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lotopun E€€ALEn

OFDM - Orthogonal Frequency division Multiplexing - OpBoywvia
[ToAvmAelia Alaipeonc ZuyvotTnTag.

Eivol po teyvikn moAvmAeéiag pe tnv omola petadiSovtal peyAAES
TTOCOTNTEG TIANPOPOPLNG OE TNAETIKOLVWVIAKA CUCTIHOTA

H OFDM njtav yvwot amnd to 1966.

Tn dexaetio Ttov 1960 1 teyvikn) OFDM ypnoiuomon)Onke o€ apketa
OTPATIWTIKA TTPOYPAUUATA T OTIola AstTovpyovoav o€ (WVEG VPNAWY
OUXVOTI|TWV.

Tn dexaetio Tov 1980, peAet)Onke yla TNV amoS0TIKOTNTA NG O€
modem VPMAWV TAYVTNTWV, € PTPLAKES KIVNTEG ETIIKOLVWVIES, O

EYYPOUPEG LPNANG TTUKVOTNTAG.



Awaopeg g OFDM
OTtO0 AAAEG TEXVIKEG

% OpBoywviotnTa: MeTaEY TWV CUXVOTHTWYV TWV PEPOVTWV TOU
OUOTIUATOG

% Eilval katdAAnAn yia acVppates petadooelg Adyw tov vPmAov
pLOUOV HETASOONG TIOV ETILTUYXAVEL

2 options for transmitting the data

. W
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Rx Rx

f
Both cary the same date but a deep fade

damages only 1/4 of data

2 options for shipment goods via a truck

Both carry the same goods, but an O)
accident damages only 1/4 of goods GRANDMETRIC




Fevika

s 2mv OFDM ta pdopuato Twv UVTTOPEPOVC WV oV KoL ETIIKOXAVTITOVTAL Elvarl
Suvatog o StaxwpLlopodg Toug amo tov dektn. ‘Etot elvatl Suvat n
KaAUTEPN aglomoinon tou Stabeaipov evpoug (wvng (PAoUATOS), AoV
0TOo (810 eVpog VTTAPYEL SuvaTOTNTA VA oTElAovpE §V0 onuata v (Sla
XPOVIKI] CTLYUN IOV ATTEXOVV EAAYLOTH LETAEY TOUG OTOV GOV NG
OUYXVOTNTOG UE UNOEVIKES TTAPEUPOAEG EEOLKOVOUWVTHS ETGL TTOAVTLULO

Ao,
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¢ T va emitevyBel 0 SLaYwWpPLOUOG TIPETIEL OL VTIOPEPOVTES VL ELval
HolONpaTikd 0pBoYWVIES.



OpBoywviotnta Pepovtwv
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% Xwpig EmkdAvym- Mn amodotikn amd amom xpnoLLoToinong Tou
StaBéaipov evpoug (wvng
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% Me emkdAvn- AodoTikn amd amom xpnolpomoinong tov Stabécipov
eVPoVG {WVNG



OpBoywviotnta Pepovtwv

¢ T K umtokavaAia, o kaBe vmokavat k, xpnotpomnoteitat Stapopetikn pEpovoa:
Y = cos(2nfi t), k=0,1..K-1, Omou f;, n KEVIPLKN) CUXVOTNTA TOU UTIOKAVOALOU

¢ Avn dtadopd ouyvotntag petafy Stadoxlkwv umokavaAlwy eivat Af=1/Ts, omou
Ts n dudpkela tou cupPorou oe kABe umokavaAl Kal yia k#j LoyveL:

.
_[ cos(2mf,t + (pk)cos(Zijt + (pj)dt =0
10TE 0L VTTOPEPOVOES Elval 0PBOYWVLEG
UETHED TOUG aveEAPTNTA ATIO TIG PACELG
TOUG.

