The Embedded Computing
Platform

CPU bus: Backbone of the H/W system
Memory.

/0O devices: Timer/counters, A/D, D/A,
Keyboard, Touch-screen, ...

Design: Seat-belt controller, alarm clock

Taken/modified from "Computers as Components, W. Wolf"



CPU bus: wires by which CPU
communicates with memory and devices

Connects CPU to:
memory;
/0O devices.

A protocol controls communication
between entities.

Taken/modified from "Computers
as Components, W. Wolf"



Typical bus signals

Clock: Provides synchronization to bus
components
R/W’: true when bus is reading, false

when writing Device 1] -I k
CI10C

Address: a-bit bundle. R/W’
] : —F Address
Data: n-bit bundle. Data ready D8

Data ready’: Signals when values on data
bus are ready

Taken/modified from "Computers
as Components, W. Wolf"



Computer Buses

How is the problem of multiple sources of
Information (inputs) and outputs on a data

Address Bus
] '
RAM | [ ROM || Printer | | Disk | | Monitor | | Keyboard
CPU L 4 & A A i \ L A
i i I
Data Bus
Read/'write
Control Buses (MEMR, MEMW, IORD, and IOWR)
 p Clk D Q
)o__[_o —D Q— No_ x no change
1 0 0
i —0) Clk 1 1 1
| Jor q 6 — x=don't care

(a) Circuit diagram

(b) Block diagram

(¢) Truth table

Buffer

X
Control

Tri-state buffer - does not
change the logic level of the
input. It is used to isolate or
amplify the signal.

Taken/modified from “HCS12 Microcontroller ..., Mazidi/Causey"



Memory Devices

RAM (Random Access Memory): SRAM
(feedback cct) & DRAM (switch+capacitor)

PROM (fuses blown), EPROM (floating-gate transistors

charged/ UV to erase)

Flash Memory: Evolution of Electrically

Erasable Memory EEPROM.- hoids data on a floating
‘ .—Va: Control gate

transistor gate used to program

Floating __

gt [ [
T T T

p substrate

Taken/modified from "Computers as Components, W. Wolf"



Timers and counters

Very similar:
a timer Is

Incremented by a
periodic signal,

a counter is

Incremented by an
asynchronous,
occasional signal.

Rollover causes

Interrupt.

Bus clock ——=— ==

Modulus counter
Interrupt

Timer overflow

Prescaler

Channel 0
Input capture

16-bit Counter
(TCNT}

18-bit Modulus Counter,

Output compare

Channel 1

Input capture

Qutput compare

Channel 2

Input capture
Output compare

:'—--l—l- 10Cco

:]—HIDC1

:]—-—-u:}r::z

interrupt =
Timer channel 0 Channel 3
interrupt K Input capture ""]_ 1003
- Qutput compare -
- | Registers Channel 4
- Input capture -
Qutput compare -.|_ * »10C4
-
= Channel5 -
Input capture ) 3
- Output compare :]_ =il
Timer channel 7
ir'ITEI'I"I.EFIt - Cha_nrlel 6
Pa overflow - 16-bit Input capture |
interrupt Pulse accumulator 4 Output compare :|_ 10
PA input Channel 7
interrupt -
PB overflow = 16-bit input capture "I—al—i-—l{}C?
interrupt Pulse accumulator B ~ Cutput compare =

HCS12 Timer/Counter Blocks
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Watchdog timer

Watchdog timer is periodically reset by
system timer.

If watchdog Is not reset, it generates an
iInterrupt to reset the host.

__interrupt
host CPU waFchdog
reset A timer

Taken/modified from "Computers
as Components, W. Wolf"




Switch debouncing

A switch must be debounced to
eliminate multiple contacts caused by
mechanical bouncing: Hardware (single-shot),

software can be used

Hardware debouncing Su

Taken/modified from "Computers as Components, vv. wolIr”



Software de-bouncing

unsigned char counter;
unsigned char T_valid; //minimum duration of a valid pulse

DDRA = 0x00; // Initialize port A as input port Switch
T valid =100; //Number representing how long to wait connected to
while(counter < 255){ bit 0 of
if (counter < 255){ //prevent the counter to roll back to 0 PORTA
counter++;
¥

if (PORTA BITO == 1){
counter = 0: //reset the counter back to O

}

if (counter > T_valid) break; .

/Il code after debouncing .... 1 H | D




Touchscreen

Includes input and output devices:

Input device Is a two-dimensional
voltmeter

Output device?

Taken/modified from "Computers as Components, W. Wolf"



Touchscreen position sensing

-Resistive (or capacitive)

- Alternates between x and y position sensing

Conductive sheets-
upper sheet flexible

\oltage gradient
Spacer ball

Taken/modified from "Computers
as Components, W. Wolf"



Digital-to-analog
conversion

Use resistor tree: R,

out
. M/i

o
oD
R
N
%
|
+

Taken/modified from "Computers as Components, W. Wolf"



Flash A/D conversion

N-bit result requires 2" comparators:

V.

