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Introduction On redundancy in OFDM

Orthogonal Frequency Division Multiplexing

OFDM is present in

— LTE

— Mobile WiMax IEEE 802.16e

— XDSL

— Wireless LAN IEEE 802.11a,g,n

OFDM basics
Multipath channel & OFDM
Redundancies in OFDM
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What i1Is OFDM?

e Orthogonal FDM — it’s multiplexing
— Classic FDM + major improvements

e |t's more:
— Multi Carrier
— Digital modulation (PSK, QAN
— Digital processing

« Demultiplexing
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Takmer Definicia

« OFDM je digitalna prenosova technika vyuzivajuca
demultiplexovanie jedného rychleho datoveho toku na
niekd’ko pomalsich, paralelne prenasanych
(multiplexovanych) subtokov, oddelenych modulacioullaod
principu FDM, pouzivajucortogonaln rozostup' medzi
nosnymi frekvenciami jednotlivych subtokov, definujdc tym
celd mnozinwalSich principialnych parametrov systemu
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Zakladné principy

 Demultiplexovanie
e Ortogonalita FDM
* Digitalne spracovanie signalov (DSP)
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Pasmo obtEnikového impulzu

xfl) = reci(t) X7 = sincif
S /
FT 1
: : ,',/’—\ , , /F\\=
T T AN

e W=1/T
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On redundancy in OFDM

Orthogonal FDM

 FDM wastes frequency band
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fe1

fe2

 OFDM: orthogonal spacing of carrie- high spectraeffectivity
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* Only discrete frequencies can be utilized , samgtidé= 1/T
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Orthogonal FDM

e Spektra sa prekryvaju. Nulova interferencia nastava len
v diskrétnych bodoch nosnych frekvencii subtokov.

palenikt@ktl.elf.stuba.sk



OFDM Basics

On redundancy in OFDM

Basic OFDM system architecture

Transmit Pulse
Shaping

(1)

Mul tipath

h(f)

Recawe Pulse
Matched Filter

o Carriers are equally spaceddly= 1/T
« Amplitude and phase carries information
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MultiCarrier

« Demultiplexing one stream to many streams
— Each stream modulated separately

1 x 1Mbaud stream, T = lus 3 x 0.33Mbaud stream, T =3 us

—>

t Tt

* Resistance to Inter Symbol Interference
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attering

Multipath Channel

« RX observes sum of delayed copies of transmittacbhsy
e Channel impulse responbg)

« Transmission modeled by convolutidiit) = h(t) * S(t)
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Modelovanie kanala

S o S
I
Fi

()

e Model kanala v dikrétnoriase
e r(n) =h(n).s(n)
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Frekvergne selektivny kanal

received power

|

LW

Y

A A

« OFDM signal je Sirokopasmovy (MHz)
* H(f) nie je konsStantna
o Je treba zabezpi# ekvalizaciu.

i
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|nteiSymbol & I nteBlock | nterference (1S & 1BI)

Block n Block n+1

« Channel convolution prolongs transmitted blocks
* Blocks are transmitted in serial way

 In RX

— blocks overlap — IBI
— Samples inside one block interfere - IS
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OFDM ISI/IBI tolerance example

e Tolerance to ISI because of MultiCarrier

— One data stream splits to 1024 streams [WmXx]
— Delay spread for large open space environment h8(QDeDb]

* One fast stream ,= 10Mbaud, T = 1/,

— T =100 ns, 18 succesive symbols overlap, ISI ¥800T

e 1000 slow streams, 10kbaud each
— T =100ps, 2 succesive symbols overlap, ISI 1.8% of T
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eeeeeeeeee
o Matched Filter
/
ay (1) — & (=) [ a, (1)
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ay_y (1) _.é_.g&{“?‘} = &.\'—I ()

 Demultiplexovanie (MC)
- odolnog voci 1S|
* Ortogonalita
- spektralna efektivita
* Implementane nepohodiné
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More Practical simple OFDM transmitted

Constellation
mapping

— #e ..:--\
‘ > - :-. v 3 # DAC J
P &
o el _1{3 il Jr O——r
Serial —\_, i > @
to parallel — X, [
Xy Hm

* Osclillator Bank replaced by IDFT
« OFDM symbol is a block of samples
 SW Processing in discrete time and freq. domain
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OFDM prototyp vcasove| oblasti

