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The Scattering FunctionThe Scattering Function
The scattering function measures the power spectrum The scattering function measures the power spectrum 
of the channel at delay of the channel at delay ττ and frequency offset and frequency offset λλ with with 
respect to the carrier frequency.respect to the carrier frequency.

Typical Scattering FunctionTypical Scattering Function



The Delay Power Spectrum  The Delay Power Spectrum  
and Delay Spreadand Delay Spread

The delay power spectrum measures the power of the The delay power spectrum measures the power of the 
channel at delay channel at delay ττ..

The range of values The range of values ττ over which the delay power over which the delay power 
spectrum is essentially nonspectrum is essentially non--zero is defined as the zero is defined as the 
delay spread delay spread TTmm..

The channel coherence bandwidth The channel coherence bandwidth BBcohcoh is the inverse is the inverse 
of the delay spread of the delay spread TTmm, i.e., , i.e., BBcohcoh=1/=1/TTmm..

The channel coherence bandwidth measures the width The channel coherence bandwidth measures the width 
of the band of frequencies over which the fading is of the band of frequencies over which the fading is 
highly correlated.highly correlated.



Typical Delay Power SpectrumTypical Delay Power Spectrum
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The Doppler Power Spectrum  The Doppler Power Spectrum  
and Doppler Spreadand Doppler Spread

The Doppler power spectrum measures the power of The Doppler power spectrum measures the power of 
the channel at frequency offset the channel at frequency offset λλ..

The range of values The range of values λλ over which the Doppler power over which the Doppler power 
spectrum is essentially nonspectrum is essentially non--zero is defined as the zero is defined as the 
Doppler spread Doppler spread BBdd..

The channel coherence time The channel coherence time TTcohcoh is the inverse of the is the inverse of the 
Doppler spread Doppler spread BBdd, i.e., , i.e., TTcohcoh=1/=1/BBdd..

The channel coherence bandwidth measures the width The channel coherence bandwidth measures the width 
of the interval of time over which the fading is highly of the interval of time over which the fading is highly 
correlated.correlated.



Typical Doppler Power SpectrumTypical Doppler Power Spectrum
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Fading StatisticsFading Statistics

The fading characteristics of the wireless channel are The fading characteristics of the wireless channel are 
described by probability distributions.described by probability distributions.

Assuming that there are a large number of Assuming that there are a large number of 
scatterersscatterers/reflectors in the medium, application of the /reflectors in the medium, application of the 
central limit theorem leads to a complex Gaussian central limit theorem leads to a complex Gaussian 
distribution model for the channel response.distribution model for the channel response.

If there is no dominant If there is no dominant scattererscatterer in the medium (e.g. in the medium (e.g. 
only NLOS components), the envelope of the channel only NLOS components), the envelope of the channel 
response is described by the response is described by the RayleighRayleigh distribution.distribution.

If there is a dominant If there is a dominant scattererscatterer in the medium (e.g. in the medium (e.g. 
an LOS component), the envelope of the channel an LOS component), the envelope of the channel 
response is described by the response is described by the RiceanRicean distribution.distribution.



Channel Models: Classification Channel Models: Classification 
and Characteristicsand Characteristics
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The Frequency NonThe Frequency Non--Selective, Selective, 
Slow Slow RayleighRayleigh Fading ChannelFading Channel

PPbb vsvs. SNR for a BPSK signal in an AWGN . SNR for a BPSK signal in an AWGN 
channel and in a channel and in a RayleighRayleigh fading channelfading channel



Techniques to Overcome Time Techniques to Overcome Time 
and Frequency Selectivityand Frequency Selectivity

Techniques to Overcome Time and/or Frequency SelectivityTechniques to Overcome Time and/or Frequency Selectivity
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Diversity, Coding and InterleavingDiversity, Coding and Interleaving

Diversity techniques are often used to mitigate the Diversity techniques are often used to mitigate the 
the effects of the wireless channel.the effects of the wireless channel.

The principle of diversity is to transmit the same The principle of diversity is to transmit the same 
information on two or more subinformation on two or more sub--channels that fade channels that fade 
independently from one another.independently from one another.

Independently fading subIndependently fading sub--channels are realised either channels are realised either 
in the time, frequency or space domains.in the time, frequency or space domains.

Selection combining, equal gain combining or maximal Selection combining, equal gain combining or maximal 
ratio combining techniques recombine the information ratio combining techniques recombine the information 
in the various subin the various sub--channels at the receiver.channels at the receiver.

