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Definitions
Analog and Digital Signals

Means by which data are propagated
(6Ladidovtal) over a Communication Channel.

Analog Signal: is a continuously varying
electromagnetic wave that may be
propagated over a variety of media. E.g.,:

Wire, coaxial, space (wireless), etc.

There are no breaks or discontinuities in
the signal (Continuous Signal)

AWAWA

Digtal

Digital Signal: is a sequence of discrete (Slakpitec) voltage
pulses that can be transmitted over a wire medium (cannot be

used to transfer data over the air).

For example, a constant positive level of voltage is send to
represent binary 0 and a constant negative level of voltage is

send to represent binary 1.




Definitions

Communication and Wireless Networks
=

7 Wireless Networks utilize Electromagnetic Waves
(radio waves) of a certain frequency (Carrier
Frequency) to establish Communication Channels
and transmit data between Wireless Communication
Devices (e.g., Mobile Devices and the Base Station).

Propagation of an Electromagnetic Wave
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Challenges with Wireless/Mobile Networks

Two important challenges with wireless/mobile
networks (beyond those of traditional fixed networks):

Wireless: Communication over a wireless link -
Transmitting voice and data using electromagnetic

(radio) waves in open space (using a given frequency
band).

The Quality of a link connection is subjected to
many (environmental) factors and can vary
substantially = Especially from the effects caused
by the Multipath propagation phenomenon.

Mobility: Handling the mobile user who changes
point of attachment (handover) to the network.



What is Mobility?

Two aspects of mobility:

Device Portability: The device can easily be carried and
can be connected (wireless) anytime and from anywhere
to the network. Changing point of attachment to the
network offline (connect from home, from work, from
coffee shop, etc.)

User Mobility (includes device portability): Users
communicates (wireless) with anyone, anytime and
from anywhere. Changing point of attachment
(Handover) to the network online (e.g., the user is
driving from home to work and the call/connection is
hand off from one cell to another during the call)



Benefits of Wireless Networking

Allows Mobility

Freedom to move in the geographical area without
being tethered by wires

Permits companies to shift toward an increasingly
mobile workforce

Increased Reliability (no cables needed)

Network cable failures is the most common source of
network problems

Easier and Less Expensive Installation

Installing network cabling can be a difficult, slow, and
costly task!

Installation in Difficult-to-Wire Areas



Benefits of Wireless Networking

Expandability

Easy to add stations (Mobile/Portable Devices) on the
network since no cables or plugs are required to
connect to the network

Long-Term Cost Savings

No need of Re-cabling in case of re-organization of
companies (i.e., new floor plans, office partitions,
moving to a different building, renovations)



Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

ransmitted R ad i o) Received
Aenal Propagation S
Antennda \/\/\/\ pag
A
A
Kok
Info. %S|
Source Transmitter Receiver




Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Transmitter and Modulation (Mounoc kat Atapopdpwon)

A Transmitter (Moumnoc) or Radio Transmitter is an electronic
device which, with the aid of several components (Power
Supply, Oscillator (TaAavtwtAc), Modulator
(Arapopdwtnc), Amplifier, Antenna), produces radio waves
that contain useful information (10110111011111....) such
as audio, video, or digital data.
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Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Transmitter and Modulation (Mounoc kat Atapopdpwon)

The Power Supply provides the necessary electrical power to
operate the Transmitter.

The Oscillator generates an alternating/oscillating
(traAavtevopevo) electrical current at the specific frequency
on which the Transmitter will transmit (carrier frequency).
The Oscillator usually generates a sine wave, which is
referred to as a carrier wave (or carrier signal).
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Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Transmitter and Modulation (Moumnoc kau Atapopdpwon)

The Modulator (Aiapopdwtnc) adds the useful information to
the carrier wave by modulating (changing) some properties of
the oscillating electrical current (i.e., the carrier wave), before
applied to the antenna.

Such as its Amplitude, Frequency, Phase, or combinations of
these properties. > Amplitude Shift Keying (ASK), Frequency
Shift Keying (FSK), Phase Shift Keying (PSK), etc.
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Process and Elements of Radio (Wireless) Transmission
Awadikaoia kot Ztowxeio AcUppatne Atadoonc
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Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Transmitter and Modulation

The Amplifier amplifies the modulated carrier wave to
increase its power. The more powerful the amplifier, the
more powerful the broadcast.

The amplifier applies the amplified modulated oscillating
electrical current to the Antenna which converts it into
an electromagnetic wave (or radio wave) that can propagate
through the air.
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Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Transmitter and Modulation

In a wireless environment, a Base Station or an Access Point
(i.e., the Antenna) needs a radio connection between all the
Mobile Stations in their transmission range.

Thus, there is a need to address the issue of simultaneous
multiple access by numerous users in the transmission range.

Multiple Access techniques (Texvikéc MoAUmAeénc) are used
to allow a large number of mobile users to share the
allocated spectrum in the most efficient manner. E.g.:

Frequency Division Multiple Access (FDMA)

Time Division Multiple Access (TDMA)

Code Division Multiple Access (CDMA)

Orthogonal Frequency Division Multiple Access (OFDMA)



Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Propagation (AcUppatn Atddoon Znpartoc)
Once generated, electromagnetic waves travel through
space either directly (line of sight), or have their path
altered by Reflection (AvtavakAoon),  Diffraction
(MepiBAaon) or Scattering (Aiaokoprion) —> Multipath
Propagation - MoAvéiadpopikn Awadoon.

Multipath Propagation The
phenomenon that results in P <o
multiple copies of the sameradio '
signal reaching the receiving
antenna by two or more paths.

Results in Inter-symbol
interference and fast fading



Process and Elements of Radio (Wireless) Transmission
Aladikaoia kat 2toweia AcUppatng Atadoonc

Radio Propagation (AcUppatn Awadoon ZRpatoc)

The intensity of the radio waves attenuates during propagation

(Pathloss); some energy may also be absorbed by the intervening
medium in some cases.

Also during propagation, Noise and Interference present in the
air alter the desired signal.

If the magnitude of the Noise + Interference is large enough
compared to the strength of the desired signal, the
desired/original signal will be altered is such a way that it will no
longer be discernible (dtakpttd); this is the fundamental limit to

ooooo Receiver




Process and Elements of Radio (Wireless) Transmission
Aladikacio kat Ztoeia Acuppatng Awadoong
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Radio Receiver and Demodulation

The energy carried by the modulated electromagnetic wave is
captured by the receiving Antenna and returns it to the Radio
Receiver to the form of oscillating/alternating electrical currents.

The Radio Receiver uses electronic filters (tuners) to separate the
wanted radio signal (transmitted in the specific frequency set for
the communication channel) from all other signals picked up by its
Antenna.

At the Receiver, these oscillating electrical currents are amplified,
demodulated (recovers the useful information contained in
the modulated radio wave) and converted into to a usable signal
form for interpreting the data.



Infrastructure Vs Infrastructure-less

A9000) Basec NETWOrS, - szis®

Infrastructure-based Networks R -1 ol

Wireless Hosts are associated with a Base Station and communication
takes place only between the Wireless hosts and the Access Point (Not
directly between the Wireless Nodes) which is connected to the larger
network infrastructure

Traditional network services (e.g., Resource Allocation, Routing,

Transmissions Coordination, etc.) are provided by the connected network
infrastructure.

Infrastructure-less (Ad hoc) based Networks

Wireless hosts have no infrastructure to connect to (not
associated with a Base Station or Access Point)

Hosts themselves must provide network services (hosts
must organize themselves into a network)

Must cooperate together in a decentralized manner to
find a route from one participant to another.



Different Types of Wireless Networks
Alopopetikol TuTtol Atktuou

Infrastructure based

Infrastructure-less based

Single hop

Base Station exists and nodes
communicate directly with the
Base Station (e.g., Wireless LAN,
Cellular Networks)

No Base Station Exists; One node
coordinates the transmissions of
the others (e.g., Bluetooth)

. —

Multi-hop

Base Station exists, but some
nodes must relay data through
other nodes (e.g., Wireless
Sensor Networks)

Wireless Sensor Network

’ N
— N(r, oM
\ / Catewwy
L
Seasor Node Metwork

Mebie

No Base Station exists, and some
nodes must relay data through
other nodes (e.g., Mobile Ad
Hoc Networks)




Mobile Cellular Networks

Mobile Cellular Networks concept:

In a Cellular Network a geographical area is split into several
smaller land areas called Cells, each served by a fixed Base Station.

Service continuity within this area is achieved by handover, which
is the seamless transfer of a call from one Base Station to the
other as the Mobile Station crosses Cell boundaries.




Cellular Network Advantages

Question: Why mobile network providers install
several thousands of Base Stations throughout the
country (which is quite expensive) and do not use

powerful transmitters with huge cells?




Cellular Network Advantages

Answer: Because Cellular Network provides:

Higher Capacity since smaller cells are used and the frequency
reuse concept is applied

Less Transmission Power is required by the MS to reach the
BS, and vice versa, in shorter distances = Thus less the energy
consumption (improves battery life for the MSs, lower power
emissions thus positive health impacts, etc.)

Interference is Reduced as less transmission power is required
for the signal to cover shorter distances, thus less intra- and
inter- cell interference.

