%5 MANENMIZTHMIO KPHTHE

‘é@}%“é EAAHNIKH AHMOKPATIA

Acvppata Aiktua kat Kwvntol

YrtoAoyilopol
Mapia MNamnadomouAn

Tunuo Emotiuncg YrnoAoylotwyv
MNavenotnulo Kpntng



Xpnuatodotnon

To apov ekALOEUTIKO UALKO €xeL avamtuxOel ota mAaiola tou
ekmaldevutikol £pyou tou dLbdaokovta.

To €pyo «Avoikta Akadnpaikd Mafipata oto Navenotiuio KpRtne»
EXeL xpnuatodotroel povo tn avadlapopdpwon Tou EKTTOLOEUTIKOU UALKOU.

To €pyo vAomoleital oto rAaiolo tou Emxelpnolakol Mpoypappatod
«Ekmaiidevon kot Ata Blou Mabnon» kot ocuyxpnpatodoteital oo tnv
Evpwrnaikni Evwon (Evpwmaiko Kowvwviko Tapeio) kot amod eBvikoug

NOPOUC.

Evpwmnaikn ‘Evwon
Evpwmnaiké Kowvwviké Tapegio

ENIXEIPHXIAKO MPOrPAMMA
EKMAIAEYZH KAI AIA BIOY MAGHEH

ENEVOVON TNV UOLVWVid TNE YVWON

YNOYPTEIO MAIAEIAL KAl OPHIKEYMATQN
EIAIKH YNHPEXZIA AIAXEIPIXHE

Me ™ ouyxpnparodotnon tng EAAadag kat tng Evpwnaikig ‘Evwong

= EXNA

EE=] 7 Jnpsypoppo o w ovimutn




2nUelwpa adsrodotnonc

To apov UALKO dratiBetal pe Toug 6poug TG adetag xpriong Creative Commons
Avadopa, Mn Epmopikiy Xprion, Oxt Mapaywyo Epyo 4.0 [1] 1) petayeveotepn, AeBvrig
Exkbdoon. Efaipouvral ta aurors?\n épya Tpitwv 1.). dwrtoypadieg, Staypaupata K.A.T.,
TOL OTTIOLOL EUTIEPLEXOVTOL OE QUTO KoL T ortoia avadepovtal Hadl e TOUG OPOUG xpnonq
TOUG 01O «2nueiwpa Xpnong Epywv Tpitwv».

[1] http://creativecommons.org/licenses/by-nc-nd/4.0/ ‘@@@@\

Qq Mn Epmnopwkn opiletal n xpnon:
mou dev nspt}\auBava QLLECO I EUECO OLKOVOLLLKO OPEAOG artd TNV XPron Tou €pyou, yla To
Slavopea tou €pyou kol adelodoyo
— Tou dev mep\apBavel olkovoulkn cuvaAlayn wg tpolnoBeon ya tn XpAon n npocfoaon oto
Epyo
— Tou Sev mpoomopilel oto Stavopea Tou €pyou Kol adeLoSOX0 EUUETO OLKOVOLLLKO 0¢deAOG (Tt .
Stapnpuioelg) amod tnv npoBoAn Tou €pyou o€ SLASIKTUOKO TOTIO

O dwaovxo¢ Umopel va rmapexeL otov adelodoxo Eexwploth adeLa va XpnoLUOTIOLEL TO
£PYO Yl EUTIOPLKN XPron, epooov auto tou {NtnO«L.


http://creativecommons.org/licenses/by-nc-nd/4.0/

Meplexyopeva

Eloaywyn otig BepeAlwdng EVVOLEC OXETLKA LE TO TIOPOKATW:

acupuata diktua, T0co oto duotkd 6oo kal oto MAC layer (radio propagation,
channel, modulation)

ouvotipata evpeong B€ong (positioning systems)

acUppoateg texvoroyieg (ry IEEE802.11, WIMAX, UWB, Bluetooth, RF tags, sensors,
LTE)

OPXLTEKTOVIKEC/LOVTEAD TTPOOBOONG

— otnv mAnpodopia (rty mobile peer-to-peer systems, infostations) , kat

— acuppoatwyv Siktuwv (ry ad hoc, mesh, sensor, infrastructure networks),
NMpwTtokoAAa SpopoAdynong os acupuata diktua (routing protocols)

epapHoyEG yLa Kivntd urtoAoyLotika ocuotipata (rty social networking & location-
based edappoyég mavw og Android, ambient intelligence)

ETOTTEL ACUPUATWV SLKTUWV Kol avaAuon tn¢ anodoong Toug

Beuata povteAomnolnong Twv aAcUPUATWY OKTUWV



Elcaywylka — Epyaotnpla




WIRELESS
. \TRAFFIG: _
}) MEASUREMENTS

(.(n
17/

7 MODELLING
It

2\

Project 1.
Enonteio acuppotou SIKTUOU

e Ba oTNOETE testbed yia Tnv napakoAoubnon kal TNV
Kataypapn 0eOOUEVWV OXETIKA HE TNV Kivnon kot Ttnv podcpoon
XPNOTWV OE £va dcupuaTo OIKTUO.

*Oa €€oIKEIWOEITE YE NpOYPAUMATA ENOMNTEIAC
(n.x., tcpdump, wireshark, iwlist, snmp, syslogs)
Kabwc €nionc Kal Je TNV ocuAAoyn OedopEVWYV.



Project 2: Zratiotiki avéAuon
& emeéepyaoio SIKTUAKWV
debopEvwy
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e Asbopgva nou £xouv kataypodei oe aclppata diktva pe dtadopa
npoypappata enomnteiag Siktvwv (Project 1), 6a ta avaAloete
OTOTLOTLKA LLE OKOTIO TNV £€aYyWYN CUUTIEPACHATWYV YLa TO SiKTuo.

e QOa efolkewwbdeite pe matlab & amAc otatiotikec ouvaptnosic (ry
uroAoylopd mean, median, Cumulative Distribution Function,
fitting katavopwv)



Project 3: ®uowko eninedo —
Radio propagation — measurements

 MapakoAouBnon Kat LETPNON TNC TLLAC TNC EVTAONC TOU OAMATOC.
e Efctoon dawvopévwy mou entnpedlouv tn dtadoon

(rt.x., armootaon petadotn/6€ktn, patvopeva avakAaongc, anoppodnonc
Kol e€aocBevnonc.

e Kataypadn autwv TwV LETPACEWV KAl LEAETN TNC
enidpaon Twv napanavw GaLVoUEVWY KoL TNV CUCXETLON

TOUG HE TIC TLHEG Tov Signal strength.



Project 4 — Juotqpoata eVpeong O€ong

e Efowkelwon pe dLadopec texvoloylec nou
Xpnotuornotouvtatl ya location-sensing.
e [elpapaTIONOC LE

IEEE802.11, RFIDs, QR/barcodes, Wii kol KApePEC

s AvdAuon tng fingerprinting pebodou kat kdmowwv

nov Baoilovtal oTnVv amootaon



Project 5: Mobile computing applications

*EnekTaon unapxovrtwyv n uAomnoinon VEwV NpwWTOTUNWV
EQAPMOYWV MOU  TPEXOUV O  KIVNTA TNAEpwva
NpoypappaTionoc o Android diapopwv

social networking & location-based epapuoywv.
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Research Projects

* Development of the u-map: a user-centric grass-
root data base with cross-layer information about
user access and quality-of-experience (QoE) for
various applications (systems project)

e Spectrum markets

— Business-driven assessment of spectrum markets (in
matlab)

11



Large-scale Wireless Testbeds

Experimenting with
state-of-the-art wireless technologies

Wireless testbeds based on IEEE 802.11

= UNC campus (with > 900 APs, 20,000 users)
= [raklion (area of 150 Km?)