Coding and interleaving are also often used to Coding and interleaving are also often used to 
mitigate the effects of the wireless channel. Coding mitigate the effects of the wireless channel. Coding 
and interleaving are an efficient form of (time) and interleaving are an efficient form of (time) 
diversity.diversity.



EqualisationEqualisation

Equalisation is generally used to mitigate Equalisation is generally used to mitigate intersymbolintersymbol
interference in wireless channels.interference in wireless channels.

Linear equalisers are less complex than nonLinear equalisers are less complex than non--linear linear 
equalisers, but generally produce noise enhancement equalisers, but generally produce noise enhancement 
in severely distorted channels.in severely distorted channels.

NonNon--linear equalisers perform better than nonlinear equalisers perform better than non--linear linear 
equalisers, but are generally more complex.equalisers, but are generally more complex.

Maximum likelihood sequence estimation (MLSE) Maximum likelihood sequence estimation (MLSE) 
equalisers are optimum, but highly complex.equalisers are optimum, but highly complex.

Decision feedback equalisers (DFE) are subDecision feedback equalisers (DFE) are sub--optimum, optimum, 
but less complex.but less complex.



SpreadSpread--Spectrum TechniquesSpectrum Techniques

In spread spectrum modulation the transmitted spectrum is In spread spectrum modulation the transmitted spectrum is 
spread over a range much greater than the message spread over a range much greater than the message 
bandwidth.bandwidth.

In direct sequence spread spectrum (DSIn direct sequence spread spectrum (DS--SS) the transmitted SS) the transmitted 
spectrum is spread by multiplying the signal by a widespectrum is spread by multiplying the signal by a wide--band band 
pseudopseudo--noise (PN) sequence.noise (PN) sequence.

In frequency hopped spread spectrumIn frequency hopped spread spectrum (FH(FH--SS)SS) the the 
transmitted spectrum is spread by modulating the signal onto transmitted spectrum is spread by modulating the signal onto 
a widea wide--band series of frequencies generated by a frequency band series of frequencies generated by a frequency 
synthesiser driven by a pseudosynthesiser driven by a pseudo--noise (PN) sequence.noise (PN) sequence.

The ratio of the transmitted signal spectrum to the message The ratio of the transmitted signal spectrum to the message 
spectrum is the known as the bandwidth expansion factor or spectrum is the known as the bandwidth expansion factor or 
the processing gain.the processing gain.



Direct Sequence Spread SpectrumDirect Sequence Spread Spectrum
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DSDS--SS Transmitter OperationSS Transmitter Operation
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DSDS--SS Receiver OperationSS Receiver Operation
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FrequencyFrequency HoppedHopped SpreadSpread SpectrumSpectrum
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Spread Spectrum Techniques Spread Spectrum Techniques 
on Multipath Channelson Multipath Channels
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MultiMulti--Carrier TechniquesCarrier Techniques

In a single carrier modulation scheme each data symbol In a single carrier modulation scheme each data symbol 
is transmitted sequentially on a single carrier is transmitted sequentially on a single carrier ⇒⇒
signalling interval equal to data symbol duration.signalling interval equal to data symbol duration.

In a single carrier modulation scheme the modulated In a single carrier modulation scheme the modulated 
carrier occupies the entire available bandwidth.carrier occupies the entire available bandwidth.

In a multiIn a multi--carrier modulation scheme N sequential data carrier modulation scheme N sequential data 
symbols are transmitted simultaneously on N multiple symbols are transmitted simultaneously on N multiple 
carriers carriers ⇒⇒ signalling interval equal to N times data signalling interval equal to N times data 
symbol duration.symbol duration.

In a multiIn a multi--carrier modulation scheme each modulated carrier modulation scheme each modulated 
carrier occupies only a small part of the entire available carrier occupies only a small part of the entire available 
bandwidth.bandwidth.



MultiMulti--Carrier TechniquesCarrier Techniques
Single carrierSingle carrier
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MultiMulti--Carrier Techniques        Carrier Techniques        
on on MultipathMultipath ChannelsChannels
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MultiMulti--Carrier Techniques        Carrier Techniques        
on on MultipathMultipath ChannelsChannels
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Orthogonal Frequency Division Orthogonal Frequency Division 
MultiplexingMultiplexing

OFDM   is   a   multiOFDM   is   a   multi--carrier   modulation   scheme.carrier   modulation   scheme.