In

Reference
voltage
levels

encoder ... HCS12
=» Successive

approximation
Taken/modified from "Computers
as Components, W. Wolf" ADC

7YY




... Flash ADC

 For an N-bit converter, the
circuit employs 2N-1 comparators.

» Each comparator produces a1l
when its analog input voltage is
higher than the reference voltage
applied to it. Otherwise it Is zero

* Example: IfVXW

=>»comparators X, through X,
produce 1s and the remaining
comparators produce 0s.

» The thermometer code is then

:

Xzt

¢

Xata

DIGITAL THERMOMETER

CODE

AMALOG
INFUT

o

"
. (2 -4}

|

. =k =k = O O O O

:

=
Lo

§n

|
L4
&

decoded to the appropriate digital

REF-

|
+ |
3\(

DECODER

MSE

LSB

output code.

ADC diagram from maxim.com




Thermometer code vs
Binary code

ABC 111213141516 17
000 J0 0 0 0 0 0 0

0
0
0
0
0

4
0
4
4
0
0
1
1

0
0
O
0
0
0
0
1




Dual-slope conversion

Use counter to measure the time required
to charge/discharge capacitor.

Charging, then discharging eliminates
non-linearities.

Y

Taken/modified from "Computers
as Components, W. Wolf"




Dual SIOpe ADC High res. but slow

The integrator generates
a negative ramp whose
slope is proportional to
the analog input voltage

The comparator goes
HIGH, enabling clock
pulses into the counter

When counter overflows,
It resets to zero and the
control circuit switches
the switch to a reference
negative voltage

Vin can be obtained by
using Tzero, Tfill, Vref

Analogue
voltage in

O\Sclid-state

switch

Ramp
generator

Clock input

AND
gate
Comparator N

(@]
Negative
reference
voltage
(e.g. -1V)
Overflow
Binary | —
. - counter
Switch control Control Reset
circuits YYYYYYY
(a)
Latches
Time taken for
integrator output to
return to zero
A
Time taken to
Start of fill’ counter
cycle \
0r— / / Time
NS /
. /
N ~ /
=~ /
~ ,/ —— . Ramp produced by a low

% / voltage analogue input

= /

g N S - Ramp produced by a higher

$ N /) voltage analogue input

7] R

z

(b)

Vin = (Tzero/Tfill)*Vref



Sample-and-hold

Required in any A/D:
V __~ converter

in

FET input
IC] IC2

signal +
input —iP +
- output
‘ Q, — C -

+15 sample
-15 J L hold

Taken/modified from "Computers as Components, W. Wolf"




Next - Design and testing
Issues

Architectures and components:
software;
hardware.

Debugging.

Testing.

Taken/modified from "Computers
as Components, W. Wolf"



Software components

Need to break the design up into pieces
to be able to write the code.

Some component designs come up often

A IS a generic description
of a component that can be customized
and used In different circumstances

Taken/modified from "Computers
as Components, W. Wolf"



State Machine: A design
pattern

State machine: Output depends on
current input and state

A state machine keeps internal state as a
variable, changes state based on Iinputs.

Uses:
control-dominated code;

reactive systems.

Taken/modified from "Computers
as Components, W. Wolf"



State machine specification

IN1=1-> x=a
° & r=0 - out2=1

r=1 - outl=0

IN1=0-> x=b

s=0-> outl=0 G

s=1-> outl=1

Taken/modified from "Computers
as Components, W. Wolf"



C code structure

Current state Is kept In a variable.

State table Is iImplemented as a switch.
Cases define states.
States can test Inputs.

Switch Is repeatedly evaluated in a while
loop.

Taken/modified from "Computers
as Components, W. Wolf"



C state machine structure

while (TRUE) {
switch (state) {
case statel: ...

}
}

Taken/modified from "Computers
as Components, W. Wolf"



C state table

switch (state) {

case A: 1f (1nl1==1) {
else { X = b; state
break;

case B: if (r==0) { out2 = 1; state = B; }
else { outl = 0; state = C; }
break;

case C: if (s==0) { outl = 0; state = C; }
else { outl = 1; state ;

break;
} What if “break™ Is
not written?