= ambient technology space at FORTH

---------------




Telecommunications & Networks LAB

Spectrum analyzers

el AMS
_wl alrmagnet
CHH B A analyzers
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Wireless Mesh Testbed @ Heraklion

Z& AsiToupyia

Ymo Avamruén
Aiktuvo Alaxeipnong-MNMapakoAo06NTNG

« The green line indicates the management/monitoring network, the blue line
Indicates the operational network, while the red line shows the under-
development part of the network
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Agenda

Introduction on Mobile Computing & Wireless Networks
Wireless Networks - Physical Layer

IEEE 802.11 MAC

Wireless Network Measurements & Modeling

Location Sensing

Performance of VoIP over wireless networks

Mobile Peer-to-Peer computing
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General Objectives

 Build some background on wireless networks,
|IEEE8B02.11, positioning, mobile computing

e EXp

and

ore some research projects
possibly research collaborations
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Profound technologies

“The most profound technologies are those that disappear.
They weave themselves into the fabric of everyday life until
they are indistinguishable from it."

Mark Weiser, 1991

17



Weilser’s vision

* The creation of environments saturated with computing and
communication capability yet gracefully integrated with human users

» After two decades of hardware progress, many critical elements of
pervasive computing that were exotic in 1991 are now viable
commercial products: handheld and wearable computers, wireless
LANs, and devices to sense and control appliances

» Well-positioned to begin the quest for Weiser's vision

18



Constraints In Pervasive
Computing

The most precious resource in a computer system is no longer its
processor, memory, disk or network. Rather, it is a resource not
subject to Moore'slaw: ;. attention

Today's systems distract a user in many explicit & implicit ways, thereby
reducing his/her effectiveness.

* Understand the quality-of-experience (QoE) for a service
It is not just a simple set of QoS metrics (e.g., bandwidth, delay, packet loss)
« Define the user utility function!

19



Pervasive computing —Smart
spaces

Pervasive computing is the method of enhancing computer use by

making many computers available throughout the physical
environment but effectively invisible to the user.

Pervasive computing spaces involve autonomous networked
heterogeneous systems operating with minimum human
Intervention

20



Monitoring the environment

EEHSQTEGOPE Weather Station Mﬂ.p
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Tagged products
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A new Wave of Visualisation and
Search Devices

Source: Joao Da Silva’s talk at Enisa, July 20th, 2008




3D: the next frontier

<*Multiplicity of Virtual World
Platforms, 60 M users estimate

<+Confluence of trends: social 2= /= mploe | -
networks, user generated content, There
iImmersive experience, rich media W

<3D pioneered through Games
<+A possible approach to information 4T
overload 3 inside

-,

= friendster WiKipeDiA

= Blogger §myspace.com

Pad
MOSA I amazonoom dl
bpmdlg\
A Connected

£ CompuServe
€ Comp AOL
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“*New business perspectives

Level of Interaction

Source: Joao Da Silva’s talk at Enisa, July 20th, 2008



New networking paradigms for efficient search
and sharing mechanisms
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Higher Rate,

100 Lower-Speed Mobility

= 4G HIS Wireless LAN
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Info "Half-Life” & “"Inconvenience Threshold”

"Half-Lifs" of "Ineenvenlence Threshold"
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Mobility Evolution - 1G
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Device Presence: Unlocking the Value of “"Chip Radios”
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100K+ hotspots worldwiae, CAGR of 45% (JiWire)

90% of airports to offer Wi-Fi by 2008 (Airports Council International)

269M broadband homes worldwide in 2009 (IDC)

72% of companies to deploy Voice over Wi-Fi by 2009 (Infonetics)

100 million consumer mobile VOIP users in 2011

The PC industry will ship more than two times as many mobile VOIP
devices per year as the Telecom industry in 2011.




Fast Growth of Wireless Use

« Social networking (e.g., micro-blogging)

* Multimedia downloads (e.g., Hulu, YouTube)
e Gaming (Xbox Live)

» 2D video conferencing

* File sharing & collaboration

* Cloud storage

Next generation applications

* Immersive video conferencing
3D Telemedicine

e Virtual & Augmented reality

» Assistive Technology

£ Rapid increase in the multimedia mobile Internet traffic

30



Fast Growth of Wireless Use (2/2)

 Video driving rapid growth in mobile Internet traffic

e Expected to rise 66x by 2013 (Cisco Visual
Networking Index-Mobile Data traffic Forecast)
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Wireless Networks

* Are extremely complex
* Have been used for many different purposes
« Have their own distinct characteristics due to

radio propagation characteristics & mobility
<~ wireless channels can be

highly asymmetric & time varying
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From Signals to Packets

Analog Signal /\/\N\/\/\/\

“Digital” Signal -
Bit Stream 00101110001
0100010101011100101010101011101110000001111010101110101010101101011010111001
Packets - 2 >

Header/Body Header/Body Header/Body

Packet . |
Transmission Sender O—_’O Receiver

Note: there is no co-relation between the above figures. Each one is independent from the others.



MovtéAo THAEKOWWVLIOLKWV
2UCTNHATWV

{amod tn okomd Twv onUATwWv}

e O SilawAoc enkowvwviac pmopel va iva pa ypopn petadopd (m.y.
tnAedwvia, Ethernet), pia omtikn tva ) anAd o eAeVBepog xwpog (0mou to
OAMOTO EKTTEUTTETAL O0C NAEKTPOUOYVNTIKO KUUQL).
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Metadoon ZRUOTOC

Katad tn étadoon tou dtavAou To HETAOLOOMEVO OALO TTOPOLLOPPWVETOLL
AOYW MN YPOMUMLKOTATWV Koit/1) ATEAELWV OTNV AITOKPLON CUXVOTNTOC TOU
SlavAou

AAAEC TtnNVEC uTtoPaBuLonC eival o O0pufoc Kat ot taPeUBOAEC TTOU
oUAAEyovTaL Ao TO oAMOTA KATA TN SLAPKELX TNC LETAO0ONC LECW TOU
SlavAou.

O moumnocg kat o kTN oxedlalovtal WOTE va EACYLOTOMOLOUV Tal
amnoteAécporta tov BopuBou Kat tng mapapopdPwonc otn notdtTnTa

Aqgng

AvadnULOUPYWVTOC TO aPXLKO ONpa, XpnoLpomolwvtac tn dtadkaoia tng
ano-swapdpdwong (demodulation)

KuploL mopot: .oxUg ekmopnng (transmission power) & e0pog {wvng
(channel bandwidth) 36



Baoiwkol Opot ota ZRpata

e JUotnua: puoikn dtatoan mou mapayel Eva onpa €060V og ATTOKPLON EVOC
OAMOTOC ELCOOOU

e JAua slocodou: SiEyepon (excitation)
e JYAua e€0dou: andkplon (response)

X(

y(1)
Channel »

"bo Mm

Pulse Width = tp 0 5 hlgowz?“} 34D
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Channel Model

* The received signal can be
modeled by a magnitude and
phase, which represent the
signal attenuation and delay
from sender antenna to
receiver antenna,

given a certain frequency,
where the communication takes
place

Devices use the
transmission of a well-
known training signal for
the estimation of various
parameters

38



Baoiwkol Opot ota ZRpata

e Y& YPOAUULKA cuCTAHATO LOXUEL N apXA TG umtEpBeong (superimposition):
H amokplon evoc YPOAHHLKOU CUCTAHOTOC O £va apLlOUO SLeyEpoewV T

omoia epappolovrtal TAVTOXpova ivol ion He To ABpolopa TwV ANOKPLoEWV

TOU GUOTHHOTOC, OTAV KAOE piol oo aUTEG TLC dteyEpoelg epappoletal

Eexwplota

e QiAtpo: dlataén emAoync ocuxvoTNTOC OV XPNOLUOTIOLELTOL VIO VAL
nepLoploeL to paopa evoc onUatoc o€ po {wvn CUXVOTATWVY

e AlavAoc: HEoo petddoonc mou CUVOEEL TOV TIOUTTO E TOV HEKTN TOU
OUOTHUOTOC ETLKOLVWVLOLC

e [lepypadn oto nedio YpoOvou 1} cuxvotTnNToC

39



Internet — Network Layers -(TCP/IP
stack)