In OFDM the frequency spacing between adjacent In OFDM the frequency spacing between adjacent 
subsub--carriers is carriers is ∆∆f= f= 1/T1/TMCMC==1/(NT1/(NTSCSC).).

∆∆f=f=1/T1/TMCMC is the minimum frequency separation that is is the minimum frequency separation that is 
necessary to ensure orthogonality between the subnecessary to ensure orthogonality between the sub--
carriers over the signalling interval of length Tcarriers over the signalling interval of length TMCMC..

In OFDM the frequency spectrum of each subIn OFDM the frequency spectrum of each sub--carrier carrier 
overlaps the frequency spectrum of adjacent suboverlaps the frequency spectrum of adjacent sub--
carriers.carriers.



Orthogonal Frequency Division Orthogonal Frequency Division 
MultiplexingMultiplexing
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Orthogonal Frequency Division Orthogonal Frequency Division 
MultiplexingMultiplexing

Advantages of OFDM:Advantages of OFDM:

Good performance under delay spread/frequency Good performance under delay spread/frequency 
selective fading conditions;selective fading conditions;

Bandwidth efficiency;Bandwidth efficiency;

Efficient digital signal processor based generation/ Efficient digital signal processor based generation/ 
detection techniques.detection techniques.

Disadvantages of OFDM:Disadvantages of OFDM:

Poor performance under Doppler spread/time selective Poor performance under Doppler spread/time selective 
fading conditions;fading conditions;

Sensitive toSensitive to nonnon--linear distortion;linear distortion;

Sensitive to timing and frequency offsets as well as Sensitive to timing and frequency offsets as well as 
phase noise.phase noise.
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Oscillator Based OFDM Oscillator Based OFDM 
GenerationGeneration

Oscillator Based OFDM GenerationOscillator Based OFDM Generation
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Oscillator Based OFDM GenerationOscillator Based OFDM Generation

In OFDM the frequency separation between adjacent In OFDM the frequency separation between adjacent 
subsub--carriers is 1/T.carriers is 1/T.

ThisThis is the minimum frequency separation between is the minimum frequency separation between 
adjacent subadjacent sub--carriers necessary to achieve carriers necessary to achieve 
orthogonalityorthogonality and hence and hence detectabilitydetectability..

In OFDM the frequency spectrum of each subIn OFDM the frequency spectrum of each sub--carrier carrier 
overlaps the frequency spectrum of adjacent suboverlaps the frequency spectrum of adjacent sub--
carriers.carriers.



Oscillator Based OFDM GenerationOscillator Based OFDM Generation
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Oscillator Based OFDM Oscillator Based OFDM 
DetectionDetection

Oscillator Based OFDM DetectionOscillator Based OFDM Detection
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Oscillator Based OFDM DetectionOscillator Based OFDM Detection

The operation of an OFDM receiver can be viewed from two The operation of an OFDM receiver can be viewed from two 
different perspectives.different perspectives.

From one view point, the receiver correlates the OFDM From one view point, the receiver correlates the OFDM 
symbol with a local version of each complex subsymbol with a local version of each complex sub--carrier.carrier.

OrthogonalityOrthogonality implies that the correlation between any two implies that the correlation between any two 
different complex subdifferent complex sub--carriers is zero but when the complex carriers is zero but when the complex 
subsub--carriers have the same frequency.carriers have the same frequency.

Therefore, the correlation operation yields the information Therefore, the correlation operation yields the information 
conveyed by each subconveyed by each sub--carrier without ICI.carrier without ICI.



Oscillator Based OFDM DetectionOscillator Based OFDM Detection

From another view point, the receiver evaluates the Fourier From another view point, the receiver evaluates the Fourier 
transform of an OFDM symbol at specific frequencies.transform of an OFDM symbol at specific frequencies.

The spectrum of an OFDM symbol consists of a series of The spectrum of an OFDM symbol consists of a series of 
sincsinc() functions where the maximum of each   function () functions where the maximum of each   function 
corresponds to the zerocorresponds to the zero--crossings of all the other crossings of all the other sincsinc() () 
functions.functions.

Or, the spectrum of an OFDM symbol fulfils Or, the spectrum of an OFDM symbol fulfils Nyquist’sNyquist’s
criterion for an ISI free pulse shape, where in the OFDM criterion for an ISI free pulse shape, where in the OFDM 
case the pulse shape is present in the frequency domain case the pulse shape is present in the frequency domain 
instead of the time domain.instead of the time domain.

