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Digital logic and information representation review
Reference: Russell chapter |
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What in an embedded system!

* An embedded system is an electronic system that contains at
least one controlling device, i.e.“the brain”, but in such a way that
it is hidden from the end user.

* That is, the controller is embedded so far in the system that
usually users don’t realize its presence.

* Examples of devices containing embedded systems:
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Embedded systems are everywhere

gear box information

motor control

climate control

We trust them too much!
What happens if they fail???
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Conceptual view of an embedded
system

List of detailed
instructions.
, \ * All embedded systems have some
' common features.

/ ° °
Peripheral @/5‘\\1 p8?$ oral | ® Every system contains some input
Devices Devices .
V// and output elements in order to

E les: Controll E les: . . .
TP T TP interact with the environment
-Button “The Brain® -Light Emitting
-Mlcropilone, Dlode (LED),
-Keypad, -Liquid Cry stal
-Motion Sensor, Dlsplay (cp), ® Thereis something that controls

-Potentiometer, I\’f aker,
-Accelerometer, otor

Thermometor, the behavior of the entire system.
-Ambient nght Sensor
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Intel 1969

. Transitor an lithography methods are understood

* Intel is just a another custom chip start-up

* Every implementation required a new layout
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Genesis: Intel 4004

* A Japanese company wanted a custom chip
for a calculator

* Design could be re-programmed for other
products

* Intel 4004
* |st complete CPU (on a chip)
* |st mainstream pProcessor

e 740 kHz, 2000 Transistors
EBay ~$400-$800!!
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The rest is history

* Busicom sold 100k units
* [ntel bought back the rights to the chip

* 4004 schematics and manual are online! ) &
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Brief deviation into CMOS and PMOS

Vce

"
?F A —DO— out

PMOS
NOT gate

PMOS Technology CMOS Technology

If @ is LOWY, the PMOS If @ is LOWY, the PMOS
transistor is open, therefore transistor is open, but the
current will go into both F NMOS transistor is closed,
and also to GND, which which means most of the
means a lot of power will be current will go into F
“wasted” and dissipated into

heat.
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Micro-controllers

* Certain applications do not need big powerful chips.

* Micro-processor vs micro-controller: micro-controller is used in embedded

devices and is normally:
* Is cheaper
* |s smaller
* Has internal programable memory
* Has lower clock frequencies

* Consumes less power
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The controller of an embedded
system

* The controller of an embedded system
can be a micro-controller or a micro-
processor.

* These two terms greatly overlap these
days...

* Micro-controller: single integrated
circuit containing a processor core,
memory, and programmable input/
output peripherals. Program memory
in the form of NOR flash is also often
included on chip, as well as a typically
small amount of RAM.
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Low power trend

£11411

* There is a voltage difference
between a branch of a plant and
the soil.
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* A single plant can supply 0.8
microwatts, at 400 mV.

K

* Five plants are enough to power
an ultra-low power MSP430F2013

from Tl “Flower Power” - Nuts and Volts Magazine, September 2010.
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Embedded system block diagram using
a micro-controller

Input Output
Peripheral ——| Microcontroller Peripheral
Devices Devices

* The program is a list of instructions that will analyze the inputs and
write an output.

* The program exists in the system in some form of memory
device. Then, the processor has the ability to access the program,
execute individual instructions from the list, pick the next

instruction to execute, and continue through the entire list until it
is finished.
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Some words you must know

* A processor is just a synchronous digital circuit.

* |t is an Application Specific Integrated Circuit (ASIC), a very
large digital circuit entirely fabricated on a single chip.

* Our processor needs DC power (VDD), ground (GND) and a
clock signal (CLK).

* A clock is a periodic square-wave signal, usually with a 50% duty
cycle,i.e., logic ‘I’ 50% of the time.

* The signal transitions of the clock, i.e., the rising and falling
edges, are used as signal events so that all system components
will perform actions at the same time.