Entirtebo 5

Entirtebo 4

Entirte6o 3

Entinedo 1 /

Transmission of sequence of bits & signals across a link

< Signal: “superimposition” of electromagnetic waves



Spectrum

Frequency
(Herte) 100 1w w* w8 w0 1w w* w " ! w? w? "t
| ELF | vi | vLr | Lk | MmF | HF | vHF | UHF | SHF | EHF |
— — ! ! »l—] — N—hl
Power and telephone Radio Microwave Infrared Visible
Ruotating generators Radios and televisions Radar Lasers light
Musical instruments Electronic tubes Microwave antennas Guided missiles
Yuoice microphones Inteprated circuits Magnetrons Rangefinders
i Twisted Pair | I‘—ll
Optical
_ Fiber
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4+— > -4 Pt >
AM Radio FM Radio| Terrestrial
and TV | and Satellite
Transmission
Wavelength 408 49 10* 10 10> 10" 10" 1w 10?2 1w? w? 0¥ 10
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ELF = Extremely low frequency
VF = Vaoice frequency

VLF = Very low frequency

LF = Low frequency

MF = Medium frequency
HF
VHF = Very high frequency

= High frequency

UHF = Ulirahigh frequency
SHF = Superhigh frequency
EHF = Extremely high frequency



Transmitter & Radio Channel

Transmitter > Fading — ®—> Receiver
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Electromagnetic Waveforms

Two important properties

 Propagate

They travel in the space from the sender to a receiver
e Transfer energy

This energy can be used for data transmission

43



Antenna (1/2)

Made of conducting material

Radio waves hitting an antenna cause electrons to flow in the
conductor and create current

Likewise, applying a current to an antenna creates an electric field
around the antenna

As the current of the antenna changes, so does the electric field
A changing electric field causes a magnetic field, and
the wave is off ...

44



Antenna (2/2)

Antenna gain
the extent to which it enhances the signal in its preferred direction

Isotropic antenna
radiates power with unit gain uniformly in all directions

Measured in dBi: decibels relative to an isotropic radiator

45



What is dB?

Express a ratio in logarithmic scale based on transformation

The decibel offers a number of advantages, e.g., ability to
e conveniently represent very large or small numbers, and

» carry out multiplication of ratios by simple addition and subtraction.

. 10log,,(2)
Example: Ratio Ratio in
dB
A A(dB)
\_ ) 10 (+(@8)110) \_ /
-5
SINR = —> 10" mW ~312,5 <

N+l 1.2-10°mW +2-10°mw

SINR(dB)=10log,,(3125)= 2495 dB

46



What is dBm?

Express transmitted/received power in logarithmic scale
based on transformation:

10log,,(P(mW))

Example: /Power in Power in
mw dBm
P(mW P(dBm
\_ ( )/ 1O(P(dBm)/1O) \_ ( )/

P=2mW < P =3.0103dBm



dBm (sometimes dBmW) is an abbreviation for the power ratio in decibels (dB) of
the measured power referenced to one milliwatt (mW).

48



Conversion of a stream of bits Into
Slgnal Adds redundancy

/ Bits mapped to signal (analog signal waveform)

llllllllllllll

5 : i
= Source Channel Multiple | ! 5 RF and ’
g Coding ] Coding MlEplex Modulate -, Access | o Antennas :
= ' )
= i I :
Transmitter : ;

. '

noise : o

protects from interference Interference : g:rdﬁf '

i ' anne :

Fading ; :

Receiver ; *

= . i
E i !
E Source Channel De- De- Multiple i: Antennas |
:_E{_ Decoding Decoding < multiplex IE modulate : and RF :
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Electromagnetic-Field Equations

In the far field, the electric & magnetic fields at any given location are:

e perpendicular to both each other & to the direction of propagation from
the antenna

 proportional to each other (so it is sufficient to know only one of them)

In response to a transmittedsinusoid cos(2rft), the electric far field at time t
can be expressed as:

E(f,t(ro¢)) =a, (9 ¢, f) * cos (2nf(t-r/c)) / r

Point u (r,8,¢) in space @ which the glectric field is being measured

Distance r from the transmit antenna to point u

Radiation pattern of the sending antenna @ frequency f & direction (8,¢)
50



Wavelength of Electromagnetic

Radiation
e Frequency f

 Wavelength A
A=c/f
where c is the speed of light ¢c=3x108 m/s

Example: cellular communication around 0.9GHz, 1.9GHz, and 5.8GHz
—> wavelength is a fraction of a meter

£ To calculate the electromagnetic field equations at a receiver:
the locations of receiver, transmitter & obstructions need to be known with sub-meter accuracy

o1



Signals

e Amplitude (A) — Maximum value, peak deviation of the function

* Frequency (f): Rate, number of oscillations in a unit time interval, in
cycles/sec i Hertz (Hz)

* Phase(¢) —Specifies the relative position in its cycle the oscillation begins

general wave formulas(t) = Asin(2nft + ¢)

< Any waveform can be presented as a collection of

periodic analog signals (cosines) with different amplitudes, phases, and frequencies

N
z(t) =Y Agcos(wot + oy
k=1



Xprion Twv NUITOVOELON
OUVOPTNOEWV

XPpNOLLLOTIOLOUE NULTOVOELSNC ouvapTNOELC AOYyW TNC SuvaTOTNTAC EMAOYNAG
TNC KEVIPLKAC OUXVOTNTAC TTOU UITOPOULLE VO LETAOWOOUUE, KOl

AOYW TWV PACHATIKWY XAPAKTNPLOTIKWY TIOU £XEL AUTA N ouvVAPTNON.

210 MedL0 TNG oUXVOTNTAC LIl NULTOVOELONC ouvaAPTNON TtEPLYPAPETOL ATO
éva Dirac.

AAM\Alovtac tn dtapkela cupPoAou (6nA. toco xpovo xpeLaletol va
netadwooupe Eva cUBoAO), pmopou e va aAlafoupe to bandwidth.



Wave “aggregation” by

superposition
a b
. A Y S
M e S 5%
it e
W of N :
When multiple waves
- converge on a point,
the total wave is simply

the sum of any component
F 1T | Cum Waves
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Wave “aggregation” by superposition

When two or more waves traverse the same space, the net amplitude at each
point is the sum of the amplitudes of the individual waves

ANNANN
\/ VVVYV
AUTANTAYAY /\ /\. '\ /\ ,/\_
\/ V V \/ ‘\/’ \/ \/ \/

J \/ \/ \V \/
A AN\ N\ N\ N AN AN AN AN A
VvV V UV \ /’ VAN VARVARVARVARY,

Destructive interference: when the summed variation has a smaller amplitude than the
component variations (e.g., noise-cancelling headphones)

Constructive interference: when the summed variation will have a bigger amplitude than any of
the components individually (e.g., Line Array)
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Wireless channels

Operate through electromagnetic radiation from the transmitter to
the receiver

In principle, one could solve the electromagnetic field equations, in
conjunction with the transmitted signal to find the electromagnetic
field impinging on the receiver antenna

¥~ This would have to be done taking into account the obstructions

caused by ground, buildings, vehicles, etc in the vicinity of this
electromagnetic wave

To onpa ptavel ano SLapopeTIKEC KATEVOUVOELC, e SLadOPETLKEC
kaBuotepnoelc (akoAouBwvtac StadbopeTIKEC HLAOPOLEC)