I X

Il
O
-

Taken/modified from "Computers as Components, W. Wolf"



Seat-belt Controller

3 Inputs: seat sensor, belt
sensor, timer _expired

no seat/-

2 out: buzzer, timer_on

Idle
no seat/ seat/timer_on
buzzer off
no S at/_ no belt
b ted | )
uzzer Jtlmer _exb/buzzer on L Seale ~Timer_exp/-

belt-
belt-on/
buzzer off belted no belt/timer on

=>» Turn buzzer on if a person sits in
a seat and does not fasten the seat
belt within a fixed time period, etc

Taken/modified from "Computers as Components, W. Wolf"



State machine pattern

State machine

State
NOTE: State information is
private to the class but
output step(input) available to step()

Taken/modified from "Computers
as Components, W. Wolf"



C implementation

#define IDLE O

#define SEATED 1 e.g., Set/reset by a

#define BELTED 2

#define BUZZER 3

while(TRUE){
switch (state) {

case IDLE: if (seat) { state = SEATED,; timer_on =
TRUE; }

break;
case SEATED: if (belt) state = BELTED;

else if (time_off) state = BUZZER,;
break;

global routine

} } Taken/modified from "Computers
as Components, W. Wolf"



Embedded software
development

Want to develop as much code as

possible on a standard platform:
friendlier programming environment;
easier debugging.

Environment should allow testing software
elements without the full
hardware/software platform -

Taken/modified from "Computers
as Components, W. Wolf"



Host/target system

Use a host system to prepare software for
target system:

target
system

serial line
host system

Taken/modified from "Computers
as Components, W. Wolf"



HOSt'based tOOIS (e.g., Codewarrior)

ross compiler:

compiles code on ===

el |

BRI EEE
T R T
F ] o] fa e et
| awmas
e i e e

host for target
system.

ross debugger: | B

X

iF

EERLEER s RR LR LRREE

A ]

displays target = i Essa—
state, allows -

=

target systemto . °
be controlled.

Taken/modified from "Computers as Components, W. Wolf"



Evaluation boards

Designed by CPU manufacturer or others.
Includes CPU, memory, some 1/0 devices.

May include prototyping section.

Evaluation boards can be used as starting
point for your custom board design.

Taken/modified from "Computers
as Components, W. Wolf"



Adding logic to a board:

Glue

leld-

logic

Programmable logic devices (PLDs)
provide low/medium density logic.

orogrammable gate arrays (FPGAS)

Orovid

e more logic and multi-level logic.

Application-specific integrated circults
(ASICs) are manufactured for a single
purpose.

Taken/modified from "Computers
as Components, W. Wolf"



The PC as a platform

Advantages:
cheap and easy to get;
rich and familiar software environment.

Disadvantages:

requires a lot of hardware resources;

not well-adapted to real-time (e.qg., If non-
real-time O/S’s are used)

Taken/modified from "Computers
as Components, W. Wolf"



Typical PC hardware
platform

Memory
(ROM &RAM)

CPU bus

-

A 4
bus
interface

. - = | high-speed bus (PCI)
OUS : low-speed b:us (ISA)
Interface -

Taken/modified from "Computers
as Components, W. Wolf"




Small S/W

Debugging embedded ko

host
systems :

Target
Challenges: system

target system may be hard to observe;
target may be hard to control,

may be hard to generate realistic inputs;
setup sequence may be complex.

Host-Target configurations: Host loads

programs into target, start/stop execution, examine
memory & CPU registers

Taken/modified from "Computers
as Components, W. Wolf"



Software debuggers

A monitor program residing on the target
provides basic debugger functions.

Debugger should have a minimal footprint
INn memory.

User program must be careful not to
destroy debugger program, but , should
be able to recover from some damage
caused by user code.

Taken/modified from "Computers
as Components, W. Wolf"



Breaprints: An important
debugging tool

A breakpoint allows the user to stop
execution, examine system state, and
change state.

Replace the breakpointed instruction with
a subroutine call to the monitor program.

Taken/modified from "Computers
as Components, W. Wolf"



ARM breaprints: Replace the

Instruction at bkpt with a subroutine call to

the monitor program

O0x400 MUL r4,r6,r6
0x404 ADD r2,r2,r4
0x408 ADD r0,r0,#1

0x40c B loop

0x400 MUL r4,r6,r6
0x404 ADD r2,r2,r4

0x408 ADD r0,r0,#1

T

uninstrumented code

P

O0x40c BL bkpoint — |

f
code with breakpoint

Breakﬁoint

- Saves all registers. . handling
- Can display CPU state to ~ routine
the user.

Taken/modified from "Computers

as Components, W. Wolf"



Breakpoint handler actions

Save registers.
Allow user to examine machine.

Before returning, restore system state.

Safest way to execute the instruction is to
replace it and execute in place.

Taken/modified from "Computers
as Components, W. Wolf"



Logic analyzers

A logic analyzer is an array of low-grade
oscilloscopes = Records values of signals in an

Internal memory and displays them once the
memory is full.