OFDM Spectrurn

Sub-carrier Index



Awapop@won YmokavaAilwyv

e éva OFDM cVotnpa pe K vtokavaiia:

% 0 puBuds ovuPOAWY o€ KAOBE VTTOKAVAAL pELWVETAL KaTd K o€ oxéon pe To cVoTn A
LLLOG (PEPOVONLG.

s Hmeplodog ovufdérov oto OFDM yivetou T=K-Ts, omov 75 n mepiodog cuufdAov

TOV KAOe vItokavaAlov.
Channel Bandwidth

¥

Ll
]

FFT Bins
Concatenated /

OF DM Syrmbols

=1 OFDM Symbal

Orthogonal Subcarriers -

Frequency

+ 1 modulated subcarrier=1 point in frequency and time
ﬂ- IFFT creates OF D Wiaveform from QOF DM Subcarriers
+ 1 OFDM symbal = IFFT QOFDM Wavefarm + Guard Intera
= 1 OFDM Burst = ane ar mare OFDM Symbols

va |
@ﬁﬁrime
s KdBe vmropépov Stapop@mwvetal, pe Kamola amo Tig dtapop@woels (.x. BPSK,
QPSK, QAM, KAT) avdAoya PE TA TIOLOTIKA XXPAKTNPLOTIKA TOL VTTOKOVOALOV Kol
LETAPEPEL LOVO Eva PEPOG (HepLka bits) TG TAnpogopliag.



OFDM o1pa oto Xpovo Kol o Zuxvotnta

TIME DOMAIN: 2 OFDM subcarriers (BPSK)

=i 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Time (Normalized by Tofdm)

FREQUENCY DOMAIN: OFDM Subcarriers 2 through 10

L I L L 1

Frequency (Normalized by 1/Tofdm)



Magnitude

ddaopa Znuatog OFDM

_20 —

| | | |
0 500 1000 1500 2000
Frequency

=30

INpa amiov @épovtog - ‘Exel
EKTETAUEVO PACUA KAL WG EK
TOUTOV ATALTEL PIATpa pEYdAOL
p1iKoug

H pmAe ypakn eivat eva onjpa OFDM
ue 216 vmo-@epovta — Epgavilel kaAod
SLAXWPLOUO PACUATOG, ATIALTEL PIATPA
LLKPOU UT|KOUG

Transmit Signal Spectrum
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Xprjon tov FFT - IFFT

* H OFDM xpnoipoTmolel pia amod0TIKI) UTTOAOYLOTIKY] TEX VLK), TOV
StakpLto petaoynuatiopo Fourier (DFT) kat tnv vAomoinon Fast
Fourier Transform (FFT).

* O FFT xato IFFT pmopoUv va dnuiovpynoouvyv moAAamAd opBoywvika
UTIOEPOVTA XPNOLLOTIOLWVTAS LA LOVO GUXVOTNTA.

* H epappoyn twv petaoynuatiopwyv Fourier cuvioTtd pia 0lkovouLKn
KOl EUKOAT VAOTIOMON Yot TNV LETATPOTIN TNG SLAUOPPWOoNG Ao TO
medio ™g ovxvotntag oto medio tov xpovou (IFFT) kat avtiotpo@wg
(FFT), n omola Statnpel tavtoypova TNV opBoywvioTTA TWV
@eepOVTwV Twv OFDM onuatwv.
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Xpnon tov FFT - IFFT
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Yuotua OFDM

s Mo vmAoV pLBPOL petddoong pon dedopévwy Staomatal o N yaunAdtepov
pLOUOY.

X/

s OUN yaunAdtepov puvBpov poeg dedopévwy petadidovtal amod N opBoywvia
UTIO-(PEPOVTAL

Single Carrier Modulation Multiple Carrier Modulation

Frequency Domain Frequency Domain

_zg_. N
u— R

Orthagenal Carrier 2

I._

Ortha goncl Carrier N

Adder

Time Domain

Time Domain



Awpopewtic OFDM

s[n,0] d[n,0]
> — Add
Serial/ | SLN- d[n,1] | Parallel/
- IFFT _ Cyclic >
Parallel Serial _
> . Prefix
s[n, N] d[n, N]

Me ) BonBewa tov IFFT, to onua mov kataAapdvel oUYKEKPLUEVO
PAOA, LETATPEMETAL OE OTUA GUVAPTI|CEL TOV XPOVOU.

d[n,i] :%fs[n,k]em'z

[IpootiBetal otn ovvEyela To Guard Interval.