To onua tov AapPavetal otov HEKTN amoteAeital SuvnNTIKA oo Evav

aplOpo onuatwy pe dtadopetikn evtaon, paon kat ywvia apénc
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Fundamentals

mpairments

Radio Propagation

Wireless channel model

Digital modulation and detection techniques
Error control techniques
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Types of Impairments

— Noise: thermal (electronics at the receiver, Aoyw tng Tuxaiag kivnong twv
NAEKTPOVIWV 0€ Evav aywyo), human

E€wTteplkeg MNYEC (X aTtoodaLpLKOG, YAAXELAKOC, BLOUNXAVLIKOC) & €E0WTEPLKEC TINYEC (T
OTIYMLOLWV SLOKUAVOEWY TOU PEVUMATOC N T TAONC 0T NAEKTPLKA KUKAwpaTa) BopuBou

— Radio frequency signal path loss
— Fading at low rates

— Inter-Symbol interference (ISI)
— Shadow fading

— Co-channel interference

— Adjacent channel interference
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Radio Frequency Wave Propagation
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Multipath fading

Multipath: the propagation phenomenon that results in radio
signals reaching the receiving antenna by two or more paths

% Reflected
d Tu
; m athiz




Channel impulsive response

()

y(t)
Channel »

o6
Pulse Width = Ths

Aldpkela cupBoAov

By sending a pulse of very small duration to the channel, the
Impulsive response can be estimated

< At the output, the duration of the pulse is extended due to
multipath

MrmopoUpe va Bewprjooupe otL to Mmulti-path dawopevo €xel wg amotéAeoua To
KavaAl va. cupnepldEpetal oav ¢iAtpo oto medio Twv CUXVOTATWV. OTMOU EVIOYUEL
AAAEC OUXVOTNTEG, KL AAAEC TIC e€aoBevel



Frequency Selective Fading due to
Multipath

e The frequency response of a fading channel is not constant
within the available bandwidth

— The channel gain may vary for different frequencies of the transmitted
signal (e.g., due to multi-path)

— Channel gain: cuvteAeotig mou ekdpalel TNV enidpaon oto

Transmitted signal spectrum Square  Channel frequency response Received signal spectrum

distortion
9

H?(f): the square of channel frequency response

To mapanavw apadetypa Selvel Eva KAKN G TTOLOTNTAC KAVAAL, HLOL KOL TP OULOPDWVEL CNUAVTLIKA TA GOCHATIKA
XOPOKTNPLOTIKA TOU PeTadLdopevou onpatog (my kUplog AoBog
ExeL oxedov eadaviotei)



Main issues in wireless
communications

Fading: time variation of signal strength due to:
« Small-scale effect of multipath fading

e Larger-scale effects, such as
 Path loss via distance attenuation

» Shadowing via obstacles

Interference
Unlike the wired world, where transmitter-receiver pair can often be though of as an

Isolated point-to-point link, wireless users
communicate over the air & there is significant interference between them
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Types of fading

» Large-scale fading, due to path loss of signal as function of distance
& shadowing by large objects (hills, buildings)

<= This occurs as wireless devices move through a distance of the
order of cell size and is typically frequency independent

— large transmitter-receiver distances

 Small-scale fading, due to constructive & destructive interference of
multiple signal paths between transmitter & receiver

< This occurs at the spatial scale of the order of the carrier
wavelength and is frequency dependent

rapid fluctuations of the received signal strength over very short
travel distances or short time durations (order of seconds) o



Channel quality varies over multiple
time-scales

Signal strength changes over time and space

Stochastic processes to model signal strength
e Challenging task
 Environments with mobility and obstactles

Channel quality Large-scale fading (“slow” scale):

A due to shadowing, path-loss

]
'
7’
7
L
e
”
'
e
e
-
s

//// = 1 y
Small-scale fading: TL“
due to multipath effects

a\feraging
in this period

= Time




Large, medium & small-scale
fading

Fading: fluctuation in the received signal power

» Large-scale fading: average signal power attenuation/path loss due to
motion over large areas.

« Medium-scale fading: local variation in the average signal power around
mean average power due to shadowing by local obstructions.

« Small-scale: large variation in the signal power due to small changes in the
distance between transmitter & receiver

Also called Rayleigh fading when no LOS availabe. It is called Rayleigh due
to the fact that various multipaths at the receiver with random amplitude &
delay add up together to render rayleigh PDF for total signal
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With Rayleigh Fading

Received
Signal
Power

(dB)

log (distance)

Thanks to Nitin Jain’s presentation
on intro to wireless fading slides



Multipath fading

Fluctuation in the received power due to
 Variations in the received signal amplitude
 Variation in the signal phase

 Variations in the received signal angle of arrival (different paths
travelling different distances may have different phases & angle of
arrival)

There is signal superimposition ...
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\F Communications

Radio Frequency (RF) waves are effected by
— Distance between the transmitter and receiver Path Loss
¢+ Inverse power law

— Reflection (e.g. ground reflection) A
— Diffraction (e.g. from building)

— Scattering (e.g. from trees) Multipath Fading
{ Related to the asymmetry in
— Links may not be bi-directional wireless links network characteristic
+ A can hear B, but B can’t hear A (e.g. because of direction may be different than
receiver sensitivity) those in the opposite direction

— Radio waves may be blocked (absorbed) by objects _
+ e.g by buildings, humans, rain, walls, glass windows Shadowmg

Degree of attenuation generally depends on frequency

© 2007 Victor Bahl. All Rights Reserved.



Different types of fading

Wall

N

/ Scattering

Cabinet

Diffraction (Shadow Fading)
Reflection

/

Wall



Example of multi-path effect

20 km 40 km

@ 1: free space loss likely to give an accurate estimate of path loss

@ 2: strong line-of-sight but ground reflections can significantly influence
path loss

@3: significant diffraction losses caused by trees cutting into the direct
line of sight

@ 4: simple diffraction model for path loss

@ 5: multiple diffraction, loss prediction fairly difficult & unreliable
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Diffraction

Diffraction refers to various phenomena which occur when
a wave encounters an obstacle.

In classical physics, the diffraction phenomenon is described
as the apparent bending of waves around small obstacles
and the spreading out of waves past small openings.
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Shadow Fading

Obstacles and their absorption behavior

Shadowing differs from multi-path fading

¥~ Duration of shadow fade lasts for multiple seconds or minutes

a much slower time-scale compared to multi-path fading
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Reflection

« Wave impinges upon a large object when compared to the wavelength
of the propagating wave

 Reflections occur from the surface of
— The earth
— Buildings
— Walls
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Scattering

* Another type of reflection
« Can occur in the atmosphere or in reflections from very rough objects
* \ery large number of individual paths

& Received waveform is better modeled as an

Integral over paths with infinitesimally small differences in their lengths
rather than as a sum
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Multi-path Delay Spread

Time between the arrival of the first wavefront & last multi-path
echo,

counting only the paths with significant energy
Longer delay spreads require more conservative coding
802.11b networks can handle delay spreads of <500 ns
Performance is much better when the delay spread is low
When delay spread is large

cards may reduce transmission rate
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Inter-Symbol Interference (1SI)

Waves that take different paths from the transmitter to the receiver:
» travel different distances
» be delayed with respect to each other

* Waves are combined by superposition but the effect is that the total waveform is

Dt San
[ |
. - - : >
I Tima
Symbal Time

Overflowing symbols

-
Tl

Nopatnpeiote OTL TO oAU eKTIVETAL O HEYOAUTEPN SLAPKELO ATIO AUTH
Tou cupPoAov (kKat mapepPAAAETAL OTA YELTOVIKA cUMPBOAR). Autd odeileTal oto

. 77
multi-path ¢awvopevo.



