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Orthogonal frequency-division multiplexing

» Orthogonal frequency-division multiplexing (OFDM) is a
method of encoding digital data on multiple carrier
frequencies

« OFDM has developed into a popular scheme for wideband
digital communication, used in applications such as

» digital television
» audio broadcasting

» DSL internet access
(Digital subscriber line, digital subscriber loop)

> wireless networks
» power line networks
> 4G mobile communications
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In coded orthogonal frequency- Passband modulation
division multiplexing (COFDM), Analog modulation

forward error correction AM - FM - PM - QAM - SM - SSB
(convolutional coding) and Digital modulation

time/frequency interleaving are gk . Apsk - CPM - FSK - MESK - MSK -

applied to the signal being OOK - PPM - PSK - QAM - SC-FDE - TCM -
transmitted WDM

This is done to overcome errors Hierarchical modulation

iIn mobile communication QAM - WDM

channels affected by multipath Spread spectrum
propagation and Doppler effects CSS - DSSS - FHSS - THSS

In practice, OFDM has become See also

used in combination with such  Capacity-approaching codes - Demodulation -
coding and interleaving, so that Line coding - Modem - AnM - PoM - PAM -
the terms COFDM and OFDM PCM - PWM - AZM - OFDM - FDM -

. . Multiplexing
co-apply to common applications.
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A duplex communication system is a

| : 3 point-to-point system composed of
* Duplexmg Techmque two or more connected parties or

FDD/TDD devices that can communicate with
one another in both directions.

Time-division duplexing (TDD), Frequency-division duplexing (FDD)

« Multiple Access Method

TDMA/OFDMA
OFDM Symbols allocated by TDMA

Sub-Carriers ' channel access method or multiple access method
allows several terminals connected to the same muilti-
point transmission medium to transmit over it and to

e Diversity shareits capacity

Frequency, Time, Code (CPE and BS), Space Time
Coding, Antenna Array

Method for improving the reliability of a message signal by using two or more
communication channels with different characteristics.
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Orthogonal Frequency Division
Multiplexing
Digital Video Broadcasting
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OFDM DVB Transmitter

Any block is realized using symbolic processing

1705 QAM 4096 TI2 fp=1/T
s(t)

A B C D

c(t)
« Tu=224*"10"-6;(* useful OFDM symbol period *)

« T =Tu/2048; (* baseband elementary period *)
« G =0; (* choice of 1/4,1/8,1/16,and 1/32 *)
« Ts=G*Tu+ Tu;(* total OFDM symbol period *)

- FS=4096; (* IFFT/FFT length *)

« q=10;("carrier period to elementary period ratio®)

« fc=q*1/T;(* carrier frequency *)

« Rs = 4*fc;(* simulation period *) 0
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1705 QAM 4096 T2 fp=1IT

Info signal at (A) c(t)

a==-1+2anl+I (-1+2an2);

info = ListToSequence [Table[0, {i, 1, FS}]]:
info[[l;;M/2)) =a[[l:;M/2]);
info[[-M/2 ;; =1]] =a[[M/2+1 ;; M]]):

SequencePlot [Re[info] [[1 ;; FS]], StemPlot =+ False, Joined =+ False,
AxesLabel - {"Index"™, "Amplitude™}]:

Amphnude
« The input signal
0} a consists 1705

' symbols
1000 2000 3000 40l00

-uvs;

[ 1
= 1 — B ——

Digitalni sistemi prenosa



= Carriers Inphase

SequencePlot [Re[carriers] [[1l ;; 20]], Joined » True, SequenceSamplingFrequency - 2 /T,
AxesLabel - {"Time (s5)", "Amplitude"}]

Amplitude

40

20 b

m ) Time (s)

~20}

2 ,;d"

%1077 6x10°"  8.x10~7 1“6
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 The signal at B
Is computed
using IFFT



1705 QAM

s(t)

c(t)
= Pulse shape g (t)

SequencePlot[g, FirstSampleIndex - 1, SequenceSamplingFrequency - Rs, Joined - True,
AxesLabel - {"Time (s)", "Amplitude"}]

Amplitude
L0}

« To get continuous-time
. signal, a pulse shape
g(t) is generated at C

0.6}

04t

0.2

: . . . Timne (s)
1.x1078  2x107% 3.x10°% 4.x10°% 5x10-8
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1705 QAM 4096

s(t)