More Robustness to the network as if one BS fails, only one
small part of the network will be affected.



Propagation of an Electromagnetic Wave

Electromagnetic Waves N
HAektpopayvnTika Kupato 73
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._ ) Electromagnetic

Wave

The electromagnetic waves are created by the vibration
(taAaviwon) of an electric charge. This vibration creates a
wave which has both an electric and a magnetic field and
have the ability to propagate through space.

The speed of the electron vibration (n Tayvnta
TaAdaviwong twv nAsektpoviwv) determines the wave’s
frequency (measured in hertz).

Parameters that describe electromagnetic waves include
Frequency (f), Period (T), Amplitude (A) and Wavelength (A).



Electromagnetic Waves
HAektpopayvntika Koupata

Frequency (f) (Zuxvotnta), is the number of complete oscillations (or cycles) which
take place in a second. 1 1

f== and T=-
r /
Period (T) (Mepiodog) is the amount of time required for one oscillation (cycle) and
is measured in seconds.

Measured in hertz .

Amplitude (A) (MAatog) is the value or strength (power) of the signal over time. It is
measured from the middle point until the peak point of the oscillation. The higher
the amplitude the more the energy the radio ware is carrying. It is typically
measured in watts or volts.

wa\.fel ength

Wavelength (1) (MAkog Kupartog) is the distance

occupied by a single oscillation of the signal, and .
is usually measured in meters [pover]
Or, the distance between two points of fime

corresponding phase of two consecutive
cycles (6Vo avtiotoyywv daocewv buo :
SLadoxLlkwv TaAAVIWCEWV).

m .

one oscillation




Electromagnetic Waves
HAektpopayvntika Koupata

All electromagnetic (radio) waves travel at the speed of light
C : Speed of Light (m/s) = (3x108 m/s or 300,000,000 m/s)
In vacuum (e.g., the air), all electromagnetic waves travel at this
speed .
In copper or fiber the speed slows down to about 2/3 of this value.

Relationship between the Speed, the Frequency and the Wavelength
of the radio wave:

Speed (C)= Frequency (f) x Wavelength (A)
Speed (meters/sec)
Frequency (oscillations per second; in Hz/second)
Wavelength (in meters)



Electromagnetic Waves
HAektpopayvntka Kupata
Speed (C)= Frequency (f) x Wavelength (A)

- Wavelength (A) = Speed (C) / Frequency (f)
- Frequency (f) = Speed (C) / Wavelength (A)

Frequency Wavelength
60 Hz 5,000 km
100 MHz 3 m

800 MHz 37.5 cm

20 GHz 15 mm




Electromagnetic Waves
HAektpopayvntka Kupata

Relationship between the Frequency (f) and the Period (T) of the
wave:

Frequency (total number of oscillations performed in one second)
Period (time required for one complete oscillation)

Period (T)= 1/Frequency (f)

Examples:

Period = 0.0166 seconds
Period = 1 x 108 seconds
Period = 1.25 x 10° seconds
Period =5 x 101! seconds

Frequency = 60 Hz
Frequency = 100 MHz
Frequency = 800 MHz

2028 2K 7

Frequency = 20 GHz



Electromagnetic Waves — Sine Wave

General Sine Wave:
s(t) = Asin(2nft + ) > A: Amplitude, f: Frequency, ¢: Phase
Note: 21t radians = 360° = 1 Period

sinlx),

>

The picture in the next slide shows the effect of varying each of
the three parameters (A, f and ¢)

(QJA=1,f=1Hz, ¢ =0;thus T=1s

(b) Reduced peak amplitude; A=0.5,f=1Hz, ¢ =0

(c) Increased frequency; A=1, f=2 Hz, ¢ =0; thus T=0.5s
(d) Phase shift; A=1, f=1Hz, ¢ = /4 radians (45 degrees)



Electromagnetic Waves — Sine Wave
s(t ) = A sin(2nft + ¢) Bk i | V\
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Low Frequencies Vs High Frequencies

XapnAec 2uxvotntec Vs WnAec ZuxvotnteC
N

High frequency = short wavelengths

7 Lower frequency waves have better penetration (KoaAutepn
Awamntépaon), meaning they pass through objects such as walls
with less attenuation (Awotepn =€aocBcvion), and also can
propagate longer distances (6iadidovtar o€ MeEYAAUTEPEC
OLTLIOCTAOELC).

o However, higher frequency waves are easier to radiate
(eukoAotepo va ta ekméppoupe) as they require smaller
antennas (the antenna size is proportional to the % of the signal
wavelength) to transmit and receive, and can support higher
bandwidths (and thus higher data rates) than lower frequency
waves.



Low Frequencies Vs High Frequencies
XapnAec 2uxvotntec Vs WnAec ZuxvotnteC

Frequency Vs Coverage (Zuxvotnta Vs PadiokaAuyn)

KaBwec n ouxvotnta auvavetar, oL OMWAELEC TOU
npokaAovvtal Aoyw amoppodpnonc tng EVEPYELDL TOU
ONMATOC OO TV atpoocdoaipa N and aAla pEoa ta
onoia diamepva to onpa avéavovtal, oL OMoleEC UE TN

OELPA TOUC MELWVOUV YPNYOPOTEPO TNV EVEPYELOL TIOU
HETOLDEPETOL.

To TeALKO amoTtéEAEoHa sival TTLo pkpn padlokaAvn.
AUTOC €lval o KUpLo¢ Aoyocg rtou eva onpa WLAN 5 GHz,
TTOU XPNOLUOTIOLEL TNV bl LOYU EKMOMMAC Kol KEPSOC
kepalac pe evaa WLAN onua twv 2.4 GHz, €xel
MLKPOTEPO EVPOC.



Carrier Signal, Modulation, Carrier
Frequency and Bandwidth

The Bandwidth (i.e., the frequency band) that needs to be allocated
to send the data it strongly relates to the data rate that needs to be
achieved (measured in bits per second (bit/s))

Usually if the Data Rate = R bps, then the Bandwidth that should be
allocated for the transmission should be equal to 2 x R (two times
greater) so as to be able to carry the data with the specific data rate.

However this also strongly depends on the Maodulation
Technique that will be used.

The frequency band (Bandwidth) that will be
allocated will be in the range from (f. — f,) to (f. + f,)
having the carrier frequency (f;) in the middle. [+ pandwiatn |

Bandwidth = fuax — faav 1.

frequency —




Carrier Signal, Modulation, Carrier
Frequency and Bandwidth

For example, if a radio station that radiates at 107.6
MHz (Carrier Frequency), if it transmits a 50 Kbps
audio, it will require 100 KHz bandwidth!

Thus it will use the frequency band from 107.55
MHz to 107.65 MHz to transmit the audio.

The larger the bandwidth, the more data that can be
conveyed (va petadepBouv) through the channel.
.4— bandwidth‘ -|
fe =Ky | Jet Ju

Je
. 107.6_




Carrier Signal, Modulation, Carrier
Frequency and Bandwidth

Metaphorically speaking, imagine a Train that carries mail
letters:

The Carrier Signal (or Carrier Wave) can be described as a
“Train”.

The Carrier frequency can be described as “The rail that the
Train will follow” to reach its destination.

Modulation can be described as the Person Responsible for
putting the “letters” in the “Train Wagon”.

The Bandwidth can be described as the “number of Wagons
allowed to be carried by the Train”.

The greater the “number of wagons allowed” to be carried
by the train, the more the letters that can be carried at a
given point in time.



Decibel (dB)

Decibel (dB) is a logarithmic unit that is used to describe a ratio
(mepypadn pac avalioyiac).
Let say we have two values P1 and P2. The ratio between them
can be expressed in dB and is computed as follows:

10 x log,, (P1/P2) dB
Example: Transmit power P1 = 100W, Received power P2=1W

The ratio is 10 x log,,(100/1) = 20dB. = P1 is 20 dB stronger
than P2

dB unit can describe very big ratios with numbers of modest size.
Example: Transmit power = 100W, Received power = 1mW

Transmit power is 100,000 times of received power

The ratio here is 10 x log,,(100/0.001) = 50dB > Transmit
power is 50 dB stronger than Received power



dBm and dBW

dBm is used to denote a power level (évtaon Lox0¢) with respect to
1mW (milliwatt) as the reference power level.

Question: Let say transmit power of a system is 100W. What is the
transmit power in unit of dBm?

Answer: Transmit_Power(dBm) = 10log,,(100W/1mW) =
10log,,(100W/0.001W) = 10log,,(100,000) = 50dBm

dBW is used to denote a power level with respect to 1W as the
reference power level.

Question: Let say that the transmit power of a system is 100W.
What is the transmit power in unit of dBW?

Answer:  Transmit_Power(dBW) =  10log,,(100W/1W) =
10log,,(100) = 20dBW.



Noise

Noise is an error or undesired random disturbance (averti®0untn

tuxaia avatapaxn) of a useful
communication channel.

information signal

in a

Is a summation of unwanted or disturbing energy from natural
(i.e., thermal noise; generated by random motion of free electrons
in the atmosphere, light, pressure, sounds, etc.) and sometimes

man-made sources (i.e., microwave ovens).
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Signal to Noise Ratio (SNR)

Compares the power of a desired signal to the power of
background noise. It is defined as the ratio of signal power to
the noise power, often expressed in decibels.