Therefore, the Fourier transformation operation yields the Therefore, the Fourier transformation operation yields the 
information conveyed by each subinformation conveyed by each sub--carrier without ICI.carrier without ICI.



Oscillator Based OFDM DetectionOscillator Based OFDM Detection
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FFT Based OFDM FFT Based OFDM 
Generation/DetectionGeneration/Detection

OFDM generation/detection is achieved using the IDFT and OFDM generation/detection is achieved using the IDFT and 
the DFT, or, the IFFT and the FFT, respectively.the DFT, or, the IFFT and the FFT, respectively.

The scaled samples The scaled samples sskk=√(T/N)=√(T/N)··s(kT/N),ks(kT/N),k=0,…,N=0,…,N--1, of the 1, of the 
transmit OFDM symbol are generated by taking the IDFT of transmit OFDM symbol are generated by taking the IDFT of 
the “rethe “re--ordered” modulation symbols,ordered” modulation symbols,

The “reThe “re--ordered” modulation symbols are detected by ordered” modulation symbols are detected by 
taking the DFT of the scaled samples taking the DFT of the scaled samples 
rrkk=√(T/N)=√(T/N)··r(kT/N),kr(kT/N),k=0,…,N=0,…,N--1, of the receive OFDM symbol,
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FFT Based OFDM TransceiverFFT Based OFDM Transceiver
FFT Based OFDM GenerationFFT Based OFDM Generation
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Zero PaddingZero Padding

With an N point IDFT, it is only possible to generate With an N point IDFT, it is only possible to generate 
an N suban N sub--channel OFDM symbol sampled at the channel OFDM symbol sampled at the 
NyquistNyquist rate.rate.

In this case, it is difficult to recover the continuous In this case, it is difficult to recover the continuous 
time signal from the sampled signal with filters with time signal from the sampled signal with filters with 
realisable realisable passbandpassband--toto--stopbandstopband transition regions.transition regions.

With an N’>N point IDFT, it is possible to generate an With an N’>N point IDFT, it is possible to generate an 
N subN sub--channel OFDM symbol sampled at a rate higher channel OFDM symbol sampled at a rate higher 
than the than the NyquistNyquist rate.rate.

In this case, it is easier to recover the continuous time In this case, it is easier to recover the continuous time 
signal from the signal from the oversampledoversampled signal using filters with signal using filters with 
realisable realisable passbandpassband--toto--stopbandstopband transition regions.transition regions.

The zero padding technique achieves The zero padding technique achieves oversamplingoversampling..
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Cyclic PrefixCyclic Prefix
To eliminate ISI in OFDM a guard time is inserted with a To eliminate ISI in OFDM a guard time is inserted with a 
duration longer than the duration longer than the multipathmultipath channel maximum channel maximum 
delay.delay.

Moreover, to eliminate ICI in OFDM the guard time is Moreover, to eliminate ICI in OFDM the guard time is 
cyclically extended.cyclically extended.

Note that in a Note that in a multipathmultipath channel an appropriate guard channel an appropriate guard 
time avoids ISI but not ICI, unless it is cyclically time avoids ISI but not ICI, unless it is cyclically 
extended.extended.

TT

TTCPCP

tt

Cyclic Extension of an OFDM SymbolCyclic Extension of an OFDM Symbol

TTCPCP

copycopy



Cyclic PrefixCyclic Prefix

T’T’ TTCPCP TT

T+TT+TCPCP
Path 1Path 1

Path 2Path 2

tt

tt

tt

Two-path channel 

relative delay = T’

TransmitterTransmitter ReceiverReceiver

path 2 

path 1 

OFDM Signal with “Empty” Guard TimeOFDM Signal with “Empty” Guard Time

ISI is eliminated but ICI is notISI is eliminated but ICI is not



Cyclic PrefixCyclic Prefix

Two-path channel 

relative delay = T’

TransmitterTransmitter ReceiverReceiver

path 2 

path 1 

OFDM Signal with Cyclic Extended Guard TimeOFDM Signal with Cyclic Extended Guard Time

Both ISI and ICI are eliminatedBoth ISI and ICI are eliminated

T’T’ TTCPCP TT
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Path 1Path 1
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Cyclic PrefixCyclic Prefix

With a cyclic prefix, With a cyclic prefix, the received symbol in frame k the received symbol in frame k 
and suband sub--channel n, channel n, RRk,nk,n, is related to the transmitted , is related to the transmitted 
symbol in the same frame and subsymbol in the same frame and sub--channel, channel, SSk,nk,n, by, by

RRk,nk,n==HHk,nk,nSSk,nk,n+N+Nk,nk,n

where where HHk,nk,n is the channel frequency response in frame is the channel frequency response in frame 
k and subk and sub--channel n and channel n and NNk,nk,n is the noise.is the noise.