= UInphase

Amphltude
40+

ik

2x1077 441077 6x107™™ g x1077 1

Tme (s)

T/2

fp=1/T

= U Quadrature

Amphtude

100 -

50+

L

-50 b

2[m-7 [xm-TLa’jn-T 8 x 107 1xmf_
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Frequency response of signal U at (C)

Amplitude (dB) = Carriers FFT

AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA A Frequency (Hz)
50x%1071.0x10%1.5% 1082.0x 10%2.5% 10%3.0x 1083.5 % 1p®

~10f

~20f8

z-élnllllmnlﬂ"“ :
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“a72

-371

LPF is 13t-order Butterworth filter symbolic generated
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1705 QAM 4096 TI2 fp=1T

S | Simulation
2 with
g NUMERICAL
system
parameters )/

o
o

LPF is 13t-order
Butterworth filter

Magnitude (dB)
o

Frequency (Hz) 8

Digitalni sistemi prenosa 13



1705 QAM 4096 T2 fp=1/T

C 01 02 03 04 05

p AP Simulation\
s ':‘.’5:_3:_ with
o} SYMBOLIC
aonf _ system
—soof - \_ parameters )
o vl 0005 0010 0015 020 0.025

LPF is 13th-order i

Butterworth filter =
generated symbolically
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1705 QAM 4096

TI2 fp=1/T

Amgplitude

100 |-

50

-50}

Inphase filtered signal at D

2 %10~ 7M. x 1077 6.xlvw'7 1.x10~8 1zxv

Time (s

Ampltude (dB)

b

-40

—60}

Frequence response at D

B e R PP R R R TR . Frequency (Hz)
5.0 1071.0% 10%1.5x 1082.0x 10%2.5% 1083.0 x 10835 1p®

19
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1705 QAM 4096 T2 fp=1/T

Amphtude Amplitude (dB)
100f ]
HI ‘ ] 5.0x 10710 1081, 2 W25 10%3.0x 103 5 108 Freeny (19
50} ]
[ |||| || ||| || -a0f
i : .' ;, vy : ‘ ‘ ‘Ime (s) I
o) -40}
=50t ' ‘ ‘ I |l'|
E _oof
-moE '
Transmited signal at E Frequence response atE
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Duplexing - Principles

FDD (Frequency Division Duplexing ) Uses One Frequency
for the DownLink, and a Second Frequency for the
UpLink.

TDD (time Division Duplexing) Uses the same frequency
for the Downlink and the Uplink.

In any conhguratlon the access method 1s OFDMA/TDMA
mmmmmmmmm JmMuhmmhmumuMmLuuML FD

F1- Freqency bad F2- Freqency bard

MMMMMMMMMLJMMMMMMM

F1-Feq ey bad F1- Frequency band
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OFDMA-TDMA Principles

Using OFDMA/TDMA, Sub Channels are allocated 1n
the Frequency Domain, and OFDM Symbols allocated
TDMA

in the Time Domain.

TDMAXOFDMA
] |!

I —

N—>

t—)

I

!
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DownLink OFDMA Symbol

Sub-Channel Data Carriers
Symbol Pilots

\ Total Frequency Band
Guard Band Guard Band
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DownLink Specification

Burst Structure 1s defined from one Sub-channel in the
Frequency domain and n OFDMA time symbols 1 the
time domain. each burst consists of N data modulated
carriers.

Adaptive Modulation and Coding per Sub-Channel in
the Down-Link

Forward APC controlling (+6dB) — (-6dB) digital gain
on the transmitted Sub-Channel

Supporting optional Space Time Coding employing
Alamout1 STC.