A ratio higher than 1:1 (greater than 0 dB) indicates more
signal than noise.

This value is typically measured at the Receiver

P..
SNR , = IOIOgIO{—PS’gMJ

Noise
A high SNR means a high-quality signal.

If the SNR is low the Receiver may not be able to decode the
signal correctly (resulting in data losses).



Signal to Interference Plus Noise Ratio
(SI N R) SINR ;;, = 1010g10{ Fsigna }

+ P

Interference

Noise

SINR is defined as the power of a certain signal of interest divided by the
sum of the interference power (from all the other interfering signals) and
the power of the background Noise.

Interference typically refers to the addition of unwanted signals to a useful
signal that modifies, or disrupts a signal as it travels along
a channel between a source and a receiver.

Co-Channel Interference (i.e., interference caused from other channels
that uses the same frequency band)

Adjacent Channel Interference (i.e., interference caused from other
channels that uses the adjacent frequencies)

Transmitted Transmitted

Self-Interference: Inter-symbol puie pae

Interference and  Multipath ﬂ

(Fast) Fading (i.e., interference 1ssymbol 2% symbol T
caused by Multipath ~ ©om)  Ggna)

LOS pulse m ltip th LOS pu.lse mul lhlgeth

Propagation — due to Delay ﬂ "
Spread) M




Radio Propagation
AcvUppotn Atadoon ZNHAToC

Radio propagation is the behavior of radio waves
when they are transmitted, or propagated from one
point on the Earth to another, into the atmosphere
(Acvppatn Awddoon eivol n ocuumepldopd TWV
onuatwyv  (padlokvpatwyv) kabwe  dradidovtal
ocUppOTO OTNV ATHOCdOLPO OO VAl ONKUELO TNC VNG
o€ €va AANO).

We will focus on how radio signals travel

(propagate) from one transmitting antenna to
another receiving antenna.



Radio Propagation
AcvUppotn Atadoon ZNHAToC

Radio Propagation includes:

Line of Sight (LOS) Transmissions (Ymapyxel ypapury opatotntag HeTafU
Transmitter kot Receiver): There is a direct path (YmdapyelL ameuvBeiag
novoratt) between Transmitter and Receiver (no obstacles in the way).

Non-Line of Sight (NLOS) Transmissions (Agv UMAPXEL VPO OPOLTOTNTOG
petald Transmitter kat Receiver): Not a direct path (Aev umndpyel
arnevBeiag povomart) between Transmitter and Receiver (obstacles in the
way). When the radio waves reach close to an obstacle (0tav ta padlokupata
Bpouv eva eumnoblo), the following propagation phenomena do occur to the
waves: AL

Shadowing (or blocking, Emiokiaon)
Refraction (AtaOAaon)

Reflection (AvtavdkAaon),
Diffraction (MepiOAaon),

Scattering (Altaokoprmion)




Radio Propagation Phenomena
Dawopeva Acvuppatnc Atadoonc

Radio Propagation Phenomena (l):

Shadowing (or blocking, emwokiaon): The signal can
be blocked due to large obstacles. The signal may
not reach the Receiver.

Refraction (Awa®Aawon): Signals that travel into a /
denser medium (oe mlo mukvo HECO) not only

become weaker (g€acBevouv) but also bents
towards the medium (Auyilouv ntpoc¢ to HECO)




Radio Propagation Phenomena
Dawopeva Acvuppatnc Atadoonc

Radio Propagation Phenomena (ll):

Reflection (AvtavakAaon): The signal can be reflected on
buildings. The reflected signal is not as strong as the
original as objects can absorb some of the signal’s energy
(To avakAwpevo onua dev Ba eival téco duvatd 000 TO
APXLKO €TELON KATA TNV avakAaon amoppodAtal HEPLKN
Qo TNV EVEPYELA TOU OHULATOC).

Scattering (Awaokdpmion): The incoming signal is scattered
into several weaker outgoing signals.

Diffraction (MepiBAaon): Signals can be deflected
(amootpakilovtal) at the edge of a mountain (or other
surfaces with sharp irregular edges) and propagate in
different directions (Waves bend around the obstacle and
move in different directions). e

Reflection, Scattering and Diffraction
helps transmitting a signal to the
receiver if NLOS exists!




Radio Propagation Phenomena
Dawopeva Acvuppatnc Atadoonc

Reflection (AvakAaon): Occurs when a

propagating  electromagnetic  wave iy

meets an object that is much larger than P e 5

its wavelength (cupBaivet otav To i

eUTOOL0 €XeL pEyeBOC peyaAUTEpPO ATO ) N

TO MNAKOC TOUu Kupatog). - e.g., the L

surface of the Earth, buildings, walls, etc. <:f3%
Reflection, Scattering and

Scattering (Ataokdpriion): Occurs when Diffraction leads to

a propagating electromagnetic wave Multipath Propagation!!!

meets an object that is smaller than its Oényouv otnv

wavelength (cupBaivel otav 1o eunodlo  MoAvdiabdpouikn Metadoon!

EXEL HEYEDOG UIKPOTEPO OO TO WUNKOG Many copies of the same

TOU KUpatog) - e.g., foliage, street signs,  signal will reach the Receiver

lamp posts. from many paths of different

lengths!



Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Transmission paths between Sender and Receiver could be:

Direct Paths (AnteuBeiac¢ Movondtia) = LOS between Transmitter
and Receiver.

Indirect Paths (Eppeoca Movomnatia) = Resulted by Scattering,
Diffraction and Reflection by buildings, mountains, street signs,
foliage, etc.

scattering

o

H B
— (I NC
irect Signal B

—

Reflected
Signal

Diffracted

Signal @ | h.

d
Transmitter Receiver




Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Thus, the Received signal is made up of several paths which
can be classified as:

1. Direct Path . -
2. Reflected Path ) . —
3. Scattered Path 7 LN e
4. Diffracted Path —— | shesl
hb EEE =
R
- B @ [
d
Transmitter Receiver

In this case, the Receiver will receive four different copies of
the same signal (due to Multipath Propagation).



Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Multipath Propagation results in:

Delay Spread (Aiaokopriion onuato¢ Aoyw  kaBuotepnuEVwVY
LLOVOTIOTLWV)

Multipath Fading (referred also as Fast Fading) (zeBwplaopa onpatog
AOyw constructive (emowodopntiki) or distractive (kataotpodikn)
interference mou mnpokaAeitat and to TOANOMAA (KaBuotepnueva)
Lovomatia ou akoAouBel 1o onpa amd tov Transmitter yia va ptaocet
otov Receiver)

Inter-Symbol Interference (IS1) (MapepBoAeg petaét dvo SladopeTikwy
onuatwv/ouvpufolwv Tta omoilo otéAvovtol oto (Olo KavaAl (amo tov
Transmitter otov Receiver), pe pa pkpn dtadpopd xpovou.

Although the effects caused, Multipath Propagation is what makes reception
of the signal in Non Light Of Sight Conditions possible!!!

Nopd tTig emntwoelg tng, €ival n MNoAvdiadpouiky Aiadoon mou KAvel Suvatn
TN S1A800N TOU ONUATOC OE TIEPLITTWOELC TTOU SEV UTTAPXEL YPOLULL} OPOLTOTNTOLG
neta€L tou Transmitter ko tou Receiver!!!



Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Delay Spread

When a signal propagates from a transmitter to a receiver, the
signal suffers one or more reflections (to ocqua avtavakAdrtot
OLPKETEC POPEC).
This forces radio signals to follow different paths (Multipath
Propagation).

Since each path has a different path length, the time of arrival for

each path is different. . The signals from
/ proximal reflectors

The spreading out effect of the
signal (To amotéAeopa auto
NG SLOOTIOPAC TOU OAMATOC) is
called “Delay Spread.”

The Delay Spread is what it

causes the Multipath Fading
and InterSymbol Interference.

The signals from

i: / intermediate reflectors
/ L“
! i

Signal strength

The signals from

/ distant reflectors

Delay



Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Multipath Fading (Known also as Fast Fading)

Each signal copy will experience differences in attenuation
(e€aoBOevion), delay, and phase shift while traveling from the source
to the receiver.

At the receiver, these signals will be combined (Ba mpooteBouv),
resulting in either constructive (emowkodountikn) or distractive
(kataotpodikn)) interference, amplifying or  attenuating
(evioxVovtog eite e€aoBevwvtacg) the signal power seen at the
receiver.

Ceiling

X

e o 1l -
Obstruction \
Floor X\

2
;
k)
&
¢ 7
Yo A
» 5 —_—>
Signal ‘
g L £ s 2

\
Strength R ¥y ) ‘
[ \ 3
Time —» \\"—/ Time —» —

Received Signals Combined Resu



Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Multipath Fading - Signal Properties, the phenomenon of interference

When two or more waves propagates at the same space using the
same frequency band, the net amplitude at each point is the sum of
the amplitudes of the individual waves (i.e., these two waves are

bined).
CCOT w:e ) Destructive
I:t:if:::;::l: Interference Signals are slightly out
, , Signals are completely of phase
Signals are in phase out of phase
g,T JANYA YA WY A NYANYA N
ARV vV VvV V1 ‘
%T/\/\/\, /N /N /\ JANYA VAR
VARV V V VvV + /S \J \J \

AN ANYANYR
t t/\/\/\/t

(a) (b) ()




Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Multipath Fading (Known also as Fast Fading)

Strong destructive interference (Apaotikd  KOTOOTPOPLKEC
napeBoAec) is frequently referred to as a deep fade (mpokaAouv
ueyaAn e€aoBevion oto onua) and may result in temporary failure of
communication (mpoowplvr) amotuyia t™N¢ emikowwviac) due to a

severe drop in the channel Signal to Interference plus Noise (SNIR)
ratio.