Awpopewtmc OFDM
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Amodiapop@wtmms OFDM

d ;0] F[A,0]
Remove - > :
Serial/ |d'[n/1] rInAl} parallels
— 71 Cyclic FFT _
Parallel Serial
Prefix R N
d [n, N7 r[n, N

A@aipeitatl Guard Interval.

Me 1t BonBela Tov FFT, dnuovpyel onjpa cuvapticel g cuyvotntag.

v




Amodiapopewts OFDM

.. ‘1 Symbaol
> [ \g < IS “anal e ~ N
.- Detector

s(t)

NI
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Datain

MmAok Aldypappa
Yvotnuatog OFDM

Data out -«

Syvmbol
Demapping

Parallel to |

Serial
Converter

Fast
Fourier
Transform

Serial to
Parallel

Converter

Pulse

Shaping
Function




MmAok Aldypappa
Yvotnuatog OFDM

Frequency-Domain Time-Domain Frequency-Domain
QAM Sum of Sinusoids QAM

| Transmitter ] Receiver | [
IFFT FFT

0 ]
- ® |® ® L i |'| ||'| I . & |® =
i * % |w »

- ] [ ] [ ] j g | I
* (8 = ]_F TIIII_‘ r\}h‘m”ltmt{ I - —*Te o0 o 1
& & (& @ y 4 * ®|® ¥
Mapping Qﬁm source data onto Summation of all Hecover mapped

N subcarrier sinusoids QAM source data

N orthogonal subcarriers




OFDM ®dopa (1/2)

Orthogonally spaced overlapping subcarriers

Subcarrier Pea ks._%_i = /\1

Sinc function
side lobes

» Closely spaced subcarriers overlap

* Note that subcarrier nulls correspond
to peaks of adjacent subcarriers for
Zero Inter-Carrier-Interference.

Frequency
v o~
* subcarrier Nulls
EVpogZwvng: B =N Af
OTov:
-N apLOUOG VTTOKAVAALWY
- Ts dapkela cupuoArov kaBe vITOKAVAALOV
- Af SLaopd cuxvOTNTAG LETAED SLASOXIKWV VTTOKAVAALWYV

[oxve: 1/Ts = Af
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OFDM ®dopa (2/2)

‘000 TIEPLOCOTEPA PEPOVTA EXOVUE TOGO TILO ATTOTOUT ELVaL 1) aUENOM TNG
eCaoBEvnoNG TOU PACUATOC €W ATIO TNV ETILAEYUEVT TTIEPLOXM).

Me Alya @€povta To pdopa 6ev eival emimedo, 0TNV TEPLOYT] TTOV LLOG
eVOLOPEPEL, Apa EXOVUE TTAPEUBOAT] ONUATWY OE YELITOVIKEG GUXVOTNTEG.
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dacpata OFDM onuatwy, pe 4 kot pe 1024 vmogpépovra.



AwacvpBoAkn Iapepfoin Adyw
KavaAioy Metadoong

xt) — hit) |—— vib)

Xt) hty y(t)
Symbol ~ Channel Distorted Symbol

Adjacent Symbols

! |




Awaompa Ilpootaciag (Guard Interval)

xt)y — h{t) }—— yt)

mbol , Distorted Symbol "
Smbols Separated by Guand Intervals

l J

----------



Eicaywyn KukAwov IIpoBgpatog

xt) —{ h{t) |—— YO

L, f

Symbol Guard Intervals Flled With Cyclic Hefx

)i fieplesoeend - {CPe- -t JiCPl -




Avdomua I[Ipootaciag

['a va amoBdAovpe oxedov mAnpws v ISI, Tpémel yia kabe ovpforo
OFDM va elodyetal eva Stdotnua pootaciag (guard interval). ‘Etol
eCaocpaliletatn opboywviotnta kKal Tapepmodifetal n mapeUoAn yua ISI.