Memory

Taken/modified from "Computers
as Components, W. Wolf"



Logic analyzer architecture

latch
data
memory
system|clock vector
A R address

“state (digital system clock)
or timing mode (fast clock)

keypad

display

.~
~.
~.
~.
=~ L-
R T

Taken/modified from "Computers
as Components, W. Wolf"



The embedded systems
platform

Example: alarm clock

Taken/modified from "Computers
as Components, W. Wolf"



Alarm clock interfac

=

Alarmon @ @ Alarm off

“|H:HH

Alarm
read
light ® e o o Y
set set hour minut‘(x
time alarm buttons

Taken/modified from "Computers as Components, W. Wolf"



Operations

Set time: hold set time, depress hour,
minute.

Set alarm time: hold set alarm, depress
hour, minute.

Turn alarm on/off: depress alarm on/off.

Taken/modified from "Computers
as Components, W. Wolf"



Alarm clock reqguirements

name
purpose
inputs

outputs

functions

performance

Manufacturing
cost

power
physical
size/weight

alarm clock

12-hour digital clock with one alarm

Push buttons: set time, set alarm, hour,
minute, alarm on/off

four-digit display, PM indicator, alarm ready,
buzzer

keep time, set time, set alarm, turn alarm
on/off, activate buzzer by alarm, PM light on
after 12

hours and minutes, no seconds; not high
precision

consumer product

AC
fits on stand

Taken/modified from "Computers
as Components, W. Wolf"



Alarm clock class diagram

Lights*

1

1

Physical display scanned
to generate outputs

/
For all digits

and lights

1 1
Display : Mechanism
1 Handles
Buttons* basic c_lock
operation
Speaker* 1

Taken/modified from "Computers
as Components, W. Wolf"



Alarm clock physical
classes

Lights* Buttons* Speaker*

set-time(): boolean

digit-val(value) set-alarm(): boolean gz
digit-scan(digit_no) | 41arm-on(): boolean
alarm-on-light() alarm-off(): boolean
PM-light() minute(): boolean
hour(): boolean
f To drive the \ Read-only access
lights to state of buttons

Taken/modified from "Computers
as Components, W. Wolf"



Dlsplay class: cenerate display by

scanning digits periodically

Display

time[4]: integer
alarm-indicator: boolean
PM-indicator: boolean

set-time()
alarm-light-on()
alarm-light-off()
PM-light-on()
PM-light-off()

Taken/modified from "Computers
as Components, W. Wolf"



Mechanism class;: keeps track of

current time, alarm time, etc

Mechanism

Seconds: integer

PM: boolean

tens-hours, ones-hours: integer
tens-minutes, ones-minutes: integer
alarm-ready: boolean
alarm-tens-hours, alarm-ones-hours:

Integer
Periodic alarm-tens-minutes, alarm-ones-minutes:
behaviors Integer

§ scan-keyboard()
update-time()

Taken/modified from "Computers
as Components, W. Wolf"



U pdate-ti me behavior: once/sec

update seconds [display.set-time(current time)}
Wlth roIIover

Rollover
(>6OS)7

[ update hh:mm }

e >= alarm and alarm-on?

T

[ alarm.buzz(true) V

P M :tl‘ue P M :false Taken/modified from "Computers as
Components, W. Wolf"

with rollover

rollove

1



Scan-keyboard behavior- state
diagram

Check against previous ?
activations

[ compute button activations L

Set-time and
not set-alarm
and hours

(. .
Alarm-on
alarm-ready= / Increment time
U minutes w. rollover
Alarm=off and AM/PM y
- p— - \
alarm-ready Increment time
false save button L Hrs w. rollover
alarm.buzzer(false) states J \ and AM/PM
J

Set-timeand
not set-alarm
and minutes

Taken/modified from "Computers as Components, W. Wolf"



System architecture

Includes:

periodic behavior (clock);
aperiodic behavior (buttons, buzzer

activation).

Two major software components:

Interrupt-c
time stored

foreground

riven routine updates time->
INn a memory variable.

program deals with

buttons, commands - By polling
buttons and executing their commands

Taken/modified from "Computers as Components, W. Wolf"



Interrupt-driven routine

Timer probably can’t handle one-minute
iInterrupt interval - requires a large
number of timer bits- not realistic

Use software variable to convert interrupt
frequency to seconds.

Taken/modified from "Computers
as Components, W. Wolf"



Foreground program

Operates as while loop:
while (TRUE) {

// read and preprocess button values
read buttons(button_values);
process command(button_values);

//decide whether to turn alarm on
check_ alarm();

}

Taken/modified from "Computers
as Components, W. Wolf"



Testing

Component testing:
test interrupt code on the platform
test foreground program

System testing:
relatively few components to integrate,
check clock accuracy;

check recognition of buttons, buzzer,
etc.

Taken/modified from "Computers
as Components, W. Wolf"
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