Insertion of an appropriate cyclic prefix eliminates ISI Insertion of an appropriate cyclic prefix eliminates ISI 
and ICI in a and ICI in a multipathmultipath channel but it also introduces a channel but it also introduces a 
loss in the SNR and data rate.loss in the SNR and data rate.

The SNR loss is equal to 10×logThe SNR loss is equal to 10×log1010(1+T(1+TCPCP/T) (dB)/T) (dB)

The data rate loss is equal to (1+TThe data rate loss is equal to (1+TCPCP/T)/T)--11 (×100%)(×100%)



WindowingWindowing

OFDM Signal with Rectangular WindowOFDM Signal with Rectangular Window

Sharp phase transitionsSharp phase transitions

tt

High outHigh out--ofof--band radiationband radiation …… Delay spread tolerance=TDelay spread tolerance=TCPCP

TTCPCP TT

OFDM Signal with Raised Cosine WindowOFDM Signal with Raised Cosine Window

Smooth phase transitionsSmooth phase transitions Low outLow out--ofof--band radiationband radiation …… Delay spread tolerance=TDelay spread tolerance=TCPCP--ββTT

tt
ββTT ββTT

TTCPCP TT



WindowingWindowing

Power Density Spectrum of                 Power Density Spectrum of                 
“Windowed” OFDM Signals“Windowed” OFDM Signals
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Coding and Interleaving Coding and Interleaving 
TechniquesTechniques

In an OFDM system, the received symbol in frame k In an OFDM system, the received symbol in frame k 
and suband sub--channel n, channel n, RRk,nk,n, is related to the transmitted , is related to the transmitted 
symbol in the same frame and subsymbol in the same frame and sub--channel, channel, SSk,nk,n, by, by

RRk,nk,n==HHk,nk,nSSk,nk,n+N+Nk,nk,n

where where HHk,nk,n are the channel transfer factors and are the channel transfer factors and NNk,nk,n is is 
the noise.the noise.

Occasional deep fades in the channel cause groups of Occasional deep fades in the channel cause groups of 
adjacent frames/subadjacent frames/sub--channels to be less reliable than channels to be less reliable than 
other groups and hence errors to occur in burst rather other groups and hence errors to occur in burst rather 
than independently.than independently.

Coding and interleaving provides a link between Coding and interleaving provides a link between 
independently fading frames/subindependently fading frames/sub--channels, so that channels, so that 
strongly received ones correct for weakly received strongly received ones correct for weakly received 
ones.ones.



Coding and Interleaving Coding and Interleaving 
TechniquesTechniques

Information conveyed in different Information conveyed in different 
time and frequency slots is linkedtime and frequency slots is linked

OFDM with coding and interleavingOFDM with coding and interleaving

Time separation greater than Time separation greater than TTcohcoh

Frequency separation greater than Frequency separation greater than BBcohcoh

frequency

T

1/Τ
time

Tcoh

Bcoh

DIVERSITYDIVERSITY



Coding MethodsCoding Methods

A number of coding methods have been proposed for A number of coding methods have been proposed for 
OFDM systems including block, OFDM systems including block, convolutionalconvolutional, , 
concatenated and turbo coding.concatenated and turbo coding.

TrellisTrellis--coded modulation methods have also been coded modulation methods have also been 
proposed for OFDM systems, where the coding and proposed for OFDM systems, where the coding and 
modulation operations are merged together.modulation operations are merged together.

Hard and soft decision decoding techniques can be Hard and soft decision decoding techniques can be 
used.used.

Hard decision decoding performs worse than soft Hard decision decoding performs worse than soft 
decision decoding. However, the former is less decision decoding. However, the former is less 
complex than the later.complex than the later.



Interleaving MethodsInterleaving Methods

A number of interleaving methods have been A number of interleaving methods have been 
proposed for OFDM systems including block and proposed for OFDM systems including block and 
convolutionalconvolutional interleaving.interleaving.

In block interleaving, the bits/symbols are written into In block interleaving, the bits/symbols are written into 
a matrix column by column.a matrix column by column.

These are subsequently read out from the matrix row These are subsequently read out from the matrix row 
by row to produce the interleaved bits/symbols.by row to produce the interleaved bits/symbols.