\/\w ot
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OFDM prototyp vo frekve&ne] oblasti

son | '(\vh v.‘k_,hk_,.k_,,k_V.nv/\N
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More Practical simple OFDM receiver

'Y

-

i{r)

k.
90

» ADC

4

40 f

* ADC

Jm

FET

Symbal
detection

G é o+ H]

. Parallel
T to senal

e Osclillator Bank replaced by DFT
 Symbol detection in frequency domain
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OFDM ISI/IBI tolerance

 |[EEE 802.16e OFDM parameters:

— Usefull symbol time 91.4s
— Number of samples per symbol 1024 (11.2 Mpiz f
— Blocks overlap by 89 samples ( approx. 9

« Additional tolerance necessawy prefix
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Improving ISI/IBI tolerance

e Use of guard interval

— Zero prefix
Block n Block n+ 1

* In real OFDM systems
— Cyclic prefix
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Cyclic prefix iIn OFDM

Total Symbol
Tg// Period

gi T
8 u ™ Useful Symbol 17E
Period i

 Mobile WiMax (IEEE 802.16e):
- T,=1/4,1/8, 1/16, 1/32 df,
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Redundancies in OFDM

e Cyclic prefix
— Designed for easy FDE

e Pilots
— used for channel estimation

o Upper layer headers
— IP & TCP headers
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Pilots

Pilot
Data DC Sub-carriers
Sub-carriers Sub-carrier ‘//
A }\ A A '
Guard
AAAAARAARAAA4LA4444 YT YYYYYYYYN I TN Y

Sub-carriers

wll /

fou it : et

 |IEEE 802.16e groups sub-carriers to clusters
— Cluster = 48 data carriers + 8 pilots
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Practical OFDM system

OFDM transmitter OFDM receiver

ECC = CM — IDFT [—{ CPI W B —{ ) » CPR — DFT | FDE [~ APP
AWGN

« ECC — Error Control Code

e CM — Constellation Mapping

 CPI — Cyclic Prefix Insertion

e CPR — Cyclic Prefix Removal

« FDE — Frequency Domain Equalization

« APP — Posterior Probability Decoder
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The “Cyclic prefix” situation

Cyclic Prefix

Block n Block n+1
TX: CP < redundangy CP p redundang¢y

RX: CP ]P

IBI corrupted redindant CP is discarded

* Blocks with CP are corrupted by IBI

+ If delay spread < CP size all OK
 CP designed for worst case
e Why didwe do it ?
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The “Why?” of the Cyclic Prefix

e Multipath channel

— Transmissiormodeled by convolution r(t) = h(t) « t(t)

— In discrete time r(n) = h(n) x t(n)
— Simple pel-componer multiplicatior in frequency domai
(DFT)

 Channel convolution Hhear convolution:

" m)=Sn) BNy = 2. Nmy Bgn-m)

m=—oo
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The “Why?” of the Cyclic Prefix I
 DFT theory:

— Requires periodic discrete-time signals

— Transfer<CIrcular convolution in time-domain to simple
multiplication in frequency-domain

N-1
oy =ty Oy =2 Ry Higau——
m=0

R(k) = H(k) x T(k)
* Cyclic Prefix insertion in TX and removal in RX ensures that
the linear channel convolution appears as circular convolution.
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Matrix model of linear convolution

—|C — « h(n)={1, 0.9, 0.4}

1] o] o] o] o] o o o o o * t—Iinputvector (transmitted block)
oL L oL 9 oL 91 9L 9L 9L O e r — output vector (received block)
041 0.9 1 0 0 0 0 0 0 0 _ -

0loalo9| 1 ol o| ol ol o] o e Hc_ convolution matrix

0 0] 04| 0.¢ 1 0 0 0 0 0

0 0 01 041 0.9 1 0 0 0 0

o| ol o] olosjo9| 1| o] o o] e [Linear convolution can be modeled

0| 0] 0] O] 0]04]09] 1) 0] © by matrix multiplication:

0 0 0 0 0 01 04| 0.9 1 0

ol ol ol ol ol ol o|lo04]| 09 1 I = Hc x T (1)

0 0 0 0 0 0 0 0Ol 04| 0.9

0 0 0 0 0 0 0 0 0] 0.4

Size ofH_dictated byt andh(n)

sizeH.) = 12 rows, 10 columns
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Linear & cyclic convolution matrices