Distortion

» Caused by the propagation speed & fading

* Depends on the frequency (varies in different frequencies)
4 Amplitude

Different frequencies
suffer different attenuation

-
T e

Frequency Selective Fading:

the channel gain varies for
different frequencies

of the transmitted signal

[hztortion



Frequency Selective Fading

* The frequency response of a fading channel is not constant
within the available bandwidth

— The channel gain may vary for different frequencies of the transmitted
signal

Transmitted signal spectrum

Square  Channel frequency response Received signal spectrum

distortion

\

x-axis: frequency H?(f): the square of channel frequency response



Channel Impulse Response

 |f the channel is stationary over a small time interval the
channel impulse response may be written as:
N -1

(kpouoTikA amdkpLon) h(t) = 20 a; exp( J0;)o (t-t;)
e a; & U :the amplitude & phase of the it multipath copy
e t :time of arrival of the ithcopy

o §(t) Isthe Dirac function

BAEmoupe ot 1o h(t): aBpolopa amnd Dirac cuvaptnoeLg

H ouvdptnon €€66ou eivat n ouvéAEn (convolution) tou onpoatog
£L0000U Kal TNC KPOUOTLKAC ATOKPLONE TOU KovaALlov.



Channel Impulse Response

If the channel is stationary over a small time interval the
channel impulse response may be written as:

n(®) = Y &, exp(J6,)5(t~t,)

a; & §; : the amplitude & phase of the it multipath copy
t. : time of arrival of the it" copy
6(t) Is the Dirac function

Channel frequency response H(f): Fourier transform of h(t)

H(f)= jh(t)e—i”ﬁdt



Power Spectral Density of
the Recelved Signal

The power spectral density of the received signal (S,) is equal to the
power spectral density of the transmitted signal (S;)

multiplied by the
square of the amplitude of the channel frequency response
S, = [H(w)|’S,



Doppler Effect

* The Doppler effect is observed whenever the source of waves is
moving with respect to an observer

 Itisthe effect produced by a moving source of waves in which
there is an apparent upward (downward) shift in frequency for
observers towards whom the source is approaching (receding),
respectively
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Doppler spread

% When a sinusoidal pulse of frequency f, is transmitted over a multi-path
channel, the received spectrum will have components in the range f - f,
to f+ f,

f,: Doppler spread: T =%C05(9)
 V:velocity of the receiver

« 0: direction of arrival of the received signal
* A:wavelength



Coherence time

Definition:
* The time interval over which the channel impulsive response is considered
stationary

Typical assumption:
» Doppler spread and coherence time are related by the formula:

K: constant in the range of 0.25to 0.5



Time Variance: Fast Fading

* The channel changes drastically many times while
a symbol Is propagating

Causing:

« Severe distortion of baseband pulse leading to
detection problems

e Loss In SNR
« Synchronization problems
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Time Variance: Slow Fading

* The channel does NOT change drastically
during the symbol propagation

causing: Loss In SNR
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Propagation Models (Large-scale
fadin

e One of the most difficult part of 912 radio channel design

« Done in statistical fashion based on measurements made specifically
for an intended communication system or spectrum allocation

* Predicting the average signal strength at a given distance from the
transmitter
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Some Real-life Measurements

Ad-Hoc Measurements
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Signal Power Decay with Distance

@ A signal traveling from one node to another experiences fast
(multipath) fading, shadowing & path loss

@ |deally, averaging RSS over sufficiently long time interval
excludes the effects of multipath fading & shadowing =
general path-loss model:

P(d) =P, —10n log,, (d/d.)
n: path loss exponent
P(d): the average received power in dB at distance d

P, Is the received power in dB at a short distance d,
90



Signal Power Decay with Distance

 In practice, the observation interval is not long enough to mitigate
the effects of shadowing

< The received power is commonly modeled to include both path-loss
& shadowing effects, the latter of which are modeled as a zero-mean
Gaussian random variable with std deviation gy, in the logarithmic
scale, P(d), in dB can be expressed:

P(d) ~ N(P(d), o)

This model can be used in both line-of-sight (LOS) & NLOS scenarios

with appropriate choice of channel parameters
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Path loss exponents for different

environments
Ervironmerit Path Loss Exponent, n

Free space 2

Urban area cellular radio 2.7to 35
Shadowed urban cellular radio 3tob

In building line-of-sight 1.6to 1.8
Obstructed in building 1t06
(Obstructed in factories - 2to 3




Path Loss (dB)

Path loss model
for various cities in Germany

All Measurement Locations

n=4

140 ——rrr a
e PABidg.
130 ] 2 e, |
B
+ Homburg |$
120 ;
i il
MO F ’
<&
100
90
80
70
0.1 1 10

T-R Separation {km)

1 n=2

4 n=1

Parameters

G n=3 ®* N=2.7

e 0=11.8dB
correspond to all cities



Free-space Propagation Model

Assumes a single direct path between the base station and the mobile

Predicts received signal strength when the transmitter & receiver have a
clear, unobstructed line-of-sight path between them

Typically used in an open wide environment

Examples: satellite, microwave line-of-sight radio links
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Free-space Propagation Model

Derived from first principles: power flux density computation

* Any radiating structure produces electric & magnetic fields:
Its current flows through such antenna and
launches electric and magnetic fields
* The electrostatic and inductive fields
decay much faster with distance than the radiation field

» At regions far way from the transmitter:
the electrostatic & inductive fields become negligible and
only the radiated field components need be considered
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Free-space Propagation Model

P.(d)=P,G,G,\?/[(4m)?d?L]

P,,P,: transmitter/receiver power
G,, G,: transmitter/receiver antenna gain
G =4nA/\?
L: system loss factor (L=1 no loss)
A.. related to the physical size of the antenna
A: wavelength in meters, fcarrier frequency, ¢ :speed of light
A =c/f
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Two-ray ground reflection model

T (transmitter)

P.(d) = P,G,G,h,2h,2/d*

R (receiver)
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Two-ray Ground Reflection Model

Considers both the direct path & a ground reflected propagation path
between transmitter and receiver

 Reasonably accurate for predicting the large-scale signal strength

1. over distances of several km for mobile radio systems that use tall
tower (heights which exceed 40m)

2. for line-of-sight micro-cell channels in urban environment
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Multiple Reflectors

Use ray tracing

Modeling the received waveform as the sum of the responses from the
different paths rather than just two paths

Finding the magnitudes and phases of these responses is not a simple
task
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Multi-path Delay Spread

 Difference in propagation time between the
longest and shortest path,

counting only the paths with significant energy
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Modeling Electromagnetic Field

 In the cellular bands the wavelength is a fraction of meter

« To calculate the electromagnetic field at the receiver, the locations of the
receiver and the obstructions would have to be known with sub-meter
accuracies.
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Free space Fixed transmit & Recelve
Antennas

In the far field, the electric field and magnetic field at any given location are

e perpendicular both to each other & to the direction of propagation from
the antenna

* proportional to each other
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Free-space fixed transmit & receive
antennas

In response to a transmitted sinusoid cos(2zft), the electric far field at time t
can be expressed as:

E(f t,(d, 0, w)): a(8, v, ficos(2 n f (t-d/c)) / d

vertical & horizontal angles from the antenna to u

Radiation pattern of sending antenna at frequency T (incl. antenna loss)

point u in space @ which the electric field is being measured
d distance from the transmit to receive antennas
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Physical-layer Model — Criterion
for Successful Transmission

o Xk € T} subset of nodes simultaneously transmitting at some time
Instance over a certain sub-channel.