SINR

Fading Amplitude (dB)




Multipath Propagation Effects
Ertuttwoetg NMoAudiadpopikne Aradoonc

Inter-Symbol Interference (ISI)

Due to Delay spread, the energy indented for one symbol splits over
to an adjacent symbol (H evépyela mou mpoopllotav ywa Eva onua,
SlaokopriileTal Kal €va LEPOC TNC CUMTIUTTEL UE TNV EVEPYELA EVOC
aAov onuatoc) (appeared as Noise).

Due to this interference, the signals of different symbols can cancel
each other out (onupota Siadopetikwv CUUBOAWV pmOpoUV va
getovdetepwbolv petaly Ttoucg), leading to misinterpretation
(mrapeppnvevon) at the receivers and causing errors during

decoding.
Transmitted Transmitted
puise pulse
’ ~ l Transmitter
1st symbol 2nd symbol Time- .~ Los puises MUTPET

pulses

(signal) (signal) A
Received moltpath Received maitipath R
LOS pulse pulses LOS pulse pulses

—_— Signal at Sender M
[—\ ﬂ Receiver Signal at Receiver

Time




Doppler Effect

The Doppler effect (or Doppler shift) is the change in the frequency (and
thus the wavelength) of a wave for an observer (i.e., Mobile Station (MS))
moving relative to its source (i.e., Base Station (BS)) (EivalL n aAAaynl otn
oUXVOTNTA TOU ONMATOC TIOU OLAKPLVEL €vaC KIVOUMEVOC TopotnpPntng
KIVOULEVOC OE OXEON ME TNV Ny TOU CAMATOC).

In a wireless and mobile system, the location of the BS is fixed while the
MSs are mobile.

Therefore, as the receiver (i.e., the MS) is moving with respect to the
wave source (i.e., the BS), the frequency of the received signal will not
be the same as the one transmitted by the source (o receiver 6a
avtiAapBavetal StabopeTLK) CUXVOTNTA ATTO EKELVN TTOU EKTTEUTTETAL IO
tov Transmitter).

Compared to the emitted frequency (ZUykpPLTLKA HE TNV EKTTEUTIOUEVN
ouyxvotnta), the received frequency is higher during the approach
(mpooéyyion) and lower during the recession (amoupdkpuvon) from the
source.

Also, the speed (v) of the receiver and its direction (0) relative to the
source, matters.



Doppler Effect

Received signal, fD
Scattering object is:
W\ ——
11)

Moving toward "'“JLI

Transmitted
pulse, f

uT—p.l / e f D~ f
- < e Al
Lot
Stationary or "*'ﬂﬂlm )

moving across

(UyYy
& %o Ju=F




Doppler Effect

The frequency (f,) that the moving user (the Receiver) will
experienceis f,=f. + f,

Where: f, is the emitted (from the source) radio wave carrier frequency and
f, is the Doppler frequency or Doppler shift

.
Doppler frequency or Doppler shiftis f; = — cos 6

Where: f,is measured in Hertz ;3
v is the moving speed (in meters/sec) and )
A is the wavelength of the carrier (in meters) 4|
When 0 = 0° (MS moving towards the BS) < n
When 0 = 180° (MS moving away from the BS) /




Doppler Effect ¢, — % cos O

An example:

Radio wave Carrier Frequency (f.,) = 100 MHz (100,000,000 Hz)
= Wavelength (A) = C/f = 300,000,000 / 100,000,000
- A = 3 meters

Speed of the User (v) 60 Km/h = v = 16.6666666 meters/second
We assume that the MS is moving towards the source (6 = 0° )

f,=(16.66666666/3 ) cos 0° = f, = 5.5544Hz

f.=f.+f,=100,000,000 Hz + (5.5544Hz) = f, = 100,000,005.55 Hz



Antennas

The first antennas were built in 1888 by German physicist
Heinrich Hertz in his pioneering experiments to prove the
existence of electromagnetic waves.

An antenna is an electrical device which converts oscillating
electric currents into radio waves (peTaTpETMEL
TaAavievopeva NAeKTpLKA poptia oe padlokupata), and vice
versa.

Transmission: Radiates (exmeumnel) electromagnetic energy
into space.

Reception: Collects electromagnetic energy from space.

In two-way communication, the same antenna can be used
both for Transmission and Reception.



Antennas

Typically an antenna consists of an arrangement of metallic
conductors (“antenna elements”) (pwot Stdtaén peTaAAKwV
aywywv), electrically connected (using a cable) to the Receiver or
the Transmitter.

In Transmission:

The Radio Transmitter applies a modulated oscillating electric
current to the antenna.

This oscillating electric current will create an oscillating
magnetic field around the antenna elements, while the charge
of the electrons (to ¢optio Twv nAektpoviwv) also creates an
oscillating electric field along the elements.

These time-varying fields (petafoAlopeva oto xpovo rmnedia)
radiate away from the antenna into space as a moving
electromagnetic wave (radio waves).



Antennas

In Reception:

During Reception, the oscillating electric and
magnetic fields of an incoming radio wave exert
force on the electrons (aockoUv pia duvapn ota
nAektpovia) in the antenna elements, causing them
to move back and forth, creating oscillating electric
currents in the antenna

The produced oscillating electric current is applied
to the Radio Receiver to be amplified and
demodulated so as to extract the information
included.



Antennas

According to their applications and technology available,
antennas generally fall in one of two categories (Omni-
Directional and Directional):

Omni-directional (Opolo-kateuBuvtikég) which receive
or transmit (radiate) radio waves equally more or less
in all directions (Two types are the Isotropic
(lootporikeg kepaiec) and Dipoles (Kepaiec AutoAwv)).
Employed when the relative position of the other
station is unknown or arbitrary (avBaipetn, Tuxaia).

Omni-directional antennas have shorter range
(Likpotepn epPEAcLa) than Directional antennas, but
the orientation (mpoocavatoAiopoc) of the antenna
is relatively inconsequential (aocpavtoc).




Antennas

Isotropic Antenna (lootpomikn kepaio)
EKmeunel to onua pe tnv b duvapn o€ OAeC TIG
kKatevBuvoelc (odpatpika)

Dipole Antenna (Kepaiec AutoAwv)
OL kepaiegc OUTOAwvV €xouv €va OlLadopeTikd Olaypappo
OKTWVOPOALOC CUYKPLVOULEVEC LLE [LLOL LOOTPOTILKN KEPALAL.
To O&uaypappa aktwvofoAiog SutoAwv eival 360° oto

opllovtio eninedo kol ouvBwc mepimou 75° oto KAOEetTO
eninedo (umoBctovtac Puolkd OTL Tto OiMoAo OTEKETOL

Katakopuda)
ARG \’1
P N e R P e A Y IR
Radiation Pattern Wl AT,
; , NN e 2 I eetes G o )
Alaypappa AKTIVoBoAiag RS —r \“ =)
A ey i P N s Y i v

Isotropic Dipole



Antennas

Directional antennas (KateuBuvtikeg Kepaliecg) transmit
(exméumovuv) radio waves in a particular direction
covering a specific sector and receive radio waves from
that direction/sector only.

m Directional antennas have the advantage of longer
range (peyaAvtepn padiokaAuvyn) and better signal
quality (kaAUtepo onuma), but must be aimed
carefully in a particular direction

Radiation Pattern e e ——
Alaypappa AKTIVoBoAiag e e e e

Directional Antenna




Antennas

For example:

Directional antenna: A dish
antenna (receiving a TV signal) must
be pointed to the satellite to be
effective.

Omnidirectional antenna (isotropic
or dipole): A typical Wi-Fi antenna
in a smartphone (isotropic) or in an
Access Point (isotropic or dipole).
As long as the Base Station is within
range, the antenna can be in any
orientation in space.

N

\

k/”’/

Focuses signals in a narrow range
Signals can be sent
over longer distances

Must point at receiver

g

Signal spreads in all directions
Rapid signal attenuation

No need to point at receiver



Modulation for Wireless
Digital Modulation

The modulation that will be applied on the (analog) carrier signal to
include the data that will be carried (e.g., 1 or 0, etc.) are chosen
from a finite number of M alternative symbols (or signal units or
signal elements) based on the Digital Modulation Technique and the
Modulation Alphabet that will be used. (H dtapopdwon mou Ba yivel
otov (ovaAoylko) peTadopEd CHUATOC YLt va cupmepAaBouv tnv
nAnpodopia nmouv Ba petadepOel (m.x., 1 N 0) emAéyovtal ano Eva
TETIEPACUEVO aplOUO amo evaAlaktikd cUpBoAa (onuata) avaioya
ue tnv Texvikn dtapdpdpwong ko to AA@paBnto Alauopewong mou
Ba xpnotiuormnotnOei.