H C Hcirc -

1| o| o| of of of o of of o 1| o| o| o|l o| ol o] o|lo4]| 09
09| 1| of o| o| ol of o o o 09| 1| of o| o| o| of o| o|o04
04| 09| 1f o| o| o| of o] o o 04| 09| 1/ o| of o| o] o o O
oloaloc| 1| ol ol ol o] ol o 0{o04|0c| 1| o] o] of of o] o
ol oloa| 09| 1| of ol o] o o o| o|o04|o09] 1| o| ol of o] o
ol ol oloa| 09| 1| ol ol ol o o| o| o|o04|o09] 1| of of o] o
ol ol ol oloa4l ool 1l ol ol o ol o| ol o|o4]|o09| 1| of o] o
ol o| o| o| ofo4a|lo09l 1| o] O 0| of 0| 0| 0j04]09f 1/ 0| O
ol ol o| o| of o|lo4|o09| 1| o 0] 0] 0| O] Of 0[04]09] 1] O
ol ol ol ol ol ol oloal ool 1 ol ol ol o| o] o] o|loa|o09| 1
ol ol ol o| o] o] ol o|o4]| o009

ol ol ol o| o| o] of o oo4
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Linear to cyclic transform

. 15 - original data withouth the cyclic prefix
o - subblock of received samples, selected for further processing

I ter typ tep I ter te | ter

> >
H,, H

R1

ro =H Xt =H e Xt (2)
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Matrix model of channel convolution

 OFDM transmission can be modelled by matrix multiplication:
IrD:HCxt:HCIRC ><1:D (2)

« A circulant matrix can be diagonalized [Toepl]
— -1
Dh_Fchirch (3)

F - Fourier transform matrix
F-1 -inverse Fourier transform matrix
Dh - diagonal matrix:
diag(Dn) = H)
H (k) is N-point DFT of the channel impulse respohge
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(Discrete) Fourier Transform Matrix

1 1 1 1 1
i i B . N—-1
,, {1 W W 2UN=1)
W=— 1 6 9 - 3(N-1)
.u“N o, o, v, W
= N — AN — N=1){(N -
{ N1 2N B SN-1N-1)

 N-point DFT
e wis a primitiveN" root of unity exp(21yj / N)
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OFDM transmission

mauitrix models

TX channel RX
IDFT — CPI — h(n) —+ )+~ CPR - DFT
x He T x Heirc . Dh
AWlGN
 Time domain models:
o =H Xt =Hge X1, (2)

 Frequency domain model:

R, =Dy, XTp = H(k) X T(k) = R(k)

(4)
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SimpleFrequencyDomainEqualization (FDE

e |n time domain models

— each RX sample is a linear combination of several
TX samples

 In frequency domain moc
— Each RX sample depends on one TX sample

— If CSl 1s know In RX, equalization Is
multiplication:

Toy = (Hu)™" xRy )
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Frekvergne selektivny kanal

received power

|

LW

Y

A A

« OFDM signal je Sirokopasmovy (MHz)
* H(K) nie je konStantna
o Je treba zabezpi# ekvalizaciu.

i
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Vyhody a nevyhody OFDM

+

Wsoka spektralna efektivita verka prenosova kapacita)
Prirodzena odolnovodi IS

Jednoducha frekvéna ekvalizacia
Perspektiva zlladiska SDI

Wsoké naroky na analégové obvody
Vystupny zosihova vysielata
(Velrky dynamicky rozsah vystupného signalu)
Fluktuacia frekvencie a fazy oscilatorov
Citlivost’ na frekvekdny acasovy offset
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Casova a frekverlfna svnchromzama

ETE‘CTIZITFHH?II} et

——  FFTonpatzamplegpokt wih vo teqottet
- FFTonpatzampiegpobt wh ameqofet

1 1 1 1
1] 1 2 3 i
Sh-CAameT ik

* RXx nevzorkuje v spravnych okamihoch — posunuid o
* RXx prijima frekvedne posunuty prototyp — vplyvom Doplerovho efektu

— Inter subcarrier interference

* QOdstraaovanie pomocou vkladania redundancie
— Piloty
— Synchronizény OFDM symbol na zaatku ramca

palenikt@ktl.elf.stuba.sk



OFDM Basics On redundancy in OFDM

Struktira ramca TDD v |IEEE 802.16e

OFDM Symbol Number

Sub-channel Logical Number

Fast Feedback (CQICH)