To KUKALKO TIPOOENA OVOLAOTIKA ElVAL EVA AVTIYPAQPO TOV TEAELTAIOV
LEPOVG TOV HETASIOOUEVOL OUUBOAOVL, TTOU TIEPLEXEL KAL TNV EMOLUNTA
TANPo@opia, Kal To oToio TomoBeTelTal GTNV ap)x1) TOL GLUBOAOV.

H xpovikn) dtapkela Tov SLHGTIHOTOG TPOCTAG LG Elval LEYOXAVTEPT ATIO TN
kaBuvotepnon S1ddoomne Tov oNUATOS Kal HKkpOTEPN 1) lom pue T/4.

N

time



Awaxypappata AGTEPLOUOV
(o) Xwpig kat (B) Me xukAwko I[TpoOepa




Awaypappata AGTepLoOU

________________________
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|
**************************

_________________________

o€ Aldpopa Yropépovta xwpis KukAwko IpodOepa
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Awaypappata AGTepLoOU

o€ Audpopa Yroépovta pe KukAwko [1poOepa
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daopatikn) Anodoon OFDM

Q [bits/sec/Hz] = R/ B

* R, puOuog petagopds Sedopévwy bits/sec

* B, amattovpevo e0pog (wvng

* N, aplBudg vToKavaAlwy

* m, TAN00¢ bits StapdpPwong cuuforov M=2m
o Ts Sudpkela oupforov kabBe VTTOKAVAALOV
 OFDM ovpforo = m*N bits

N log:M  Nlog:M N log :M

Ts Ts Ts :
— — — log 2M = m [bits / sec/ Hz
B N A N g | ]

T



Awapdppwon Yro@epoviwv
(IEEE 802.11a & g)

Modulation Bit rate BPSK = Binary Phase Shift Keying (PSK)

BPSK 6 Mbit/s
BPSK 9 Mbit/s
QPSK 12 Mbit/s
QPSK 18 Mbit/s
16-QAM 24 Mbit/s
16-QAM 36 Mbit/s
64-QAM 48 Mbit/s
64-QAM 54 Mbit/s

QPSK = Quaternary PSK
QAM = Quadrature Amplitude Modulation




PuOupog Metddoong OFDM

Symbol duration = 4 pus
Data-carrying subcarriers = 48 Bits /

subchannel = 6 (64-QAM) Bits / OFDM
symbol = 6 x 48 = 288

Channel coding: number reduced to 3/4 x 288
= 216 bits/symbol

=> Bit rate = 216 bits / 4 us = 54 Mbit/s



BER pe OFDM / MPSK

BER verses Channel Signal to Noise Ratio
for OF DM

Pesk = E-erfc B
2 No

1 (2\/ﬁ -1 Ev | oo
Papsk = =-erfc : |
QPSK 5 [\/ zm No

0.00m

1] ] 10 14 20 25
Channel SNR {dB)

P M -1 erfe (2™ ~1) 3-log:M -Es M=16, 64, 256....
JRT-MQZJKT Z*ﬂmi Z-Uw-—D-NO Y ’




BER pe OFDM / MQAM

2-(M -1) 6-Ev log:M
P = Q —=
M -log M No M“-1

1
Q(X)—Tﬂ'

e—t2/2dt

e e

BER

5 0 5 10 15 20 25
EbNo (dB)



Eappoyéc OFDM

ADSL modems ‘O‘? 2

DVA & DVB N " ﬁh
UMTS lm.imn. | .}
Wifi(801.11 a/g/ac) A &

Alktva Kivng TnAepwviog
4nS yevidg WiMAX & LTE

Base Station

N =

Ite

o & * sl e / ub #N




E@apupoysg OFDM

s IEEE 802.11a&g (WLAN) systems

s IEEE 802.16a (WiMAX) systems

% ADSL (DMT = Discrete MultiTone) systems
* DAB (Digital Audio Broadcasting)

* DVB-T (Digital Video Broadcasting)

H teyvikn OFDM eivatl @aocuatikd amodotikr), aAA& 0xL amo amoym
LoYVOG (ATTALTEL YPAUULKO EVIOYVTN).

