:

An average consumer interacts with up to
micro-controllers 300 times/day.

Upscale homes may have as many as 150
microcomputers and a

Modern automobile can contain around 70
microcomputers.

A desktop computer system can typically
have 10 embedded processors.
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During 2000 microprocessor manufacturers
sold about 3 billion of the 8-bit embedded
mICcroprocessor.

The Pentium accounted for only about 2% of
the microprocessors sold around the world.

The dominance of the 8-bit chips Is clear
from the graphic showing sales of all types
of microprocessor worldwide for the period
1990 to 2000.
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Microprocessor Unit Sales
All types, all markets worldwide
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The Internet: The World’'s

Largest Embedded System
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Digital watches, calculators, mobile
phones, PDA'’s, televisions, VCRs, CD and
DVD players, video game consoles,
remote controls, cameras, and music
synthesizers.

Timing and control electronics in
microwave ovens, toasters, coffee makers,
vacuum cleaners and washing machines.

Automatic garage door opener and remote
controls, home security systems.
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Desktop PCs, which are designed
around a CPU, contain embedded
systems. Floppy disk drives, hard disk
drives, CD-ROM and DVD-ROM drives,
3D accelerator cards, and external
peripherals such printers, scanners, and
other SCSI or USB devices all contain
embedded processors.

Answering machines, fax machines,
copy machines.
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Engine control
fuel injection

Control of
braki
W
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PowerPC based
HW platform

automotive applications

such as engine and
transmission control

robotics and avionics
control.
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40MHz Core with Floating Point Unit
26 Kbytes of Static RAM

448 Kbytes Flash EEPROM Memory with 5-V
programming (CMF)

Flexible Memory Protection Unit

General-Purpose I/O Support

Two Time Processor Units (TPU3)

18-Channel Modular I/O System (MIOS1)

Two Queued Analog-to-Digital Converter Modules (QADC)
Two CAN 2.0B Controller Modules (TouCANS)

Queued Serial Multi-Channel Module (QSMCM)

U-Bus System Interface Unit (USIU)
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Elevator, environmental and
security systems in buildings
are controlled, to make it
convenient for the inhabitants,
but also to save energy.

Large potential savings in energy costs are possible
by controlling HVAC and identifying broken systems.
It is estimated that up to 30% of the energy bill is
from broken systems.

Another field of application is smart buildings that
adjust to needs of inhabitants.
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Medical equipment is usually designed with rigorous
safety standards and uses embedded systems

extensively for

Life support equipment. These include medical ventilators,

heart-lung machines, ECMQO, and dialysis machines.

Therapeutic equipment includes infusion pumps, medical

lasers and surgical machines.
Medical monitors for measuring ECGs, EEGs, blood

pressure, and dissolved gases in the blood.

Medical imaging machines to aid diagnosis. These include

ultrasound, MRI, CAT-scans, PET, and x-ray machines.

Medical laboratory equipment for analyses of blood, urine
and genes.
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The games market is a very important driver of
microprocessor performance.

Automatic teller machines.
Parking meter controllers, etc.
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E

mbedded systems are increasingly being

built around embedded processors, which are

S
S

neclal-purpose processors designed for a
necific class of application. The key Is

d

pplication awareness, I.e., matching the

processor with the application and its
requirements.

30

Embedded System Design



One class of embedded processor focuses on
Size, power consumption and price. They are
limited in functionality, but suited to the class of
application it was designed for. For example,
the class of processor chosen for a PDA. The
limited functionality results in a smaller size
processor, which means cheaper fabrication,
reduced power consumption (longer battery
life) and a device which Is slim and easy to
handle.
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Another class focuses on performance. These
processors are powerful and packed with
advanced chip-design technologies, such as
pipeline and parallel processing architecture.
They are meant for applications with intensive

computing requirements, and where speed Is a
main concern.
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Yet another application focuses on all four
requirements — performance, size, power
consumption, and price. An example would be the
embedded digital signal processor (DSP) used In
mobile phones. A DSP has the capabillity to
perform complex calculations extremely fast in
real time. Even although DSPs are incredibly fast
and powerful, they are reasonable priced, which
keeps the overall prices of devices such as mobile
phones competitive.
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4 Specialized
hardware

Reconfigurable
computing
Execution / DSP
speed S

General purpose,
conventional
processors and
microcontrollers

Algorithm Sophistication and Complexity

>
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In 1ts simplest form

the embedded

system consists of a

mIicroprocessor or

central processing

unit (CPU),

memory, peripherals (1/0) to interface with Its
environment, and software and algorithms.
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The main criteria for the processor Is: can it
provide the processing power needed to
perform the tasks within certain power, size
and cost constraints? This seems obvious
but it frequently occurs that the tasks are
either underestimated in terms of their size
and/or complexity.
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Speed Is a particularly difficult processor aspect
to measure and compare. We could compare
processor clock speeds, but the number of
Instructions per clock cycle may differ greatly
among processors. We could instead compare
Instructions per second, but the complexity of
each instruction may also differ greatly among
processors. For example, one processor may
require 100 instructions while another
processor may require 300 instructions to
perform the same computation.
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While processor performance is essential
and forms the first gating criterion, there are
others such as cost - this should be system
cost and not just the cost of the processor In
Isolation, power consumption, software tools
and component availablility. Other non-
technical aspects may include prior
expertise with a processor and Its
development environment, special licensing
arrangements, and so on.
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Heavily influenced by the software design,
and in turn may dictate how the software is
designed, written and developed.

Stored information either program or data.

Program information consists of the sequence of
Instructions that cause the processor to carry out
the desired system functionality.

Data information represents the values being
iInput, output and transformed by the program.
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We can store program and data together or
separately.

In a
Worg

In a

Princeton architecture, data and program
s share the same memory space.