In In convolutionalconvolutional interleaving, the bits/symbols are interleaving, the bits/symbols are 
cyclically written into one of K shift registers that cyclically written into one of K shift registers that 
introduce a delay of 0 to Kintroduce a delay of 0 to K--1.1.

These are subsequently read out cyclically to produce These are subsequently read out cyclically to produce 
the interleaved bits/symbols.the interleaved bits/symbols.



Mapping/Mapping/DemappingDemapping TechniquesTechniques

At the transmitter, the bits at the output of the At the transmitter, the bits at the output of the 
encoder and encoder and interleaverinterleaver are mapped to modulation are mapped to modulation 
symbols, which will constitute the input to the IFFT. symbols, which will constitute the input to the IFFT. 

The transmitter uses either nonThe transmitter uses either non--differential or differential or 
differential encoding to map bits to modulation differential encoding to map bits to modulation 
symbols.symbols.

At the receiver, the modulation symbols at the output At the receiver, the modulation symbols at the output 
of the FFT are of the FFT are demappeddemapped to bits or “soft” bits, which to bits or “soft” bits, which 
will constitute the input to the will constitute the input to the deinterleaverdeinterleaver and the and the 
decoder.decoder.

The receiver uses coherent of differential detection to The receiver uses coherent of differential detection to 
demapdemap modulation symbols to bits/soft bits, modulation symbols to bits/soft bits, 
depending on the mapping scheme used at the depending on the mapping scheme used at the 
transmitter.transmitter.



NonNon--Differential EncodingDifferential Encoding

For mappings with no differential encoding, the encoded and For mappings with no differential encoding, the encoded and 
interleaved bits are directly mapped to modulation symbols interleaved bits are directly mapped to modulation symbols 
SSk,nk,n..

Examples of this mapping technique include MExamples of this mapping technique include M--aryary phase phase 
shift keying (Mshift keying (M--PSK) or MPSK) or M--aryary quadraturequadrature amplitude amplitude 
modulation (Mmodulation (M--QAM).QAM).
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Differential EncodingDifferential Encoding

For mappings with differential encoding, the encoded For mappings with differential encoding, the encoded 
and interleaved bits are mapped to the quotient and interleaved bits are mapped to the quotient BBk,nk,n of of 
two successive modulation symbols.two successive modulation symbols.

If performed in the time direction, the modulation If performed in the time direction, the modulation 
symbol symbol SSk,nk,n=S=Skk--1,n1,nBBk,nk,n., and each sub., and each sub--carrier of the first carrier of the first 
OFDM symbol conveys a known/reference value.OFDM symbol conveys a known/reference value.

If performed in the frequency direction, the modulation If performed in the frequency direction, the modulation 
symbol symbol SSk,nk,n=S=Sk,nk,n--11BBk,nk,n, and the first sub, and the first sub--carrier of each carrier of each 
OFDM symbol conveys the known/reference value.OFDM symbol conveys the known/reference value.

Examples of this mapping technique include MExamples of this mapping technique include M--aryary
differential phase shift keying (Mdifferential phase shift keying (M--DPSK), where DPSK), where 
BBk,nk,n∈∈{e{ej2j2ππm/Mm/M; m; m=0,…,M=0,…,M--11}.}.



Differential EncodingDifferential Encoding
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Coherent DetectionCoherent Detection

For mappings with no differential encoding coherent For mappings with no differential encoding coherent 
detection is used at the receiver, whereby the decision detection is used at the receiver, whereby the decision 
is based on the quotient is based on the quotient DDk,nk,n given bygiven by

DDk,nk,n==RRk,nk,n/Ĥ/Ĥk,nk,n=(=(HHk,nk,nSSk,nk,n+N+Nk,nk,n)/Ĥ)/Ĥk,nk,n==SSk,nk,n+N+Nk,nk,n/Ĥ/Ĥk,nk,n

where where ĤĤk,nk,n is an estimate of the channel transfer is an estimate of the channel transfer 
factor factor HHk,nk,n..

Note that in OFDM systems an Note that in OFDM systems an equaliserequaliser corresponds corresponds 
to a bank of complex multipliers.to a bank of complex multipliers.

The principal advantage of OFDM systems follows The principal advantage of OFDM systems follows 
from this simple from this simple equalisationequalisation operation.operation.



Coherent DetectionCoherent Detection
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Differential DetectionDifferential Detection

For mappings with differential encoding differential For mappings with differential encoding differential 
detection is used at the receiver.detection is used at the receiver.