® [%.  Powerlevel chosen by node X,

X;, 1 € T, 1s successfullv received bv a node X if

ambient noise

P. minimum
power level

1 Xi=X;|[® ), ~—Signal-to-interference ratio

T S e — P~
N+ ) r - X, -

v\Signal power decays with distance
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Signal-to-noise ratio (SNR)

The ratio between the magnitude of background noise and the magnitude
of un-distorted signal (meaningful information) on a channel

Higher SNR is better (i.e., cleaner)

It determines how much information each symbol can represent
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Capacity of a channel

How many bits of information can be transmitted without error
per sec over a channel with

e bandwidth B
e average signal power P

e thesignal is exposed to an additive, white (uncorrelated) noise
of power N with Gaussian probability distribution

&= provides the fundamental limit of communication achievable by
any scheme

106



Limits of wireless channel

« Shannon [1948] defined the capacity limit for communication channels

Shannon (1916-2001) Norbert Wiener (1894-1964)
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Shannon’s limit

e Forachannel without shadowing, fading, or ISI, the maximum
possible data rate on a given channel of bandwidth B is

R=Blog,(1+SNR) bps,
where SNR is the received signal to noise ratio

Shannon’s is a theoretical limit that cannot be achieved in practice but
design techniques improve data rates to approach this bound
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Digital Radio Communications

Data
In_ | | Baseband " Carrier . Radio
Modulation Channel
Transmitter Conversion of a stream of bits into signal
Data
Carrier Bit &Frame » Detection "l Decision > Out
Sync
Receiver Conversion of the signal to a stream of bits
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Conversion of a stream of bits into signal

Adds redundancy
/ Bits mapped to signal (analog signal waveform)
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Adds redundancy to protect the digital information from noise and interference

Source
Coding

Information

Source
Decoding

Information

Channel
Coding

Multiplex |

+
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>.g., GFSH Antennas
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Channel Coding

Protects the digital information from noise & interference & reduces the
number of bit errors

Accomplished by selectively introducing redundant bits into the
transmitted information stream

These additional bits allow detection & correction of bit errors in the
received data stream
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Encoding

» Use two discrete signals, high and low, to encode 0 and 1

« Transmission is synchronous, i.e., a clock is used to sample the signal
— In general, the duration of one bit is equal to one or two clock ticks
— Recelver’s clock must be synchronized with the sender’s clock

* Encoding can be done one bit at a time or in blocks of, e.g., 4 or 8 bits
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Why Do We Need Encoding?

Meet certain electrical constraints
— Receiver needs enough “transitions” to keep track of the transmit clock
— Avoid receiver saturation

Create control symbols, besides regular data symbol
e.g. start or end of frame

Error detection or error corrections

— Some codes are illegal so receiver can detect certain classes of errors

— Minor errors can be corrected by having multiple adjacent signals mapped to
the same data symbol

Encoding can be very complex, e.g. wireless
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Digital Modulation

The process of

 taking information from a message source (baseband) in a suitable
manner for transmission &

 translating the baseband signal onto a radio carrier at frequencies
that are very high compared to the baseband frequency
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Why not modulate the baseband

= For effective signal radiation the length of the antenna must be proportional to the
transmitted wave length

— For example, voice range 300-3300Hz
At 3kHz at 3kbps would imply an antenna of 100Km!

By modulating the baseband on a 3GHz carrier the antenna would be
10cm

« To ensure the orderly coexistence of multiple signals in a given spectral band
» To help reduce interference among users

* For regulatory reasons
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Demodulation

The process of extracting the baseband from the carrier so that it may be
processed and interpreted by the receiver (e.g., symbols detected and
extracted)
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Signal Representation

 each signal can be written as a linear combination
of a sinusoidal and cosusoidal functions

c*sin(2nF, *t+d)= a*sin(2nF, *t) + b*cos(2nF, *1)

OL BAOELC TOU XWPOU £ilval TO NUITOVO Kol TO
ouvnuitovo. Emopevwc To maponavw onUo Umopetl
vaL avTImpoowreuBel pe eva onpeio (a,b)
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Signal Representation

 each signal can be written as a linear combination
of a sinusoidal and cosusoidal functions

c*sin(2mnF, *t+d)= a*sin(2rnF, *t) + b*cos(2nF, *1)

OL BAOELC TOU XWPOU €lval TO NULTOVO KalL TO
ouvnuitovo. EMOpEVWC TO MaPATIAVW CHLLA LTTOPEL
vaL avTImpoowreuBel pe eva onpeio (a,b)
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Digital Modulation Approaches

e Frequency shift Keying (FSK)

— Use of different carrier frequencies to encode the various symbols

* Phase shift Keying (PSK)

— Use of a single carrier frequency

— The various symbols are encoded by the phase

e Quadrature Amplitude Modulation(QAM)

— Both phase & amplitude are used for the encoding of various symbols



FSK modulation

* An alphabet of M symbols is used (M =

2% for some KEN)

— Each symbols corresponds to a combination of K bits

« The i-th symbol is mapped to carrier frequency F; = (n+1)/2T

— T: symbol duration

— n: arbitrary integer (for selecting an appropriate frequency band)

* Inorder to transmit the i-th symbol, the following signal is used

S. (t) =+

‘/ZT—E cos@nkt), O<t<T

0 elseware



Example BFSK

Baseband 1 0 0 1
Data ] , -
|:O
FSK modulated
signal F
1
F1 Fo Fo F1
: . 2E
 Bit O corresponds to: — cos( 27F,t)
T

: 2E
e Bit 1 corresponds to: \/? cos( 27t t)




FSK demodulation

Consider a vector space with base vectors

b = \/ECOS(ZﬂFit), 1=12,...M

The transmitted & the received signals correspond to different points
on this vector space

— This is due to noise & the channel gain

The largest coordinate of the received signal corresponds to the
transmitted symbol with high probability



BFSK demodulation

Ecns(ltF;r} . . .

\ﬁ I ~ e« When the received signal is bellow
the dashed line, i1t Is assumed that
bit O IS transmitted

S
= cos(2Ft
[

e Otherwise, It I1s assumed that bit 1
IS transmitted

Due to path loss, there is an energy attenuation

Resulting to a received signal residing in the circle

instead of on the periphery

However, due to constructive phenomena, in other situations, the received signal n
reside outside of the circle

¢ Received signal

+ Transmitted signal



Signal Representation

 each signal can be written as a linear combination
of a sinusoidal and cosusoidal functions

c*sin(2mnF, *t+d)= a*sin(2rnF, *t) + b*cos(2nF, *1)

OL BAOELC TOU XWPOU €lval TO NULTOVO KalL TO
ouvnuitovo. EMOpEVWC TO MaPATIAVW CHLLA LTTOPEL
vaL avTImpoowreuBel pe eva onpeio (a,b)
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PDF of the received signal

p(tls)

e Probability that the received
signal would lie at a particular
point: 2D Gaussian

> The probability space of the PDF
IS the vector space of the signals

+ The peak of the distribution
NEREYL corresponds to the transmitted
signal

+ s transitted signal

000 peyalvutepoc ivat o B6puPocg toco Lo peyado sival to standard
+ 1 received signal deviation tng Gaussian Kotavopnc:

MeyaAutepn n mBavotnta va Adfoupe Eva orpa S1adpopeTIKO Ao

OLUTO TIOU €0TELAE O TIOUTTIOC.



PSK modulation

e The alphabet contains M = 2X different symbols

« To transmit the I-th symbol, the following signal is transmitted
S_(t)zi\/z?iEcos(ZnFctﬂé), 0<t<T

0 elseware

 Signals S(t) are linearly dependent

they be represented by linear.combination of the vectors:
b, = jih cos(2nFt) b, = \/;Z:(zin(ZnFct)



Example BPSK

Baseband
Data U 1_ o, = —m |2

Binary PSK modulated ¢, =m [2
signal

OF 0n ly 7

 Bit O corresponds to : /ZT_E cos(2xF t — 7z / 2)

. 2E
e Bit 1 corresponds to: \/? cos(2nk t+ 7 /2)



QPSK

%Sm( 27 1) — If the received signal lies in the
15t quadrant, assume that the
01 00
. 00 is transmitted
JE

5
— cos( 27F ¢
1I'T ( .t)

10 11

e |n the 2" quadrant, assume that
01 is transmitted, etc

¢+ Received signal

¢+ Transmitted signal



8PSK

 If the received signal lies in the 15t area, it
IS assumed that the 000 iIs transmitted

VE

000

’ cos( 27F t)

e [fitlies in the 2" area, it is assumed that
001 1s transmitted etc

-—||L.:u

101

111

¢ Received signal

¢ Transmitted signal



QAM modulation

« This modulation scheme is an expansion of PSK
— Asingle carrier frequency is used (F.)