H OFDMA eival plo Texvikn moAAaTANG TpOoacn G 0To HEGO oV
Baoiletal oto OFDM.



[ToapoAAayEg

“* COFDM (Coded OFDM)

¢ Flash OFDM

¢ OFDMA(Orthogonal Frequency Division Multiple Access)
“* VOFDM((Vector OFDM)

< WOFDM (Wideband OFDM)



[TAeovekmuata

[TeTuxaivel amOTEAEGUATIKN XPNOLUOTIOMOT TOV €VPOUG (WVNG.
AvBekTiKn otnv e€acBevion cuyvoTNTAC.
E€ovdetepwvel ) ISL

H e€looppommomn tov kavaAlol yivetal amAoVoTePT) amd AAAEG TEXVIKEG
IOV XPNOLUOTIOLOVV KUKAwpaTA e§looppoTonTwy (equalizers).

Xpnopomolwvtoag texVikeS FFT yivetal o amoteAeopatik).
KaAn mpootacio otig mapeuoAeg HETAEY TWV KAVAALWV.

OL Stadikaoieg yio n dtatrpnon s opOoywvioTnTag eival o eVKoA
VAOTIOOLUEG ATIO AAAES SLASIKAGLEG TTOU AXUBAVOUV XWPOA OE TEXVIKEG
omtws CDMA, TDMA.

E@apupoyr og VPMAES amaLTOELS VIO TAXVTNTA LE APKETA XAUNAO
KOOTOG GLUVTHPNOTG KL AELTOVPYLaC.



Melovektnpata

¢ Elval meploocotepo evaioOnTn 6TNV AVTIOTAOULOT GUYVOTNTOG
PEPOVTOGC KaL 0TNV 0ALoON O™ CLUYVOTNTAG, OE OYXECT) UE TX CUOTHUATO
TLOV XPTNGLUOTIOLOVV VA LOVO PEPOV, €E" aLTIAG TNG SLAPPONG EVEPYELNG

ue to DFT.

s Zta onuata OFDM mpootiBetal 60pufog mov e€apTdTal amd To TAATOC
TWV OCNUATWV KL YL TO A0Y0 auTo amattel tnv vmapén RF eviocxvtwv

LoYVOG UE LEYAAO AGY0 TTAATOUG LoYVOG TIPOG UECT|G TLUNG.



Aoxnon 1

Alvetat eva cVvotnua OFDM pe 512 @épovta, To 0ToL0 XP1OLULOTOLEL
Stapop@won BPSK. Metal twv @pepovtwy pecorafetl Staotnua 200 Hz.
To Stdotnua tpootaciog exel dStapkela 1 ms.

(a) Na vmoAoyioete To eVpog (wVNG KAl Tov puBUd HeETAS00MNS TOV
OUVOTNUATOG.

(B) Na Bpeite T ocuyvotnta detypatoAnPiag Tov eEepYOUEVOL OT)LATOG
KOL TOV apLOUO TwV SELYUATWY IOV «TTEQPTOVV» HECH OTO OLACTI O

mpootaciag, Bewpwvtag 0tL To onjucc OFDM dnuovpyeitat pe IDFT
unkovg 1024 onueiwv.

Auon:

s Aldpkela cupBorou: T, = = =5ms

% EUpoglwvng: B=N.Af =512.200Hz = 102,4 KHz



L)

*

*

L)

Avonm)

, , ) __log;(M)N __ N _ 512 _
PuBuoc petadoons: R = —T5+Tg =TT GiDms 85,33 KHz
Mnkog FFT: N = 1024
N
PuBuoc detypatoAnyiog: fa= Tf = ;(i:: = 204,8 KHz

Aeilypato evtog SlaoTrMaTOC TPOoTaoLaC:

N _Nf '119_1024-.17715_204
g T,  5ms




Aoxnonm 2

‘Eva ovotnua OFDM pe 2048 @épovta xpnolUoToLElTaL YA aoVpUaTn LETASO0O.
To Stdotua petalV dvo pepovTwy etval 250 Hz kat to Stdotnua mpootaciog
EXeL OLApKELX 2ms. Ze KAOe @Epov xpnolpomoleltal Stapdpewon BPSK.