If differential encoding is performed in the time If differential encoding is performed in the time 
direction, the decision is based on the quotient:direction, the decision is based on the quotient:

DDk,nk,n=R=Rk,nk,n/R/Rkk--1,n1,n=(S=(Skk--1,n1,nBBk,nk,nHHk,nk,n+N+Nk,nk,n)/(S)/(Skk--1,n1,nHHkk--1,n1,n+N+Nkk--1,n1,n))

If differential encoding is performed in the frequency If differential encoding is performed in the frequency 
direction, the decision is based on the quotient:direction, the decision is based on the quotient:

DDk,nk,n=R=Rk,nk,n/R/Rk,nk,n--11=(S=(Sk,nk,n--11BBk,nk,nHHk,nk,n+N+Nk,nk,n)/(S)/(Sk,nk,n--11HHk,nk,n--11+N+Nk,nk,n--11))

In the absence of noise, the symbol containing the In the absence of noise, the symbol containing the 
information is recovered provided that Hinformation is recovered provided that Hk,nk,n≈H≈Hkk--1,n1,n or or 
HHk,nk,n≈H≈Hk,nk,n--11, i.e. signalling interval is smaller than , i.e. signalling interval is smaller than TTcohcoh
or frequency separation is smaller than or frequency separation is smaller than BBcohcoh..



Differential DetectionDifferential Detection
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Merits/Demerits of Differential Merits/Demerits of Differential 
and Nonand Non--Differential SchemesDifferential Schemes

Differential schemes require less complex receivers Differential schemes require less complex receivers 
than nonthan non--differential schemes, as channel estimation differential schemes, as channel estimation 
is not necessary.is not necessary.

Differential schemes are more robust than nonDifferential schemes are more robust than non--
differential schemes to residual phase offsets caused differential schemes to residual phase offsets caused 
by imperfect synchronisation.by imperfect synchronisation.

However, nonHowever, non--differential techniques require up to 3 differential techniques require up to 3 
dB less power than differential techniques to achieve a dB less power than differential techniques to achieve a 
specific target error rate in noise.specific target error rate in noise.



Channel Estimation OperationsChannel Estimation Operations

In coherent detection schemes, information recovery In coherent detection schemes, information recovery 
requires an estimate of the channel response. requires an estimate of the channel response. 
Estimation of the channel consists of two steps:Estimation of the channel consists of two steps:

The first step involves the insertion of known symbols The first step involves the insertion of known symbols 
or a pilot structure into the OFDM signal, that yield or a pilot structure into the OFDM signal, that yield 
point estimates of the channel frequency response.point estimates of the channel frequency response.

The second step involves an interpolation operation, The second step involves an interpolation operation, 
that yields the remaining points of the channel that yields the remaining points of the channel 
frequency response from the point estimates.frequency response from the point estimates.

The performance of channel estimation operations The performance of channel estimation operations 
depends both on the pilot structure and on the depends both on the pilot structure and on the 
interpolation method.interpolation method.



Channel Estimation OperationsChannel Estimation Operations
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Example of a Pilot Structure to Track Channel Variations     Example of a Pilot Structure to Track Channel Variations     
in Time and Frequencyin Time and Frequency

Maximum pilot separation in frequency= Maximum pilot separation in frequency= 
=Channel coherence bandwidth, =Channel coherence bandwidth, BBcohcoh

Maximum pilot separation in time= Maximum pilot separation in time= 
=Channel coherence time, =Channel coherence time, TTcohcoh

Low density of pilots gives lower loss in Low density of pilots gives lower loss in 
bandwidth efficiency/SNR, but poorer bandwidth efficiency/SNR, but poorer 
channel estimation accuracychannel estimation accuracy

High density of pilots gives good channel High density of pilots gives good channel 
estimation accuracy, but higher loss in estimation accuracy, but higher loss in 
bandwidth efficiency/SNRbandwidth efficiency/SNR



Synchronisation OperationsSynchronisation Operations

Information recovery also requires accurate symbol Information recovery also requires accurate symbol 
timing and carrier frequency timing and carrier frequency synchronisationsynchronisation between between 
the OFDM transmitter and the OFDM receiver.the OFDM transmitter and the OFDM receiver.

SynchronisationSynchronisation in OFDM systems is performed before in OFDM systems is performed before 
detection and involves two phases: acquisition and detection and involves two phases: acquisition and 
tracking.tracking.