— The transmitted & received signals are represented as linear
combinations of:

2 2 .
b, = \/;cos( 2rF 1) b, = \/;sm( 2nF 1)

 The difference Is that not only the phase but also the
amplitude of the carrier signal may vary



Example: 16QAM

\/;ﬂ( 22F0) * The constellation point, closer to the

received signal, Is assumed to
0000 0001 0010 0011

« . correspond to the transmitted bit
0100 0101 0110 0111 combination
» ﬂﬁfﬁ » 5 ﬂﬁa

1000 1001 1010 1011
' ¢ ¢ ¢ cos( 27TF 1)

Aoy

1100 1101 1110 1111
. . .

¢+ Received signal

¢ Transmitted signal



PDF of the received signal

p(tls)

e Probability that the received
signal would lie at a particular
point: 2D Gaussian

> The probability space of the PDF
IS the vector space of the signals

+ The peak of the distribution
NEREYL corresponds to the transmitted
signal

+ s transitted signal

000 peyalvtepoc ivat o BdpuPog toco Lo peyado sival to standard
+ 1 received signal deviation tng Gaussian Ktavopnc:

MeyaAutepn n mBavotnta va Adfoupe Eva orpa S1adpopeTIKO Ao

OLUTO TIOU €0TELAE O TIOUTTIOC.



BER calculation

aPSK QPSK
transmitted

» To calculate BER: compute the integral of the signal PDF in red zone
» For 8PSK: red zone is larger and yields a higher BER

» The additional red zones in 8PSK have large probability mass ~

DCD ir~ cinnifinanth:s hinlhAar in ODCI/ +khan in NDCI/



BER calculation

8PSK

transmitted

J%cos{ 1aFt)

+ s: transitted signal

+ 1 received signal

The peak of the 2D Gaussian correspb“gds to
The position of the transmitted signal =
the contribution to the BER of these regions is larger



Gausslan frequency shift keying (GFSK)

Encodes data as a series of frequency changes in a carrier

Noise usually changes the amplitude of a signal

Modulation that ignores amplitude (e.g., broadcast FM)

< Relatively iImmune to noise

Gaussian refers to the shape of radio pulses
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2GFSK

Two different frequencies

 Totransmit 1

— The carrier frequency is increased by a certain deviation

e TotransmitO

— The carrier frequency is decreased by the same deviation
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2GFSK of letter M (“10011017)

 When 1is transmitted, frequency rises to the center frequency
plus an offset

 When 0is transmitted, frequency drops by the same offset

The horizontal axis represents time and is divided into symbol periods

Around the middle of each period, the receiver measures the
frequency of the transmission and translates that frequency into a
symbol

Frequency

Cenrer

(N (N
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4GFSK

Extending GFSK-based methods to higher bit rates
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2GFSK vs. 4GFSK

Distinguishing between two levels is fairly easy

Four Is harder:

» Each doubling of the bit rate requires that twice as many levels be present

“§” the RF components distinguish between ever smaller frequency changes

« This issue practically limits the FH PHY to 2 Mbps
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Differential Phase Shift Keying (DPSK)

Basis of 802.11 DSSS
Absolute phase of waveform is not relevant
Only changes in the phase encode data
Two carrier waves
— Shifted by a half cycle relative to each other
— Reference wave: encodes 0
— Half-cycle (180°) shifted wave: encodes 1
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Differential quadrature phase shift

keying (DQPSK)
Symbol Phase Shift
00 0

01 90°

11 180°

10 270°
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Multiple Access Technigues

Frequency Division Multiple Access (FDMA)
— Each device is allocated a fixed frequency

— Multiple devices share the available radio spectrum by using
different frequencies

Code Division Multiple Access (CDMA)

Direct Sequence Spread Spectrum (DSSS)

Frequency Hopping (FH)

Orthogonal Frequency Division Multiplexing (OFDM)
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Spread spectrum

 Traditional radio communications focus on cramming as much signal
as possible into as narrow a band as possible

o Spread spectrum use mathematical functions to diffuse signal
power over large range of frequencies

« Spreading the transmission over wide band makes transmission
look like noise to a traditional narrowband receiver
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Spread Spectrum Technology

Spread radio signal over a wide frequency range several magnitudes higher than
minimum requirement

Use of noise-like carrier waves and bandwidths much wider than that required for
simple point-to-point communication at the same data rate

Electromagnetic energy generated in a particular bandwidth is deliberately spread
In the frequency domain, resulting in a signal with a wider bandwidth

Used for a variety of reasons
— establishment of secure communications
— Increasing resistance to natural interference and jamming

— prevent detection
Two main techniques:
— Direct sequence (DS)

— Frequency hopping (FH)
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Frequency division multiple access

First generation mobile phones used it for radio channel allocation
Each user was given an exclusive channel

Guard bands were used to ensure that spectral leakage from one user
did not cause problems for users of adjacent channels

Guard Guard
band band

Frequency
147



Problems with FDMA ?

» Wasting transmission capacity with unused guard bands ...
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Code division multiple access
(CDMA)

CDMA assigns a different code to each node
Codes orthogonal to each other (i.e inner-product = 0)
Each node uses its unique code to encode the data bits it sends
Nodes can transmit simultaneously
Multiple nodes per channel
Their respective receivers
— Correctly receive a sender’s encoded data bits

« Assuming the receiver knows the sender’s code in spite of
Interfering transmissions by other nodes
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CDMA Example

Sender
Data dy=1 Zi n=di*Cp,
bits ‘—’
dl:_l
Spread (1/1]1| |1
code
-1 F1-1RL -1 F1-1RL
Timeslotl TimeslotO
1 1(1/1/1(1/1
Channel output 1-1+1 +1 o [ L




CDMA Example (cont’d)

« When no interfering senders, receiver would
 Receive the encoded bits
 Recover the original data bit, d;, by computing

M
i— 2 Zi,m*cm
m=1

e Interfering transmitted bit signals are additive
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CDMA Philosophy

Interference seen by any user is made as similar to white Gaussian noise as
possible

Power of that interference is kept to a minimum level and as consistent as possible
The above are achieved by the following
— Tight power control among users within the same cell

— Making the received signal of every user as random looking as possible via
modulating the coded bits onto a long pseudo-noise sequence

— Averaging the interference of many users in nearby cells. This averaging makes
the aggregate interference to look as Gaussian
reduces the randomness of the interference level due to varying locations of
the interference
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Inverts the “spreading process”

Original signal Transmitted signal Recorrelated signal
Amplitude 4 Amplitude $ Amplitode 4
' | i N -
Frequency Frequency Frequency

Flatten the amplitude across a relatively wide band

Ampiitude = Nolse Amplitade hw
m — Carrelation _—— Nokse
| Frequency - Freguency

The receiver’s correlation function effectively ignores narrowbandszoise



Orthogonal Frequency Division Multiplexing

Related to the Frequency Division Multiplexing (FDM)

Distributes the data over a large number of carriers
— Spaced apart at precise frequencies

Encodes portion of the signal across each sub-channel in parallel

This spacing provides the "orthogonality"
— Preventing demodulators from seeing other frequencies
Provides
— High spectral efficiency
— Resiliency to RF interference

. . . 154
— Lower multi-path distortion



'l OFDM

@ the peak of each of the subcarriers
the other 2 subcarriers have 0
amplitude

™

Orthogonality is best seen in the frequency domain, looking at a spectral breakdown
of a signal