Symbol Pattern1 2> 0
Symbol Pattern2 =2 1

This same Modulation Alphabet have to be used both from the
Transmitter (for modulating the signal) and the Receiver (for
demodulating the signal)



Modulation for Wireless
Digital Modulation

The general form (pattern) of the
modulated signal is (H yevikn popdn evoc
SLoLHOPPWUEVOU ONUATOC):

s(t) = A(t) sin(2re x (f. + f,,(t)) t + 6(t)



Modulation for Wireless
Digital Modulation

The three essential parameters that can be modulated (O
TPElC PAOLKEC TIAPAMETPOL TTOU UTTOPOULLE va SLapopPwoouE)

s(t)=Asin(2r f t + ¢)

Amplitude value (A) ASK (Amplitude Shift Keying)
Frequency value (f) FSK (Frequency Shift Keying)
Phase value (&) PSK (Phase Shift Keying)

Digital modulation: Amplitude (A), frequency (f) and Phase (¢)
are used to represent a digital state. (Ztnv Wndlakn
Slapopdwon To MAATOC, N ouxvotnta, KoL n paon Tou CAUATOC
XpnoluomotloUvtal yla va avoarnapootioouvv pia Yndlokn
Kortaotaon 1 TLn)



Basic Digital Modulation Techniques

Basic Digital Modulation Techniques work by varying the
Amplitude, Frequency or Phase (or a combination of them) of
a sinusoidal carrier wave depending on the information (data)
that will be transmitted and the Modulation Alphabet that will
be used.

ASK: Amplitude Shift Keying s(t)=Asin(2rtft + ¢)
FSK: Frequency Shift Keying s(t)=Asin(2rtft + ¢)
PSK: Phase Shift Keying s(t)=Asin(2rtft + ¢)

Quadrature Amplitude Modulation (QAM) or Amplitude
Phase Shift Keying (APSK)

s(t)=Asin(2rtft + ¢)



Basic Digital Modulation Techniques

Types of Digital to Analog Modulation

Digital/analog
modulation

ASK FSK PSK




Basic Digital Modulation Techniques
lllustration

A(t).sin[2.m.f_.t]

FSK__ f+, sin[2.10(f.+f, (t).t]

\ m\ 3 A
\ r**}* sin[2.rt.f.t + O(t)]
ASK/PSK At a0

(APK) A A(t).sin[2.mf.t +0(t)]




Bit Rate and Baud Rate

Bit Rate is the number of bits (data) that can be carried per second.

Baud Rate is the number of signal units (or symbols) per second
used for carrying the bits (and achieve the Bit Rate).

Baud Rate can be less than or equal to the bit rate > Note that
each symbol can carry one or more bits!

Baud Rate is important in Bandwidth efficiency.

Baud rate determines the bandwidth required to send the
message signal (KaBopilel to eUpog {wvng mou amatteital ylo
va oTaAEl pRvupa)

Baud Rate = Bit Rate / Number of Bits per Symbol

Thus, the lower the Baud Rate (symbols/second) the less the
bandwidth required

The number of bits that can be carried by one Symbol, depends
on the Modulation Technique used.

The Baud Rate depends on the type of Modulation used.



Bit Rate and Baud Rate
Examples

Example 1: A modulated signal carries 4 bits in each signal unit (i.e.,
symbol). If 1000 signal units (symbols) are sent per second, find the
Baud Rate and the Bit Rate

Baud Rate = 1000 baud/s
Bit Rate = 1000 x 4 = 4000 bps

Example 2: The bit rate of a modulated signal is 3000 bps. If each signal
unit carries 6 bits, what is the baud rate?

Baud Rate = 3000/6 = 500 (baud/s)

Example 3: A modulated ST ool [o [ TiTo [ o [io TiTv]
signal has a bit rate of 8000

bps and a baud rate of 1000 Mo o i s o]o o] ofi o1 i[i %]
baud. How many bits are

carried by each signal 0 T |N 5 oBi"Te:ZN\ T
element?

Bits/Baud = 8000/1000 = 8

0o 0 10‘1 DOO‘IO 10‘1 1 1 Dl



Phase Shift Keying (PSK)

The phase of the carrier signal is varied to represent digital data (binary O or
1), i.e., Binary PSK (BPSK)

Both peak amplitude and frequency remain constant as the phase changes.

Phases are separated by 180 degrees. A P
If we start with a phase of 0° to represent bit 0, then we &,«"'
can change the phase to 180° to send bit 1 (or inversely). &

\({.
4

The Constellation or phase-state Diagram shows the \’K

relationship by illustrating only the phases. ot e
Amplitude .
\ Baud Rate = Bit Rate

Bit rate: 5 Baud rate: 5

A sin(2rt ft + 0°) 0
Messag(t:) signal 1 bit 1 bit 1 bit 1 bit 1 bit S(t) - {
oy 11 po0 Asin(2r ft+180°) 1

PSK signal
s(t)

Bit Phase

Time ‘

Y

[ X<

0 0 .
1 180

1 baud i 1 baud E 1 baud i 1 baud E 1 baud

Bits Constellation diagram

Is

A
Y



Phase Shift Keying (PSK)
Phase Shifts Examples

Phase Shifts Example

PPPPPPPPPPPPPPPPPPPP

270° Reference signal

~Y



Phase Shift Keying (PSK)

PSK is not susceptible to noise degradation that
affects ASK, neither has the limitation of FSK that
needs to repeatedly tune at different frequencies
(i.e., no need for filtering the signal of different
frequencies =2 simpler demodulator needed).

Simple to implement, and is used extensively in

wireless communication. \




Quadrature Phase Shift Keying
(QPSK)

QPSK refers to PSK with 4 states.

The “Q - Quadrature” in QPSK refers to four phases in which a carrier is
modulated and send in QPSK. Also, called 4-PSK.

Because QPSK has 4 possible states, QPSK can encode two bits per symbol.

Because 2 bits are allocated to each symbol, QPSK can achieve twice the
Data Rate of a comparable BPSK scheme for a given bandwidth.

Dibit

Phase

00
01
10
11

90
180
270

Dibit

(2 bits)

Example: Relationship between different phases:

Amplitude Amplitude

01 lf\ /\ Time ]\ AN Time,

’
VARV, B
Phase = 0 degrees Phase = 90 degrees
10® ® (0
Amplitude Amplitude
1 I /\ AR I (N Time,
Constellation diagram l/ U \

Phase = 180 degrees Phase = 270 degrees



Quadrature Phase Shift Keying

(QPSK)

Amplitude

A
Bit rate: 10 Baud rate: 5
Message signal 2 bits 2 bits 2 bits 2 bits 2 bits
x(t) 01 5 10 10 5 11 00
QPSK signal
s(t) : :
VRTRVRVE/AVAVRVRVAVAVAVR R'R'R'A RVATATAY
1 baud i 1 baud i 1 baud i 1 baud | 1 baud |
< ls “!
Two Modulation Alphabets
—Asin(2n ft + ¢,) — ¢, =0°
Asin(2nft+ ¢, =90°
S(t):-‘ . ( .f d)Z) 2_ . OR —
Asin(2rtft + ¢,) ¢$; = 180
—Asin(2nft+ ¢,) — ¢, =270°

Phase Data
45 00
135 01
225 11
315 10

(01)

Time

(00)

(11)

— ¢, =45°
b, = 135°
b, = 225°

— ¢, = 315°

00
01
10
11

(10)



Constellation Diagrams
Alaypappoto ActeplopoU

It is a convenient way to represent the symbols (define
the amplitude and phase) of the Modulation Alphabet
that will be used for modulating signal carrier and
transmitting the signal. (Eival evac eUkoAog Tpomocg yla va
AVOTTOPAOTHOOUHE T OoUMBoAa tou AAdapntou
Arapopdpwone mouv Ba  ypnolpomownBouv  ywa T
Slapopdpwon tou petadopEa CHUATOC yla TNV OTOOTOAN
TOU ONpATOoC)

Examples:
O p

01/." “.\11

>

0e_ |

a. ASK (OOK)

b. BPSK

c. QPSK




Constellation Diagrams
Circular Constellation Diagrams

Examples:

Do

(@) Circular 4-QAM (b) Circular 8-QAM (c) Circular 16-QAM




Higher Order Modulation: 8-PSK

We can extend the Modulation Alphabet, by varying the 010
signal by shifts of 45° (instead of 90° in QPSK). (Mmopoupe o 001
va  enekteivoupe 1o AAdABnto Awapopdwong HE TO
HETABAANNOUME TO OAMO LE METATOTILOELC 45° mapad 90° omwg
.[O QPSK) 101 ! 111
With 8 (23) different phases, each phase (i.e., signal unit or  Conseliaton disgram
symbol) can represent 3 bits. Baud Rate = Bit Rate/3 - Reduces
the Required Bandwidth to one third

100 @ ® 000

—Asin(2r ft + ¢,) 000 — ¢, =0°
: _ Using the
A s!n(ant * ;) 001 b, = 45° Constellation | Tribit | Phase
A sm(2nft + ¢3) 010 ¢3 =90° Diagram we 000 0
S(t) = Asin2rnft+¢,) 011 ¢, = 135° can easily 001 45
Asin(2rft+d;) 100 ¢ = 180° R;°ﬂ“fe the | 00| s
. ~ odulation 100 180
Asin(2rft+¢g) 101 g = 225° Alphabet 101 | 225
Asin(2rnft+d¢,) 110 ¢, = 270° 110 270
—Asin(2rft+¢;) 111 — ¢g = 315° . 0




Higher Order Modulation: M-PSK

Obviously the bandwidth efficiency of a M-ary PSK scheme increases
as M (the number of possible states) increases because more bits
per symbol can be sent

...however the distance between 2 points in the constellation is
reduced and therefore the possibility for decoding the symbol
incorrectly at the receiver increases.

e

BPSK QPSK 8-PSK 16-PSK
As M increases, the bandwidth efficiency increases but the

waveform energy (i.e., the transmission power used to send the
symbol) must be increased to keep the BER at a certain level.