(a) Bpelte To €Vpog {wvng Kat Tov pLOUO LETAS00TMG TOVU CUGTILATOG

(B) Av to orjuax OFDM énuovpyeital pe tnv fonBeta evog IDFT unkovg 4096
Bpelte TV ocuyvotnTa detypatoAnPiag Tov e€ePYOUEVOL CIUATOC KoL TOV aplOpd
TWV SELYUATWV TIOV «TTEQPTOVV» HECAK 0TO SLACTNUA TIPOCTAC (NG

(Y) H evépyela ov amatteital otnv (wvn dtaBaons yia éva ocvpfodo OFDM ctov
mouto eivat E_OFDM = 1.4 Ws. Zto onjua mpootifetatl Acukog 'kaovolavog
06puBog oxvos NO/2 =6 - 10—5 Ws. Bpeite tov Adyo Eb/NO o€ dB. Bpeite to
pLOUO ECPAAPEVNC LETASOOTG TOU GCUGTI|LOTOG.



Avonm)

a) Kernel symbol length: T = _f = 4 ms

Bandwidth: B= N Af =512 kHz

Data rate: R = logTi’Si?N T =28 = 341 kBit /s

b) FFT length: Ny = 4096

N¢ samples account for the mterval with the length of 7§ since exactly 1 FFT 1s used

for the generation of the kernel symbol.

Sample rate: f4 = ? = 1024 kHz

Nf-TS

£ = 9048

Samples within guard interval: N, =



AVon

N

— 2.9 _192.107Ws

lD}E,Q(J[) - N -
6.836 - 10~*Ws

1.2-10-1W's

1 _
= 501‘&' (1.9488)
— 3.107°

E;FDM . 1.4W's

2048

— 6.836- 1074 s



Avom)

Transmitter power:

B EQFDM B 1.4Ws B 7
P = T.4+T,  Gms 233.3W




Aoxnon 3

‘Eva acVpuato OFDM cUotnua XpNoLUOTIOLEITAL YIX LETAS00T HE pLOUO
32 Mbit/s. To U€EYLOTO UNKOG TN G KPOUOTIKNG ATTOKPLOTG TOU KAVAALOU Elvatl
800 ns.

(a) YmoAoylote TNV amdoTAON TWV EEPOVTWV AV TO SLACTNUA TIPOCTAC NG
elvat to 20% ™G ouvoAKN G StdpkeLlag cupfBoAov.

(B) YmoAoyiote Vv anwAela ce SNR Adyw ™G eloaywyns Tov SLaoTHATOS
TpooTaciag.

(v) To ebpog {wvng pov kavaAlov eivat 20MHz. A6 méoa @Epovta
amoTeAelTAL TO HETASIOOUEVO O

(6) Ao 16 Stapopwoets BPSK, QPSK, 8PSK, 16QAM, and 64QAM SiaAe€te
QUTY) TIOV ETLTUYXAVEL TOV ATIALTOVUEVO PpLOUO peTadoong .



Avon

Te=17.=08us — Tg=20%
100

T:%-U?S;Ls:iljus — Te=T—-Te=4pus—0,8 us=3,2 us
Af = L ! = 312,5kHz
T Ty 32106 0
S Ta 0,8 _
i\_r_l_?_1_T_1_0?2_D=8__D‘96d3”_1d8
B 20 - 108
= = 64
Af  312,5.108
. . 6- . _B
ld(ﬂ-ir):R T:32 t0-4-10 =2 — QPSK

N 64
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AmoteAéopata Metpnioewv
ywa 64QAM (1/2)
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