CPE 355 - Real Time Embedded Kernels - Spring ‘12 WESTERN NEW ENGLAND WNE
Nuno Alves (nalves@wne.edu), College of Engineering UNIVERSITY



Duty cycle

* |s just the percentage of time a signal is in the logic one state
(HIGH).

D: 30%

D is the duty cycle.
T is the duration that the function is active.
T is the period of the function.

) =

T
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Role of CPU

* A processor contains a custom instruction decoder sub-
circuit that takes as input some single “instruction” and outputs a
signal or set of signals that go to other circuit sub-systems within
the micro-controller, telling them to perform some function.

* This is the heart of the processor, and it is the bulk of the
Central Processing Unit (CPU).

* Because this is just a custom decoder circuit, instructions valid
for processor A are likely completely different for processor B.
That is, the machine language is unique for every processor.
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Role of ALU

* Arithmetic/Logic Unit (ALU) is responsible for performing all of
the standard operations such as addition, subtraction,
multiplication, etc.

* Fach operation takes in its operands from values stored in CPU

registers, which are small groups of memory used by the ALU
and CPU.

Central Processing Unit

-~

Program Counter)

-
\
-
L

Registers

: . Control
Arithmetic-Logic Unit

Unit
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Role of memory

* Finally, every processor has access to two conceptual banks of
memory.

* Non-volatile memory holds the program, kind of like a
textbook

* Volatile memory provides the CPU the freedom to run the
program, kind of like scratch paper.
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Microprocessor characteristics

* Each micro-processor has particular characteristics

* What are power supply requirements, maximum clock
frequency which determines how fast a single instruction can
be executed, the machine language, the capabilities of the
ALU, the number and size of the CPU registers, how instructions
interact with the registers, how much memory is available, etc.

* All relevant processor information is found in a document
provided by the manufacturer called a data sheet.

* [t also includes physical characteristics including the package
dimensions and operating properties such as temperature
effects.
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There are several packaging types

Dual Inline Package DIP
(70s)

Quad Flat Package QFP
(80’s)

Pin Grid Array PGA
(90’s)

Ball Grid Array
BGA (00%)

- Easy to solder, handle
and replace

- Extremely mature
technology (cheap)

- More available |/O
pins than DIP

- More available I1/O
pins than QFP

- Often mounted with
through hole methods

- High density

- Good heat
conduction

- Low inductance

- Low pin density
- Signal propagates
“slowly” through pins

- No socketing or hole
mounting (only
soldering)

- Long leads means loss
of signal integrity

- Expensive testing
equipment
- Unreliable test
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Logic gates
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Basic Gates

|) These are the basic gates we will be dealing with:

- AND, NAND
- BUFENOT
- OR,NOR
- XOR, XNOR

2) While you should know how each logic gate is gate at the
implemented at the transistor level, in this course we transistor
are mainly working at the register-transfer level level

(RTL).
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AND, OR, NOT and BUF

The AND operation will be signified by AB
or &B. Other common mathematical
notations foritare A~B and ANBE, called
the intersection of A and B.

Out
In| Out
0 1
1 0

The OR operation will be signified by A + B.

Other common mathematical notations for
In%ﬂut itare AvB and AUB, called the union of
A and B.
In| Out
0 | 0
1 1
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K’nex implementations of logic gates

red is rigid rod

biue circle is free-hanging pivot
green circle is static anchor point
orange wave is elastic band

dark red is rigid support rod
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Water gates
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NAND and NOR gates

* With just NAND and NOR gates
we can come up with all other basic

gates.

* They are called universal gates!
L
D

oy

CPE 355 - Real Time Embedded Kernels - Spring ‘12 WESTERN NEW ENGLAND WNE
Nuno Alves (nalves@wne.edu), College of Engineering UNIVERSITY




XOR gates

The output is high when either of
inputs A or B is high, but not if both
SR A and B are high.