Quadrature Amplitude Modulation
(QAM) — Phase and Amplitude Modulation

PSK is limited by the ability of the equipment to distinguish
between small differences in phases.

Limits the potential data rate. (Meplopilet To mBavo data
rate)

The principle of Quadrature Amplitude Modulation (QAM) or
Amplitude Phase Shift Keying (APSK) is to have X possible
variations in Phase (X mBavec Stadopetikec daoelg) and Y
possible variations of Amplitude (Y mBova ObSiadopetika
nAaztn) .
Up to X ® Y possible variations > More different states that
the carrier signal can be modulated, therefore more bits can
be carried per symbol = Therefore greater Data Rates and
Throughput.

QAM (or APSK) is an application of ASK to PSK (Edappoyn
Tou ASK mtavw oto PSK)



Quadrature Amplitude Modulation

(QAM) — Phase and Amplitude Modulation

Example: 8-QAM example Iou
Two (2) possible different Amplitudes (A1 =1, A2 =2) Lo10
Four (4) possible different Phases (0°, 90°, 180°, 270°) e e
Total of 8 QAM symbols = 3 bits per symbol t““
$
it Baud Rate = Bit Rate/3 W
A Bit rate: 24 Baud rate: 8 MOdUIation AIphabEt
3bits  3bits  3bits  3blts  3biis  3bits  3bits 3 bits A=1, Phase = Q°: 000
101 100 E onl : 0O0n E 010 01l E 110 il E A - 2 Phase - 00. 001
Ak AN 0 VAL AR A=1,Phase=90° 010
[\ ﬂﬂ“ﬂé {H\ g A =2, Phase=90° 011
U U@ VITTVY —7. A=1,Phase=180° 100
| U e | U I | A=2,Phase=180% 101
5 5 . f A =1, Phase =270°: 110
Il baud Thand 1Thaud Thaud |bawd 1baud | bawd 1 baud
A =2, Phase =270° 111

= Is >




Quadrature Amplitude Modulation
(QAM) or APSK

We can have numerous possible variations (Aladopec
rniBavec mapaAiayec) of Phase Shifts and Amplitude shifts

However the Number of Phase Shifts should selected to
be GREATER than Number of Amplitude shifts. (Why??)

A 3 amplitudes, 12 phases 4 amplitudes, 8 phases 2 amplitudes, 8 phases
------------ @ - -
’ & @ ® @ |
A @ ® 3 LR " »
b’e’// | ra ‘ :
& ! ° @ ¢ e . & . <
3 |
_,bé:,’ ! ®--@- - an »--® O--®----F---- o---o
&0,.’ D = R v g 27 A W ’ : »
& ! Y . Y o SESa— s 1 e
# ‘ \ ~ - ’ .
,/ Angle: phase ! % @ & ® ® : »
! ® ® @ &
. & (]
16-QAM 16-QAM 16-QAM

16-QAM for example:
There are sixteen QAM symbols = 4 bits per symbol.
A variety of constellations diagrams can be used



Spread Spectrum Techniques
Texvikeg Ataomopac Paocpatoc

Spread Spectrum techniques use a transmission
bandwidth that is several orders of magnitude
greater than the required bandwidth to spread
the data (Xpnowuomnolouv eva evpoc {wvng oAU
LEYAAUTEPO QIO AUTO TIOU TMPAYUOTLIKA XPELALETOL
yla Staomeipouv ta Hedopeval).



Spread Spectrum Techniques
Texvikeg Ataomopac Paocpatoc

Each bit of the data that we want to transmit is
encoded using a sequence of digits (chips) known
as a Spreading Code =2 KabBe bit twv dedopevwy
TToU Oa StadoBouv KwOLKOTIOLE(TOLL
Xpnolpomowwviac pla akoAovbia YPndplwv (ta
Pndila avta ovopalovtal chips) n omoia eival
yvwotn we¢ o Kwdikog AlooTtopac.

Each bit (0 or 1) that will be transmitted by the

transmitter in the specific channel is encoded

using the same Spreading Code.

During Spreading, data bit O is represented as -1
and data bit 1 is represented as +1.



Spread Spectrum Techniques
Texvikeg Ataomopac Paocpatoc

Example: We want to transmit Data = (0, 1) using the
Spreading Code=(1,1,1,-1,1, -1, -1, -1)
Data - (_1, +1) Data bit 0———> -1 Data bit 1——>+1

Bit 0 will be encoded and transmitted using the
following chip sequence:
(-1).(3,1,1,-1,1,-1,-1,-1)=(-1,-1,-1,1,-1,1,1, 1)
Bit 1 will be encoded and transmitted using the
following chip sequence:
(+1).(1,1,1,-1,1,-1,-1,-1)=(1,1,1,-1,1,-1, -1, -1)




Spread Spectrum Techniques
Spreading and Despreading

Example: Spreading

-

- Encode (Spread) = ( (

n Spread Data = (

Data bit 0——> -1

Data bit 1———>+1 |




Spread Spectrum Techniques
Spreading and Despreading

The Receiver will use the same Spreading Code to Despread
(Decode) the chip sequence received.

Example: The Receiver receives the chip sequence
(-1) _1) _1) 1) _1) 1) 1) 1)

Decoding of the chip sequence (applying dot product) using the
Spreading Code (1,1, 1,-1,1, -1, -1, -1):
(-1,-1,-1,1,-1,1,1,1).(1,1,1,-1,1,-1,-1,-1) =
=(-1,-1,-1,-1,-1,-1,-1,-1) =
= (-8)

f decoded data< 0 - Data bit 0
f decoded data >0 - Data bit 1
f decoded data == - No data




Spread Spectrum Techniques
Spreading and Despreading

Example: Despreading

Step Decode Receiver (Despreading)

Spreading Code (SC)=(1,1,1,-1,1,-1,-1,-1)
-1,-1,-1,1,-1,1,1,1

SC
-1,-1,-1,1,-1,1,1,1 (,1,1,-1,1,-1,-1,-1)
-1-1-1-1-1-1-1-1
Decoded Data’ -8 0
f decoded data< 0 —> Data bit 0
f decoded data >0 —> Data bit 1
f decoded data == - No data




Spread Spectrum Techniques
Spreading Factor & Processing Gain

As illustrated in the previous example, after
despreading the amplitude of the signal increases by
a factor of 8 (analogous to the length of the
Spreading Code - this is called the Spreading Factor

(SF))

This effect is termed ‘Processing Gain’ and is a
fundamental aspect (sival eva BepeAiwdec otoLxeio)
of all Spread Spectrum systems.

Processing Gain (45 = 10 log,, (SF)



Spread Spectrum Techniques
Spreading Factor & Processing Gain

In the previous example the Processing Gain is 9dB
(10 x log,,(8)) = This means that the signal energy
can be increased by 9dB after despreading.

Thus, assuming that the minimum SNIR required by
the Receiver (Demodulator) for decoding the signal
correctly is 5dB, the SNIR that the signal can have
before despreading is therefore 5 dB minus the
Processing Gain (i.e., 5dB —9dB = -4 dB).

In other words, the signal power, can be 4 dB under
the interference or thermal noise power, and the
Receiver (Demodulator) can still decode the signal
correctly.



Spread Spectrum Techniques
Spreading Factor & Processing Gain

The number of chips that will be used (i.e., the length

of the Spreading Code) to spread one bit of data is
defined by the Spreading Factor.

The Spreading Factor is given by:

Chip _ Rate

Spreading _ Factor = —
Bit Rate




Spread Spectrum Techniques
Spreading Factor & Processing Gain

Using W-CDMA (Wideband-Code Division Multiple Access,
which is used in 3G Networks) we have 5Mhz carrier
bandwidth and a Chip Rate of 3.84 Mcps to Spread the data.

Note: CDMA uses a carrier bandwidth of 1.25 MHz and a
Chip Rate of 1.22Mcps.

Thus, if we transmit a video clip with Bit Rate of 128Kbps
the Spreading Factor will be:

3,840,000chips/sec
128,000bits / sec

Spreading _ Factor = 30

Each bit will be spread using a Spreading Code of length 30.
Processing Gain = 10 x log,,(30) = 14.77 dB



Spread Spectrum Techniques
Spreading Factor & Processing Gain

Processing Gain allows the received signal power to
be under the interference or thermal noise power
(i.e., improves reception), and the Receiver can still
detect the signal.