Supporting optional Adaptive Array.
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Example- DownLink Specification

FFT size : 2048
Guard Intervals : %, 1/8, 1/16, 1/32

Coding Mandatory: concatenated RS GF(256) and
Convolutional coding (k=7,G1=171,G2=133, keeping
overall coding rate to =2, %

Coding Optional: Convolutional Turbo Code (CTC),
Turbo Product Code (TPC) with coding rates close to
= Y5, %

QPSK, 16QAM, 64QAM modulation
Modulo 4, Pilot based Symbol Structure.
32 Sub-Channels of 48 data carriers each
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Downlink Pilot and Data Carriers Allocation Scheme

carner mdex

»

symbol
index
n L=0 ! L
|
0 12 24
n+1 L=2 L I |
| [ |
0 6 18 30
nt+2 L=1 ! o
I l l
0 3 15 27
n+3 L=3 ! e e
| l
0 9 21
n+4 L=0 ' * e
l |
. 0 12 24
time
Allocation Key: I:I Vanable Location Pilot I Fixed-location Pilot
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Space Time Coding

:> IFFT || Filter DAC RF Yl/

Tx

Tx

Subcarrier IFFT input p—
—>| modulation » packing :> 1ver;1ty T/
encoder
:> IFFT || Filter |, DAC RF

Sy

A

: o N| Sub- Log-
RF » DAC |__,[ Filter » FFT :> g“e;?lty — channel » Likelihood > Decoder
ombiner —) ratios
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UpLink OFDMA Symbol

Pilots Carriers Data Carriers Pilots Carriers Data Carriers
Sub—Cha;nneI #1 Sub-Channel #1 Sub-Channel #1 Sub-Channel #x

y /\ /
A - g

A A A A L ¥ A A A
\ Total Frequency Band /
Guard Band Guard Band
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Example of UpLink Specification

Burst Structure 1s defined from one Sub-channel 1n the
Frequency domain and 3 OFDMA time symbols 1n the
time domain, each burst consists of 144 data
modulated carriers.

Adaptive Modulation and Coding per User 1n the
UpLink
User Can be allocated 1 up to 32 Sub-Channels

2 Sub-Channels are used as the Ranging Sub-Channels
for User Ranging and fast Band-Width Request.
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Example of UpLink Specification
FFT size : 2048
Guard Intervals : %, 1/8, 1/16, 1/32

Coding Mandatory: concatenated RS GF(256) and
Convolutional coding (k=7,G1=171,G2=133, keeping
overall coding rate to =2, %

Coding Optional: Convolutional Turbo Code (CTC),
Turbo Product Code (TPC) with coding rates close to
= Y2, /a

QPSK, 16QAM, 64QAM modulation
Modulo 13, Pilot based Sub-Channel Structure.

32 Sub-Channels of 53 carriers each, 5 carriers used
as pilots, 48 carriers used for data
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Example for UpLink Sub-Channel Pilot and
Data Carriers Allocation Scheme

frequency

symbol
index

10 ullllll|I||IHIIIIIIIIIIIHIIIIIIIIIIIQIIIII|I||IIJI

wl L= I|HIIIIIIIII|IHIIII||||l!IHIIIIIIIIIIIHIIIIIII|||

15

w2 L-4lIIIIJIIIIIIII||IIJIIIIIII'IIILIIIIIIIIIIIILIIIIIIIII

il L9 IIIIIIIIIIJIIIIIIIIIIII II!IIIIIIIIIJIIIIIIIIIIIIIIII

0 49 32

w12 LlllllIIIlllIll]lIIIlIIIIIIEI'IIIIIIIIIIUIIIIIIIIIIIDI

24 26 51 52

n+13 =0 !
T \ i I
3 13 2627 40 52

O —

time

Allocation Key: I:I Vanable Location Pilot I Fixed-location Pilot D Data
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Using Special Permutations for carrier allocation

« All usable carriers are divided mto 32 carrier groups
named basic group, each main group contamns 53 basic
groups.

block 1

/;/ 7

Frequency band

N0
\i\

N

each group contains
53 carriers 3
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Using Special Permutations for carrier allocation

» Carriers are allocated by a basic series and 1t’s cyclic permutations
for example:

» Basic Series:
0,5,2,10,4,20,8,17,16,11,9,22,18,21,13,19,3,15,6,7,12,14,1

» After two cyclic permutations we get:
2,10.4,20,8,17,16,11,9,22,18,21,13,19,3,15,6,7,12,14,1,0,5

User #1 User #2

\ Total Frequency band /

Guard Band Guard Band

User 1=0,5,2,10,4,20,8,17,16,11,9, 22,18,21,13,19,3,15,6,7,12,14,1
User 2 = 2,10,4,20,8,17,16,11,9,22,18, 21,13,19,3,15,6,7,12,14,1,0,5
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e Constellation at -the Base Station