0
1
1
0

Logically, the XOR operation can be seen as either of the
following operations:

A@®B = AB + BA A®B = (A + BY(AB)
A

A+B

2 [ ="

AB
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XOR gate implementations

Implementing XOR gates with NOR and NAND universal gates...

Pl DD
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Fluidics

Fluidics is the use of a fluid to perform analog or digital operations similar to
those performed with electronics.

The two gates AND and XOR

in one module. The bucket in
the center collects the AND
output, and the output at the

bottom is A XOR B.

AND

http://www.blikstein.com/paulo/projects/project water.html
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Truth tables

[=(B-C)

—_—— = — O OO O P
——_ 0 O = = O O
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Physical implementation of a 4-Bit

adder

http://knexcomputer.blogspot.com/2006_12 0l _archive.html
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Multiplexer (MUX)

You have n input signals (A and
B in this example).With the
select bit(s), you determine

which input will propagate to

Z the single output.

Z=(A-5)+(B-5)

1 1
1 1
0 0
0 0
1 1
1 0
0 1
0 0

I H
| |
8 7

FEDCBA
| | [ [ ]]
54 32 0

P O N M L K

J
| I [ [ [ | |
\15 14 13 12 11 10 9

G
|
6

I

Z Z Z
4-to-1 MUX 8-to-1 MUX |6-to-1 MUX
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4-to-1 MUX

F:(J4'§0'§1)+(B-So'S_1)+(C'S_O'Sl)+(D'SO'Sl)
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Lets play some MUX games

With any number of 2-to-1 MUX gates, implement an AND gate
with the function OUT =A .B

a O

Nz /b

OUT = a.b+ 0. b
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What is sequential logic

* Sequential logic is a type of logic circuit... whose output
depends not only on the present input but also on the history
of the input.

* In combinational logic, the output is a function of, and only of,
the present input.

* In other words, sequential logic has state (memory) while
combinational logic does not.

* Sequential logic is used to construct some types of computer
memory storage elements, and finite state machines.
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D-Latch operation

Inputs Outputs

Q ~Q | Comment

No change

/

D&
<P
A

2
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Two D-Latch designs

Multiplexer chooses D or old Q

0
/

o
<
..With a MUX

CPE 355 - Real Time Embedded Kernels - Spring ‘12
Nuno Alves (nalves@wne.edu), College of Engineering

D

CLK
1
T

CLK

b

-

o
<P
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...With transmission gates
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D-Flip Flop

* Only when CLK rises, D is copied to Q
e At all other times, Q holds its value

* a.k.a. positive edge-triggered flip-flop, master-slave flip-
flop

CLK /g \

A
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D-Flip Flop design

Built from two D latches (one is master, other is the slave)

CLK
a L
=
CLK

K

{>c
Q@

“Negative level-sensitive” latch : ‘“Positive level-sensitive” latch
3 :

LK

Note: This latch is
ON when CLK is
LOW!
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D-Flip Flop operation

Inverted version of D

/
P oo
A/»—<lo— —n—»<]o—
Holds the last value of NOT(D)

o oo
WG LG
/\

Q becomes NOT(NOT(QM))

\

Jz\

(;p
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Logic arithmetic
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Digital vectors

0
I
|10
|l
100
0]
10
11
1000
1001
1010
1011
1100
1101
1110
111
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* We need many bits in order
to do anything meaningful.

* So, we group them together
into n-bits.

* A group of bits is called a
vector.

WO N|]ocoJUunn | DM JwW DN

* 8 bits is a byte.

* 4 bits is a nibble.

| m|OlO0O|lm > |lo|lo|lvN]la|lvu]lr]lw]d




Conversions

® You must know how to convert between base 2 (binary), |0
(decimal), and |6 (hexadecimal).