—3

Downlink Subframe Guard Uplink Subframe
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OFDM basics

Thank you for your attention...
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Exploiting of CP redundancy

OFDM transmitter OFDM receiver
ECC = CM —{ IDFT —{ CPI » h —PQ » CPR — DFT | FDE [~ APP
AWGN
e There is intentional redundancy in OFDM — Cyclic Prefix
e Used fo
— |BI protection
— Simple FDE

It can also be used to improve the error performance of the
posterior probabilistic decoder of the ECC

Practical OFDM is in fact COFDM
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On

redundancy in OFDM

The CPi1s ECC

* The insertion of cyclic prefix is a partial repetition code

Encoder

Outer

lterative SISO decoder :

—>

Interleaver
I

EEE 802.16eT, = 1/4, 1/8, 1/16, 1/32 o,

Hagenauer: serial concatenation of codes

Encoder

Inner

-
To channel

— Inn
Channel -

—» Deinterleave

—

Outer
Decoder

—
Hard

[IR |-> Decoder

Interleaver |<

—| decision
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Exploiting of CP redundancy

OFDM transmitter OFDM receiver

—»Q CPR | DFT +/FDE | APP

AWGN

h 4

h 4
-

A 4

CPI

ECC = CM | IDFT

OFDM transmitter is a serially encoded system:

e ECC - outer encodelPowerful Code- Turbo or LDP(
 CPI - Inner encoder, weak partial repetition code
e IDFT - Interleaver

The goal is to modify the receiver to extract te@undancy
Use non-iterative form:

Tnner Outer
. Deinterleaver Turbo/LDPC
repetitionf——»p DFT —> Tterati
Decoder crative
Decoder
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Matrix models revisited

I ter tyr ter I ter tw | ter

> >
H,, H

R1

* rp& rrare discarded in RX because of IBI

+r

Fo =Tepm Ty = Haiyny Xtepamy T H aam-n X Lepn
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Recovering the redundant samples

+r

Fo =Tepm) Ty = Hiyn Xtepamy T H aam-1 X Lepinay

|t Is possible to apply subtractive correction:

rcorl(n—l) = H 44(n-1) X 1:CP(n—l)

 The transmitted samples can be recov
_ -1
tCP2(n) _ (H 11 ) A (ro - rcorl(n—l))
* This will do no good:

 For APP decoding, the LLR of samples in
frequency domain are necessary!
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On redundancy in OFDM

tCPZ

tNP

tCP

Prefix extraction

tCP2

tCP

X

p—
|~}
-
I

IFDl: HL ><tD

If a “good estimatedf transmitted vectar, is known, a correction to

rcor2(n) = H 32(n) X1 NP(n)

could be applied to the received subvecfprsuch that:

o' =Hgre Xty
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Transmitted block estimate

 The “good estimate®df transmitted vectar, , can be
obtained by utilizing the already decoded data.

 RX must emulate the TX operation to get a reliable estime
the transmitted block.

e Using this estimate, both corrections can be computed.

 The second received subblock is processed in the same way as
the first subblock.
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Suboptimal receiver with CP redundancy extraction

Channel | Standard OFDM receiver

samples Prefix | Singl I
gle-tap LR Iterative ECC Decoded
removal — DFT = FDE decoder Data

Transmitted block estimation l . Tterative Improved
4+ = ECC + Decoded
Data

IDFT <— Constell_ation Outer c_ode & decoder
‘ mapping Encoding
Prefixblock Aditive Smglc -tap _, Spectrdl LLR
selection correction shift

* The modification adds a new branch of processirexisting OFDM RX
 The modified receiver is fully compatible with etuigy standards
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Performance of the suboptimal modified receiver

25
Eb¢Na [dE]

 Setup: 1024 carriers,F 1/8 T,, UMTS defined CTC R = 1/3
e Only a small improvement of approx 0.1 dB

palenikt@ktl.elf.stuba.sk



Cyclic Prefix redundancy extraction On redundancy in OFDM

Turbo Equalization

e C. Doulllardet al., “Iterative correction of intersymbol
Interference: Turbo equalizatidicur. Trans. Telecommun.,
vol. 6, pp. 507-511,Sept.—Oct. 1995.

 [terative:
Estimation -> Equalization -> Decoding -> Estimation...
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Circular Convolution

 N-point DFT
e wis a primitiveN" root of unity exp(21yj / N)
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