Detection of a Spread signal is difficult without
knowledge of the Spreading Code.

Spread Spectrum systems originated in military
applications as it is very difficult to interfere with
(moAU OSuokoAa mopepBaiietal) and difficult to
identify the signal (moAvU duokoAa avayvwplletal n
nAnpodopia mouv petadepel to onua) without
knowing the Spreading Code.



Spread Spectrum Techniques
Advantages

Several advantages can be gained from this apparent
waste of spectrum (amé autil tTnv mnpodavi
“ontataAn” tov pacpartoc) by this approach:
The signals gains immunity from various kinds of
noise and interference (Ta onuata amOKTOUV
ueyaAvtepn avooiaa oto BopuPfo koL  OTLC
nopeuBoAec) — Due to the Processing Gain that can
be achieved

The earliest applications of spread spectrum were
military, where it was used for its immunity to
jamming (avoolo oe Bopufo kal mapeUPOAEC Ue
OKOTTO TO MITAOKAPLOMO TWV KAVOAALWV).



Spread Spectrum Techniques
Advantages

It can also be used for hiding and encrypting signals
(Xpnowpomolovuvtal yLa arnokpuyn KOl
Kpumntoypadnon Twv onuUatwvy).
Only a recipient who knows the spreading code
can recover the encoded information.

Several users can independently use the same
bandwidth at the same time with very little
interference.

This property is used in cellular telephony
applications (e.g., in UMTS Networks), with a
technique known as Code Division Multiple
Access (CDMA).



Code Division Multiple Access (CDMA)

Divides up a radio channel not by frequency (as in FDMA), not
by time (as in TDMA), but instead by using Code Sequences
(Spreading Codes) for each user.

Guard Spaces (For keeping the different channels
independent) are realized by using codes with the necessary
‘distance’ in code space, e.g., Orthogonal Codes.

These codes are derived == sz s
frOm a n Orthogonal (@1)=11111111 bl LLLLLY _“_1_1_“_1_1_ :

| 162)=11111111111111141

=1111
[ ] [ ]
Variable Spreadmg Factor o ugariiinag | ANRALLLILILISS
(OVSF) code tree, and | e | s
[ ] [ ] - 444 144
each user is given a . oriisssin | S

C169)=1-11-11-11-11-11-11-11-1

different, unique code. o P VYSYSYFUTUTSSY
11-111-11

C(1611)=1-11111-1111111111
[
|_c@e12)=111111114141111141

C1613)=1-1-111-1-111-1-111-1-11
| C1614)=1-1-111-1-11-111-1-111-1

Ce7)=114114111

C(1615)=1-1-11-111-11-1-11-111-1
|_Ctilele)=1-1-11-111-1-111-11-1-11

CEg)=111111141




Code Division Multiple Access

Orthogonal Codes

Orthogonal codes have a cross-correlation equal to zero; in
other words, they do not interfere with each other

Their dot product (operation of vectors) is equal to zero

An example of orthogonal codes (vectors) is provided below:
Cl1=(1,1,1,1),
C2=(1,-1,1,-1),
C3=(1,1,-1,-1),
C4=(1,-1,-1,1),

These vectors (codes) will be assigned to individual users

and are called the Spreading Codes
¢ G, G Cy

[+1 +1 +1 +1] I [+1 -1 +1 -1] I +1 +1 -1 -1] I [+1 -1 -1 +1] I




Code Division Multiple Access

Orthogonal Codes Examples:

Question 1: Is SC1 = (1, -1, 1, -1) and SC2 = (1, 1, -1, -1),
orthogonal?

Answer 1: For these two Spreading Codes to be orthogonal
their dot product (SC1 . SC2) must be equal to O.

(1,-1,1,-1).(1,1,-1,-1) = (+1-1-1+1) =0

Their dot product is equal to 0, therefore these two Spreading
Codes are orthogonal



Code Division Multiple Access

Orthogonal Codes Examples:

Question 2: Is SC1 = (1, -1, 1, -1) and SC2 = (1, -1, -1, -1),
orthogonal?

Answer 2: For these two Spreading Codes to be orthogonal
their dot product (SC1 . SC2) must be equal to O.

(1,-1,1,-1).(1,-1,-1,-1) = (+1 +1 -1 +1) = +2

Their dot product is not equal to 0, therefore these two
Spreading Codes are NOT orthogonal



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Each user is associated with a different Spreading Code, say C
During the Spreading of the Data bits:

Data bit 0 will be represented as -1

Data bit 1 will be represented as +1
For example:

C=(1, -1, -1, 1) (this is the Spreading Code and in this case the
Spreading Factor is equal with 4)

The Data Bit Stream (1, 0, 1, 1) would correspond to (C, -C, C, C)
The Spread Data will be:
((1/ _1; _11 1)) (_1) 1; 1; _1)) (1) _1; _1) 1)) ( 1; _1; _11 1))

‘ Data bit 0——> -1 \ ‘ Data bit 1————> +1 \ ‘ Silence —>0 \




Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Example of encoding (Spreading) and
decoding (Despreading) a signal

“Sender 1” has a
Spreading Code (C,) = (1, -1, -1, 1)
Data (D,) = (1,0, 1, 1), and
“Sender 2”
Spreading Code (C,) = (1, 1, -1, -1)
Data (D,) = (0, 0, 1, 1), and
Both senders transmit simultaneously



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Encode Sender 1 (Spreading)
C1= (1r '1; '11 1): D1= (11 0; 1) 1)

Encode1=(C,,-C,,C,,C,) =
((11 '11 '11 1)1('11 1; 1; '1)1(11 '1; '11 1))(1; '1; '11 1))

Spread Signal 1=(1,-1,-1,1,-1,1,1,-1,1,-1,-1,1, 1, -1, -1, 1)

Cz = (1I 1; '1; -1)I Dz = (OI Or 1) 1)

Encode 2 = (-C,, -C,,C,,C,) =
(('11 '11 1) 1))('11 '1) 1) 1)) (11 1; -1I '1)l (11 1) '11 '1))




Code Division Multiple Access -
Example of Spreading and Despreading a Signal

The physical properties of interference say Constructive Destructive

h . . / . . h Interference . Interference Signals are slightly out
that if tyvo flgna S af’ a pom? are in phase, TEE Slgnaofzf;;ir:geteiy of phase
they will "add up" to give twice the

AN AN AN AN AW AWANA
amplitude of each signal, but if they are out d

Vv i VVV:e VV Vi

of phase, they will "subtract” and give a ,% AN AL

signal that is the difference of the
amplitudes. /\/\/\ : {/\\//\\//\\/’,

Because Signal 1 and Signal 2 are transmitted at the same time using the
same frequency band, we'll add them together to model the raw signal in
the air. This raw signal may be called an Interference Pattern.

Interference Pattern:



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Question: How does a Receiver make
sense of this Interference Pattern?

Answer: The receiver knows the
Spreading Codes of the senders. Using
these Spreading Codes on the received
interference pattern can extract an
intelligible signal for any known sender.
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Step Decode Sender 1 (Despreading)
0 C1 = (1r '1r '11 1)1
Decode 1 = Interference_Pattern . C, =
1 1,-1,-1,1) =
(0+2+0+2),(-2+0-2+0),(2+0+2+0),(2+0+2+0))
2 Datal=(4,-4,4,4)=(1,0,1, 1)
Step Decode Sender 2 (Despreading)
0 Cz — (11 1) '11 '1))
Decode 1 = Interference_Pattern . C, =
1 B P I B
((0-2+0-2),(-2+0-2+0),(2+0+2+0),(2+0+2+0))
2




Code Division Multiple Access
Example of Spreading and Despreading a Signal

Available
bandwidth




Code Division Multiple Access -
Example of Spreading and Despreading a Signal

C

+1 +1 +1 #1711 l

G

Bit 0 Bit 0
-1 -1
% C,
2 [+1 -1 +1 -1]
d, . ¢ d,-c,
Y -1 -1 -1 -1] [T +1 -1 +1] Y
Common
FU =l =) el channel
Data
[0 0 0 O] [+1 -1 -1 +1]
d3-c3 dg-cq C
3 4 4
[+1 +1 -1 -1] [+1 -1 -1 +1]
0 +1
Silent Bit 1

[+1 +1 +1 +1] I [+1 -1 +1 -1] I +1 +1 -1 -1] I

[+1 -1 -1 +1] I




Code Division Multiple Access -
Example of Spreading and Despreading a Signal

o {1 0 —
Time

Bit 0 —»ﬁ—> 1 +1 -1 +1] | || | >
I Time

Silent —»3—» 0 0 0 O >
Time

Bit 1 —»ﬁ—» 1 <1 -1 +1] II | I >
Time

o

Time

Data on the channel ﬁ




Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Data on the channel
Time

Station 2’'s code

3 i [+1 -1 +1 -1] >
Time

Inner product result >
Time

Summing the values . >
Time

-4 —» -4/4 — -1 —> Bit0



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Question: In the example so—{F— w1
provided Station 3 (S3) did not so—>5F > c1 14
send any data to the channel. |  — |
What will happen when the -
receiver, during Despreading, ' T ¢
correlates the Spreading Code of Data on the channe
S3 on the Interference Patter

(i.e., the data on the channel)?