128 64 32 16 8 1

\\\//“j/

1T 00 110 1 Converting binary to decimal
12840 +0+16+8+ 0 + 2 + 1

)* ’ ]/ o * 1
A R N4 Converting hexadecimal to decimal

-3 2 .
13x16” + 1x16” + 12x16 + 14
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Some examples

e 0l00I 101, =4D ¢
53, =0101001 1,
e QI00I1I0I2,=770

* You can generate as many examples as you want in wolfram
alpha (www.wolframalpha.com)

2% Wolfram

' convert 55 base 10 to base 2
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AND of two inputs

* Suppose the CPU is required to logically AND two inputs together.

* [t would have to perform the logical AND operation bit-by-bit on two 8-
bit vectors, probably sitting in CPU registers.

* This is required since the CPU generally can’t access individual bits — the
smallest unit in most CPUs is an 8-bit byte.

(e Telelalelalalel (B o 66666 ]5]

snliil

\/\/\/\/\/\/\/\/

[TTTTT]

| do | di |y || ||

[ |
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Endians

¢ Big-endian bit format: the most significant bit (MSB) is the
first element of the bit vector and the least significant bit (LSB)
is the last element of the vector.

® However, some manufacturers will reverse this order, which is
called little-endian.

® ATMEL ATmega328P (the micro-controller inside the Arduino)
follows the big-endian format.

® Suppose we have 001001 102 but we are not told the order.
This number could be either 329 (big endian) or 100 (little-
endian). It is important to know the bit-endianness.
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Signed Integers

® There is a sign bit, usually the most-significant bit (MSB).

® |[f MSB = 0, then number is positive, otherwise the number is
negative

Let n = 8. The representation for 77 and -77 are
sign | magnitude A signed byte has a range of

77 0 | 1001101 values from -1270 to 1270.
77 1 | 1001101

Problems with signed integers:
* Two versions of zero, (102 = 0i0) and (002 = 010) which are both

mathematically equal.
* The hardware required to perform arithmetic in the ALU is

complex, large, slow, etc.
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Two’s Complement

® VWhen performing ALU operations with integers, two’s
complement is the only signed integer code that is ever used in
practice.

® The two’s complement code allows for addition and
subtraction treatment of bit strings as though they were
unsigned integers.

® The code was designed to allow for efficient hardware in an
ALU, i.e., the code does not care if human engineering students
are unable to decipher the meaning of a bit vectors for a
homework assighment.
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How to write a positive number in 2’s
complement!?

e Suppose we're working with 8 bit quantities
* We want to find 270 in two's complement.
|. We just write out 279 in binary form : 0001 101 I,

2. ...and thats it!

Use wolfram alpha to &W()lfl’ am

ve |"|f)l )’OU I answe rS' —_—> 27 base 10 in 2's complement
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How to write a negative number in 2’s
complement!?

* Suppose we're working with 8 bit quantities

* We want to find -280 in two's complement.
|. First we write out 280 in binary form : 0001 | 100,
2. Then we invert each digits : | 1 10001 I

3. Thenweadd | : 11100100,
% Wolfram

-28 base 10 in 2's complement

Be careful with
wolfram alpha here,
since we can’t specify
the output bit length. 100100

 —

28 base 10 in 2's complement

2% Wolfram
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2's Complement conversion examples

Q:In 2's complement, what is 001101117 in base 10?

A:The MSB bit is 0, so its a positive number. So it is 551o.

Q:In 2's complement, what is 1 11001102 in base 10?

A:The MSB bit is a‘l’, so we know it is a negative number. We
need to invert the bits before we add the powers-of-2. Also, we
need to add | before applying the minus sign.

So,
(11100110) = —[(00011001) + I] = —2610
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Addition and subtraction with 2’s
complement

® Addition of any two numbers in two’s complement is as
follows:

® |. Perform binary addition of all bits including the sign bit.
2.1fa‘l’ is carried out, discard it.