Harvard architecture, the program

memory space Is distinct from the data
memory space.
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Processor

A 4

A

Processor

A

Program Data
memory memory
Harvard

Memory
(program and data)

Princeton
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Memory may be read-only memory (ROM)
or readable and writable memory (RAM).
ROM is usually much more compact than
RAM. An embedded system often uses
ROM for program memory, since, unlike in
desktop systems, an embedded system's
program does not change. Constant data
may be stored in ROM, but other data of
course requires RAM.
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An embedded system communicates with the outside
world through peripherals. The main types are:

Binary outputs (parallel outputs).

These are simple external pins whose logic state can
be controlled by the processor to either be a logic zero
(off) or a logic one (on). They can be used individually
or grouped together to create parallel ports where a
group of bits can be input or output simultaneously.

Serial outputs

These are interfaces that send or receive data using
one or two pins in a serial mode.
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A/D & D/A

While processors operate in the digital domain, the
natural world does not and tends to orientate to
analogue values.

Displays
Displays are becoming important and can vary from

simple LEDs and seven segment displays to small
alpha-numeric LCD panels.

Time derived outputs

Timers and counters are probably the most
commonly used functions within an embedded
system.
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The software components within an embedded
system often encompass the technology that adds
value to the system and defines what it does and
how well it does it. The software can consist of
several different components:

Initialisation and configuration

Operating system or run-time environment
The applications software itself

Error handling

Debug and maintenance support
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Algorithms are the key constituents of the
software that makes an embedded system
behave In the way that it does. They can
range from mathematical processing
through to models of the external
environment which are used to interpret
iInformation from external sensors and thus
generate control signals.
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Microcontrollers may include several features:

Peripheral devices, such as timers, analog-
to-digital converters, and serial
communication devices, on the same IC.

Program and data memory on the same IC.

Provide the programmer with direct access
to a number of pins of the IC.

Provide specialized instructions for common
embedded system control operations, such
as bit-manipulation operations. .
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Are usually available in several forms:

Devices for prototyping or low volume
production.

These devices use non-volatile memory.
[UV erasable EPROM or EEPROM]

The device can be reprogrammed as needed until the
software reaches its final release version.
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Devices for low to medium volume production.

A derivative of the prototype device is called the
one time programmable or OTP.

These devices use EPROM but it was packaged In
a cheaper plastic pack and thus was only capable
of programming a single time.

Their lower cost has made them a suitable
alternative to producing a ROM device.
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Devices for high volume production runs

For high volumes, microcontrollers can be built
already programmed with software in the ROM.

The customer supplies the software to the
manufacturer who then creates the masks
necessary to create the ROM in the device.

The costs are much lower than using prototyping or
OTP parts and there is no programming time or
overhead involved.
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Some applications require more memaory or
peripherals than are available on a standard
part.

Most microcontroller families have parts that
support external expansion and have an
external memory and/or I/O bus which can
allow the designer to put almost any
configuration together.
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Highly optimized for processing large amounts of
data.

Provide instructions that are central to digital signal
processing, such as filtering and transforming
vectors or metrics of data.

Frequently used arithmetic functions, such as MAC,
are implemented in hardware and thus execute
orders of magnitude faster than a software
Implementation.

DSPs may allow for execution of some functions in
parallel, resulting in a boost in performance.
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must produce correct computational results,
called logical or functional correctness, and
these computations

must conclude within a predefined period,
called timing correctness.
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For hard real-time systems, the level of

tolerance for a missed deadline Is extremely
small or zero tolerance.

The computed results after the missed
deadline are likely useless for many of these
systems.

The penalty incurred for a missed deadline Is
catastrophic.
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For soft real-time systems, however, the level

of tolerance 1s non-zero.

The computed results after the missed
deadline have a rate of depreciation.

The usefulness of the results does not reach
zero Iimmediately passing the deadline.

The physical impact of a missed deadline Is
non-catastrophic.
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The typical embedded processor consumes
far less power (and dissipates less heat) than

a PC processor - not necessarily because
they're slower or simpler.

Power consumption is not such a priority
when designing PC processors — maybe on
mobile processors, but resultant power
utilization is still higher.

Different techniques are utilised to
accomplish power saving:
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Basic physics indicates that power consumption
increases with the square of the voltage (P=CV?f);
capacitance and frequency have a linear effect.

Lowering the voltage can significantly reduce power
consumption — latest semiconductor processes.

XScale chips operate from as little as 0.65 volts; so
do processors for smartcards.

A 3.3-volt power supply is becoming unusual; 2.5-
volt chips are becoming more common.
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An entire system on low voltage difficult

Some processors have two different voltage
sources: a low-voltage source for the
processor (such as 1.5 V) and a higher
voltage (such as 3.3 V) for the chip's bus
Interface and I/O pins.

Allows a very low-voltage chip to still talk to
commercially available memory and core
logic.
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Static operation Is the abllity to stop the clock
dead and freeze the state of the CPU as If it
was in suspended animation. Motorola's
DragonBall (used in Palm and Handspring
PDAS) Is one example of dozens of different
"static” processors that don't mind having
their clocks stopped for a few microseconds
or a few hours.
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A limited version of clock stopping that shuts
off parts of the chip when they're not being
used. CMOS logic transistors only consume
power when they're active, so shutting off the
clock for a few moments can save energy.
Processors can tell, based on the instructions

they're executing, which part will be needed
In the next few cycles.

60

Embedded System Design



Power varies in direct proportion to frequency

Power can be reduced at the cost of
performance.

Frequency scaling Is implemented by
speeding up or slowing down the processor's
clock speed (similar to Transmeta's
LongRun, AMD's PowerNow, or Intel's
SpeedStep technologies).
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