For example:
Answer: When tP!e receiver Interference Pattern: (-1, -1, -3, 1)
correlates the interference
pattern with the Spreading Code $3 2C;=(1,1,-1,-1)
of S3, the summing of the values
of the despread signal will be
equal to 0 = Thus no data are
included in the channel for S3.

Despreading of S3:
('11 '11 '31 1) . (11 1/ '1/ '1) =
=-1-1+3-1=-3+3=0 -2 No Data



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

FOR HOME PRACTICE = Example of encoding (Spreading) and
decoding (Despreading) a signal with 4 users 2

“Sender 1” has a

Spreading Code (C,) =(1, 1, 1, 1), Data (D,) = (0, 0)
“Sender 2”

Spreading Code (C,) = (1, -1, 1, -1), Data (D,) = (0, 1)
“Sender 3”

Spreading Code (C;) = (1, 1, -1, -1), Data (D) = (1, 0)
“Sender 4”

Spreading Code (C,;) = (1, -1, -1, 1), Data (D,) = (1, 1)
All senders transmit simultaneously



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Example of encoding (Spreading) and decoding (Despreading) a
signal with 4 users,

“Sender 1” Spread Signal:
(-1,-1,-1,-1,-1,-1, -1, -1)
“Sender 2” Spread Signal:
(-1, 1,-1, 1, 1,-1, 1,-1)
“Sender 3” Spread Signal:
(1, 1,-1, -1,-1,-1, 1, 1)
“Sender 4” Spread Signal:
(1, -1,-1, 1, 1,-1, -1, 1)

Interference Pattern (We add all the signals together)
(01 0; '4; 0; 0; '4r Or 0)



Code Division Multiple Access -
Example of Spreading and Despreading a Signal

Example of encoding (Spreading) and decoding (Despreading) a
signal with 4 users (Interference Pattern: (0, 0,-4, 0, 0, -4, 0, 0))

“Sender 1” Despread Signal (C, =(1,1, 1, 1))

((0, 0,-4, 0),(0, -4, 0, 0)).(1,1,1,1)=(-4, -4) - Data (0, 0)
“Sender 2” Despread Signal (C, =(1,-1, 1, -1))

((0, 0,-4, 0),(0, -4, 0, 0)).(2,-1,1,-1)=(-4, +4) - Data (0, 1)
“Sender 3” Despread Signal (C;=(1, 1, -1, -1))

((0, 0,-4, 0),(0, -4, 0, 0)).(12,1,-1,-1)=(+4,-4) > Data (1, 0)
“Sender 4” Despread Signal (C, = (1, -1, -1, 1)):

((0, 0,-4, 0),(0, -4, 0, 0)).(1,-1,-1,1)=(+4, +4) > Data (1, 1)



Code Division Multiple Access

In contrast with FDMA and TDMA which are
bandwidth and time Ilimited, CDMA s

interference limited.

Because all users transmit on the same
frequency and at the same time, internal
interference generated by the users (related to
the transmission power used by each one of
them) is the most significant factor in
determining system capacity and call quality.

Each user is a source of interference to all
the other users in the cell.



Code Division Multiple Access

To increase capacity, the transmit power for each user
must be reduced to limit interference.

However, the Received signal power (at the BS)
should be enough to maintain the minimum required
SNIR needed by the Receiver, so as to decode the
signal (symbol) correctly, for a satisfactory call
quality.

Thus, the goal is all MSs’ transmitted signals to reach
the Base Station and received with about the same
signal power (and equal to the minimum required
SNIR) from the BS - Otherwise some signals could
drown others.



Code Division Multiple Access
Near Far Problem

If all MSs transmit with the same power, signals
transmitted from MSs closest to the BS will be received
with much larger power than signals from MSs further
away.
Due to the difference in the path lengths higher
propagation path loss is experienced for users
further away from the BS.

The received SNIR for signals transmitted from MSs
far from the BS will be low.

Mhus, signals from MSs close to
the BS will drown out signals from
MSs far away from the BS.

Solution: Power Control!!!

Distance




Code Division Multiple Access
Near Far Problem — Power Control

117

Rx-level MS-

0 Power control is essential in
order to maintain the
transmission power levels used
by the MSs to the lowest level 1,

Base Station

n ece Ssa ry 9 Red u Ce Without Power Control:
° ° ° Tx level MS-1 = Tx level MS-2 = Tx level MS-3 ——
I nte rfe re n ce to th e m I n I m u m R level MS-1 < Rx level MS-2 < Rx level MS-3
and maximize the capacity of wmrowercon
Tx level MS-1 > Tx level MS-2 = Tx level MS-3 —»
t h e SySte m. Rx level MS-1 = Rx level MS-2 = Rx level MS-3

One of the main is to
at the BS is and

aiming to to the )
however for the to be the signal
correctly (i.e., received signal SNIR = minimum required SNIR).




Multiple Access Control
EAeyxoc MoAhamAnc Mpoofaonc

Problem: When two or more stations using the same radio
resources (i.e., frequency band or bandwidth or channel),
transmit their frames at the same time, their frames will
collide and the radio resources will be wasted during the
time collision (Otav dVo N mneplwoootepa stations mou
XPNOLUOTIOLOUV TOUC LOLoUC alCUPUATOUC TIOPOUC OTEIAOUV T
frames touc TNV Wb wpa, ta frames twv stations Ba
ouykpouoTtoUV He amotéleopa to SlaBeopo svpoc {wvng
ekelvn T Xpovikn mepiodo tnc cUYKPoUOoNC VAL TIAEL XOLLEVO).
How to coordinate the access (MNwc¢ va yivelL 0 cuvtoviopoc
npooBaonc) of multiple sending/receiving stations to the
shared channel in order to avoid collisions and thus avoid
waste of the radio resources???



Multiple Access Control
EAeyxoc MoAhamAnc Mpoofaonc

Solution: We need a protocol to coordinate the
frame transmissions of the active stations
(XpeLalopaote Eva TPWTOKOAAO YLOL VO CUVTOVIOEL
TIC EKTIOUTIEC TwV active stations - active stations
elval autd tou €xouv frames £tolpa vo ctaAovv).

These protocols are called Medium or Multiple
Access Control (MAC) Protocols.



Multiple Access Protocols

Classification
Contentionless Contention
(scheduling) (random access)

Mn AVTaywVIOTIKA AVTOYWVIOTIKA



Multiple Access Protocols
Contentionless-based

Contentionless-based (Mn Avtaywviotika) Protocols:

A central controller (Base Station or Access Point) is
needed to coordinate (va cuvtovioel) the transmissions
of all the stations.

The controller informs each station when and on which
channel it can transmit its data. BN

So, each station has its own channel.
By doing this collisions can be avoided entirely

With Contentionless-based Protocols, the stations
transmit in an orderly scheduled manner (Ta stations
EKTIEUTTOUV HE Eva HEOOSIKO TIPOYPAUUATIOMEVO TPOTIO)
so every transmission will be successful (No collisions).



Multiple Access Protocols
Contentionless-based

Contentionless-based (Mn Avtaywviotika) Protocols:
Examples (Basic Channelization Protocols):
FDMA (Frequency Division Multiple Access),
TDMA (Time Division Multiple Access),
CDMA (Code Division Multiple Access)

OFDMA (Orthogonal Frequency Division Multiple
Access)

Typically used in Infrastructure based Networks (e.g.,
WLANSs, Cellular Networks, etc.)



Multiple Access Protocols
Contention-based

Contention-based (Avtaywviotikd) Protocols:

No central controller (No Base Station or Access Point) is
needed to coordinate the transmissions of the stations.

All stations transmit using the same channel, without
having a central controller to coordinate them.

If several stations start their transmissions more or less at
the same time, all of the transmissions will fail.

These contention-based protocols resolve the contention
(emiAbouv Tov avtaywviopo) that occur when several
users want to transmit simultaneously and a central
controller is not present.



Multiple Access Protocols
Contention-based

Contention-based (Avtaywvictika) Protocols:
The aim is to minimize collisions and better utilize the
bandwidth by determining:
When a station can use the channel.
What a station should do when the channel is busy.
What a station should do when is involved in a collision.
Examples of Contention-based protocols are the Random
Access Protocols (MpwtokoAAa Tuxaiog MpocBaonc):
Pure (P) - ALOHA,
Slotted (S) - ALOHA,

Carrier Sense Multiple Access (CSMA) & its variants (kai
oL SLapOopETLKEC EKOOXEC TOU)



Multiple Access Protocols
Contention-based

Contention-based (Avtaywviotikd) Protocols:

Typically used in Infrastructure-less based Networks (e.g.,
Ad Hoc Networks), where all the stations transmit using the
same channel.

Also can be used in an infrastructure based network (i.e.,
Cellular Network), for exchanging control information
between a Mobile Station and the Base Station before a
(control and traffic) channel is established between them.

Note that, in infrastructure-based networks, before a
control channel is established between the Base Station
and the Mobile Station, the Base Station is not aware
about the existence of the Mobile Station and thus have
no control over it.