The frequencies of the subcarriers are selected so that at each subcarrier frequency,
all other subcarriers do not contribute to the overall waveform

The signal has been divided into its three subcarriers
The peak of each subcarrier, shown by the heavy dot at the top, encodes data

The subcarrier set carefully designed to be orthogonal
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FDM vs. OFDM

YaYaYaVa¥




Example of OFDM Transmitter &
Recelver

OFDM Symbol
In Frequency Domain

] FIRIINT: (=
.r' f : | | '\ |' | 'n.
.‘:,'m el "'!N s/ Jl l'|"|' lll" g \
s ol T : ‘ . =1. 'o|
_ 011010 f . = I~ _.\_;_ o = e § o ..011010..
.l" : ‘§ . e DAC . : ADC | & e '8 o '..
\ =] " Tirme Domain. g/
OFDM Transmitter Side OFDM Receiver Side

Figure 1: Schematic of an OFDM System
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Example of OFDM

T \
I - g ||||I |'|I I 1 . I|II|I | II |||
/ E E & A Ll III. Ihl‘l' |Ir| II..rlfll ..I-I ."III:IIII LII
. 01100010 ../ ) ko E o 1 .k‘\ 1 | '
= TIME SAMPLES
.| B E | [OFDM SYMBOL |
= =
HIN W |
D= EaM 1 Bl 1 ] E4M 1
o BN 2 Al 7 BIN 2
§E 1 u " 3
o 8 BIN W EIN W BIN W
¥ |4 UK ALIGKED FFT )| . ALIGNEDFFT
TIME DOMAIN ,
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OFDM Modulation

Constellation
mapping

Re N\
l—o .—|—. = > »| DAC =Q</
Ap
» - o
X I
s[n] W FFT 5(1)
Serial » > 90°
to parallel — X, )\
" » DAC >
Xy Fm \>—-</

* The bit stream is divided into N parallel subflows
« The symbols of each subflow are modulated using MPSK or MQAM
e Resulting complex numbers are fed to a module that performs FFT-1

 Finally the signal is converted from digital to analog, brought to the RF
frequencies, and then fed to the antenna of the transmitter



OFDM Demodulation

Symbol
detection

Re
'(><> ' %f *| ADC > - 4B i
0
|§®f‘; Y] oo |
L. FFT 4%—» Sln]

(1) :
90 N Parallel
Yy, L= to serial
¥ ] ADC > ik
Im N1

« At the receiver the inverse procedure is followed

1. The signal is brought down to baseband & Is converted from
analog to digital

2. FFTis performed = produces the transmitted symbols



Frequency Selective Fading

e The frequency response of a fading channel is not constant
within the available bandwidth

— The channel gain may vary for different frequencies of the transmitted
signal

— Channel gain: cuvteAeotig mou ekdpalel TNV enidpaon oto

uetadldbouevo onua

Transmitted signal spectrum Square  Channel frequency response Received signal spectrum

distortion

\

H?(f): the square of channel frequency response

To mapanavw apadetypa Selvel Eva KAKN G TTOLOTNTAC KAVAAL, HLOL KOL TP OULOPDWVEL CNUAVTLIKA TA GOCHATIKA
XOPOKTNPLOTIKA TOU PeTadLdopevou onpatog (my kUplog AoBog
ExeL oxedov eadaviotei)



Use OFDM

* To reduce the effect of frequency selective fading
— The total available bandwidth is divided into N frequency bins

— The number N is selected such that the channel frequency response is

almost constant at each bin (Flat fading)
YTIOKAVAALOL ULKPOU EUPOUC OUXVOTNTOC WOTE VO UTIAPXEL LOVO e€aicBEvnon

N evéuvapwon Kot OxL mapapopdwon.
Transmitted signal spectrum Square  Channel frequency response Received signal spectrum

T e A—
Y VWYY ‘u"’-".ﬁ
[ .|=|I.].J't!,!pﬁ]|=]illlliill
ARAARARARARARARANAR Y X
' f

- :—-—r-'—

UL
Inllal lw-‘,]..[].In]”.,’ IRATAY | ,'nlll

Multiple transmitted signals (one symbol per frequency bin)
Note: larger symbol duration per bin (compared to spread spectrum schemes)

There is (a different) attenuation at each bin but the spectral characteristics of the signal remain
the same (povo to MAATOC Tou onMAToC aAAoLwvEeTaL, dAAQ OXL n tapouoia Twv AoBwv/ oxnua”

TOouC)



CDMA vs. OFDM

* OFDM encodes single transmission into multiple subcarriers

o CDMA puts multiple transmissions into single carrier
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Frequency Hopping

Timing the hops accurately is the key
Transmitter and receiver in synch
Each frequency is used for small amount of time (dwell time)
Orthogonal hoping sequences
Beacons include timestamp and hop pattern number
Divides the ISM band into a series of 1-MHz channels
No sophisticated signal processing required
— To extract bit stream from the radio signal
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Frequency Hopping
Timing the hops accurately is the challenge
- mm User A
mm User B

Frequency
slot 5.1

Time slot
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Wireless network interfaces

» Measure the energy level in a band

» Energy detection is cheap, fast, & requires no knowledge of the characteristics of the
signal

» However, choosing energy thresholds is not robust across a wide range of SNRs

* Though more sophisticated mechanisms, such as matched filter detection, are more
accurate

— they require knowledge of the transmitted signal (e.g., modulation, packet format,
pilots, bandwidth), and thus work only for known technologies
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Network Layers -(TCP/IP stack)

How neighboring
devices access
the link

In IEEE802.11, devices may
compete for the broadcast
channel

|IEEES02.11

Transmission of sequence of bits & signals across a link



IEEE 802.11 Family

e 802.11b:

Direct Sequence Spread Spectrum (DSSS) or Frequency Hopping (FH),
operates at 2.4GHz, 11Mbps bitrate

e 802.11a: between 5GHz and 6GHz uses orthogonal frequency-
division multiplexing, up to 54Mbps bitrate

o 802.119: operates at 2.4GHz up to 54Mbps bitrate
 All have the same architecture & use the same MAC protocol



Coverage of a Cell

The largest distance between the base-station & a mobile at which
communication can reliably take place

Cell coverage is constrained by the fast decay of power with distance

To alleviate the inter-cell interference, neighboring cells use different parts of the
frequency spectrum

The rapid signal attenuation with distance is also helpful; it reduces the
Interference between adjacent cells

Frequency Is reused at cells that are far enough
Spatial reuse
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Hidden Node Problem

Node 1 Node 2

e From the perspective of node 1
— Node 3 is hidden
* Ifnode 1 and node 3 communicate simultaneously

i
Node 3

— Node 2 will be unable to make sense of anything
* Node 1 and node 3 would not have any indication of error

— The collision was local to node2
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Carrier-Sensing Functions

Physical carrier-sensing
— Expensive to build hardware for RF-based media
— Transcelivers can transmit and receive simultaneously
« Only if they incorporate expensive electronics
— Hidden nodes problem
_ Fading problem }"—V Undetectable collisions
Virtual carrier-sensing
— Collision avoidance:
o Stations delay transmission until the medium becomes idle

— Reduce the probability of collisions
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Next ....

e We will talk more about IEEE802.11 MAC

and then about performance issues of
wireless networks ...

172



TéAog Evotntog

EMIXEIPHEZIAKO MPOTPAMMA
EKMAIAEYZH KAI AIA BIOY MAGHZH 5 EznA
Xywone

YTIOYPTEID NAIAEIAT & BPHEKEYMATON, IOAITIEMOY & ABAHTIEMOY
EvpwnaikiEvwon EIAIKH YMHPEZIA AIAXEIPIZHE

Evpwaiké Kowwviks Tapeio

= I D)

Me T cuyxpnpatodétnon T ENadac kat Tng Evpwmaikiic Evwong