The Constellation at The Reciver

15§

05F

T

0.5

15
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» Users Separation

The Constellation at The Reciver

-1.5 -1 -0.5 0 0.5 1 15
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e User Estimation
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e User Estimation

Constellation to Estiamte

Estimated vec

2F
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e User Estimation

Constellation to Estiamte
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P 3
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* Finding New Subscriber-Units Requesting Services,
Using the Ranging Pilots (CDMA/OFDM Techniques)

Despreading on All Users
T T

300
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Interference Rejection/Avoidance

« Narrowband Interference Rejection

— Easy to Avoid/Reject Narrowband Dominant Interference .

— Less Interfered Part of the Carrier Can Still Be Used .

User SubCarriers
Allocation

S

Interference

SubCarriers

Interference Nulled
SubCarriers

SubCarriers

Total Frequency band
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« Rectangular Spectrum Shape (Brick Wall)
e Small Frequency Guard band

80 1

A

b

Power level measured in a 4 kHz bandwidth,

where 0 dB corresponds to the total output power

da8 o T
10 +—
- :
-30 B i
OFDM - ] |
| | ® f
Single Carrier « :
Scheme 0 —
-a0
2 |
o Py AN
4 | N
110 / \
-120 l
Frequency 12 10 4 6 4 -2 0 o 2 4 6 8 0 12
"~ (MHz) Frequency relative to centre of DVB-T channel (MHz)
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i Agilent  04:51:19 Nov 29, 2002

Ref —20 dBm #Atten O dB

4"4')\1&'. ’“'iflh | hﬁ’ 1")\'"1'!

i |

H.Mﬂl---l---

200 | | | | | | | ]
I

Center 5"
#Res BH :
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Amplitude

Ref Level
-20.00 dBm

Attenuation
0.00 dB

Auto Man

Scale/Div
16.00 dB

Scale Type
Log Lin

Presel Center

Presel Ad just
0.00000000 Hz

More
1of 3
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Fie

Dlu;ur No. 1 !E]Ei Dhuu'v: No. 1 H[=E
Edd Windw Help Fik Edt Wirdow Hep
QOF DM Consiellstion after transmission, with phase noise - S.C. Constellation after transmission, with phase noise
15 T T T T T 1 T T r r T
B *’ i&' .*. m ! / — S \
s : nsl
W - " FOE 0§ 3
. w ‘el - * J i} l i ’
. ¥ LS "> \ N - /
a5} a5
dO*® W & o B N~ &
1.5 L ' ' 15 L
-1.5 -1 45 1] 0.5 1 15 1.5 1 05 0 05 1 15

Phase Noise Effect on

OFDM
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Phase Noise Effect on
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OFDM Cells
(64 mode)

++4
+44

++4

64QAM users
16QAM users
QPSK users
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OFDMA Cell
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vv-v.-av W N BN EFE I WE W E W

Min to -1dB
-3idB  to 1dB

2dB to 6dB

o6dB to 11d4dB
11dB  to 13dB
13dB +o 18dB
18dB 1o 2I04B
ZIHB to 14dB

Multi Sector Coverage Sectors 3 Frequencies, achieves
2.8Bits/s/Hz/Cell, 22.5Mbps/Sector
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Profesor dr Miroslav Lutovac
mlutovac@yviser.edu.rs

Ova prezentacija je nekomercijalna.

Slajdovi mogu da sadrze materijale preuzete sa Interneta,
struCne i naucne grade, koji su zasticeni Zakonom o
autorskim i srodnim pravima.

Ova prezentacija se moze Koristiti samo privremeno
tokom usmenog izlaganja nastavnika u cilju informisanja i
upucivanja studenata na dalji strucni, istrazivacki i naucni

rad i u druge svrhe se ne sme Koristiti —
Clan 44 - Dozvoljeno je bez dozvole autora i bez pla¢anja
autorske naknade za nekomercijalne svrhe nastave:

(1) javno izvodenije ili predstavljanje objavljenih dela

u obliku neposrednog poucavanja na nastavi;

- ZAKON O AUTORSKOM | SRODNIM PRAVIMA

("SI. glasnik RS", br. 104/2009 i 99/2011)
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