® Subtraction of any two numbers in two’s complement is
handled by negating one of the numbers and performing
addition.
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Example of addition in 2’s complement

* | et’s add 0100, with 1101, in 2’s complement

* 01002 is 4 while 11013 is -3 (do this by hand if you don’t believe me)
0100

+ 1101

10001 -> We get 1gnore the carry out

* The sum is 0001, which, as expected, is | o.
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Floating point in hardware

® Unlike integers, in which hardware is pretty much all the same
across all architectures, floating-point codes are not standard.

® However, the same basic concepts are generally present. In
particular, out of an n-bit number; one bit is required for the
sigh of the number, m bits are required for the mantissa, and
the remaining e bits are used to represent the exponent.

® Here are the |IEEE floating point formats:
b31 bso b23 bzz bo

Single Precision: I Sign [ Exponent(8) [ Mantissa(23) l

bes g2 b5z s, by
Double Precision: Sign Exponent(11) Mantissa(52)
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Representing floating points

® Floating point arithmetic is always very cycle expensive unless
the processor has a floating point unit built into the ALU,
which is hardware expensive.

by,  bso b2s b, b,
Single Precision: l Sign l Exponent(8) l Mantissa(23) ]

bgs  bg 2 bsy b,
Double Precision: Sign Exponent(11) Mantissa(52)

Convertinga binary  x=(1"x (2)x1m  Sjngle precision
number into a |
decimal number x=(=1)" x (2"‘“’23) x L.m  Double precision
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What’s that binary dot!?

Remember that

©2'=1/2'=05

©22=1/22=0.25
23=1/23= 0.125

01111111
01111110
10000000
11111111
00000000
00000000
10000000
10000010
10000010

- - OO0 OO0 ol

1111. =2 +22+2' +2°=15
1111 =22 +21 424271 =75

11.11 =21 +20 421 4272 375

111 =2"+2"142"24273 -1.875

00000000000000000000000
00000000000000000000000
11000000000000000000000
11111111111111111111111
00000000000000000000001
00000000000000000000000
00111000010100011110101
10000101000111101011100
00110111000010100011110

A1 =2"14+2"24+234+27%=-0.9375

1.0 Single precision

0.5 — (1) e—l27)

. x=(=1) x(2 x 1.m
6.80564¢+38

5.87747¢-39 o
0.0 Double precision

2.43999 x = (—1)* x (2"“023) x l.m
-12.15999

-9.71999
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Example of converting a base 2 single
precision float into base |0

Single precision
10000000 11000000000000000000000 . x=(—1) x (2"—127) x 1.m

®Sign = 0.So, (=1)sis (-1)° = 1o

® The 8 bit exponent is 10000000 or 128. So, 28-127 js 2128-127= 21 =2,,
® The 23 bit mantissa is | 100(...) = 0.5+0.25 = 0.75.5S0, . m is 1.750
ox = | *2*[.75=3.5
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Binary Coded Decimal

® Binary Coded Decimal (BCD) is a code used to allow direct
conversion between a nibble of bits and a positive decimal value.

® BCD is a code that allows for a quick conversion between base-2
and base-10. However, it is not very compact because each nibble
is only able to code for ten digits instead of |6.

® Generally computer architectures are not designed to manage
BCD values directly. BCD is still useful for embedded
applications when interacting with seven-segment displays.

Base-2 BCD Base-2 BCD Base-2 BCD Base-2 BCD

0000 0 0100 4 1000 8 1100
0001 1 0101 5 1001 9 1101
0010 2 0110 6 1010 - 1110
0011 3 0111 7 1011 - 1111
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® The American Standard Code for Information Interchange
(ASCII) is a binary code in which 7-bit vectors are used to
represent many alphabetic, numeric and symbolic characters.

® The standard was originally designed to include control
characters meant to manage peripherals such as printers, and
so some of the symbols do not see a lot of use any more.

® Given the typical 8-bit byte, the bit vector 0101001 1,
represents the printable character 'S’ based on the ASCII code.
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Base-16 ASCII Base-16 ASCII Base-16 ASCII Base-16 ASCII
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