In the acquisition phase, the frequency and timing In the acquisition phase, the frequency and timing 
errors are coarsely estimated and corrected.errors are coarsely estimated and corrected.

In the tracking phase, only small shortIn the tracking phase, only small short--term term 
deviations are estimated and corrected.deviations are estimated and corrected.



Synchronisation OperationsSynchronisation Operations

A number of techniques to perform symbol timing and A number of techniques to perform symbol timing and 
carrier frequency synchronisation have been proposed.carrier frequency synchronisation have been proposed.

Synchronisation techniques based on the cyclic prefix Synchronisation techniques based on the cyclic prefix 
rely on the computation of the correlation of the rely on the computation of the correlation of the 
received OFDM signal with a delayed version of the received OFDM signal with a delayed version of the 
same received OFDM signal over an interval equal to same received OFDM signal over an interval equal to 
the cyclic prefix interval.the cyclic prefix interval.

Synchronisation techniques based on the transmission Synchronisation techniques based on the transmission 
of special OFDM training symbols rely on the of special OFDM training symbols rely on the 
computation of the correlation of the received OFDM computation of the correlation of the received OFDM 
signal with the known OFDM training symbols.signal with the known OFDM training symbols.

The peaks of the correlation function yield the timing The peaks of the correlation function yield the timing 
information and the phase of the peaks of the information and the phase of the peaks of the 
correlation function yield the frequency information.correlation function yield the frequency information.



Synchronisation OperationsSynchronisation Operations

Synchronisation Based on the Cyclic PrefixSynchronisation Based on the Cyclic Prefix
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Choice of OFDM Signal ParametersChoice of OFDM Signal Parameters

How do we choose the parameters of an OFDM signal (e.g., How do we choose the parameters of an OFDM signal (e.g., 
T, T, TTcpcp, N) given specific data rate and bandwidth constraints , N) given specific data rate and bandwidth constraints 
and a channel with a specific delay and/or Doppler spread?and a channel with a specific delay and/or Doppler spread?

Channel delay spread TChannel delay spread Tmm dictates length of the OFDM cyclic dictates length of the OFDM cyclic 
prefix Tprefix TCPCP…length of the OFDM cyclic prefix is approx. two to …length of the OFDM cyclic prefix is approx. two to 
four times channel delay spread to limit ISI/ICI.four times channel delay spread to limit ISI/ICI.

Length of the OFDM cyclic prefix TLength of the OFDM cyclic prefix TCPCP dictates total length of dictates total length of 
the OFDM symbol T+Tthe OFDM symbol T+TCPCP…total length of the OFDM symbol is …total length of the OFDM symbol is 
approx. five times length of OFDM cyclic prefix to limit SNR approx. five times length of OFDM cyclic prefix to limit SNR 
loss to approx. 1dB.loss to approx. 1dB.

The number of subThe number of sub--carriers N, code rate and modulation are carriers N, code rate and modulation are 
selected to meet the data rate and bandwidth constraints.selected to meet the data rate and bandwidth constraints.

Channel Doppler spread Channel Doppler spread BBdd may dictate a maximum number may dictate a maximum number 
of subof sub--carriers N.carriers N.



Choice of OFDM Signal ParametersChoice of OFDM Signal Parameters

Design an OFDM system with the following requirements: Design an OFDM system with the following requirements: 
data rate=6, 9, 12, 18, 24, 36, 48 and 54Mbps, bandwidth< data rate=6, 9, 12, 18, 24, 36, 48 and 54Mbps, bandwidth< 
20MHz and delay spread=200ns.20MHz and delay spread=200ns.

Choose TChoose TCPCP=4×200ns=800ns and T+T=4×200ns=800ns and T+TCPCP=5×800ns=4000ns, =5×800ns=4000ns, 
so T=3200ns and so T=3200ns and ∆∆ff=1/T=312.5kHz.=1/T=312.5kHz.

Note that the maximum number of subNote that the maximum number of sub--carriers that can be carriers that can be 
fit into the allocated bandwidth is 64.fit into the allocated bandwidth is 64.

Choose size of IFFT (FFT) to be equal to 64 (power of 2) Choose size of IFFT (FFT) to be equal to 64 (power of 2) 
and number of (data) suband number of (data) sub--carriers to be equal to 48.carriers to be equal to 48.

Note that the remaining IFFT (FFT) values are used for Note that the remaining IFFT (FFT) values are used for 
pilots and/or zeropilots and/or zero--padding.padding.

Finally, choose code rate and modulation to meet data rate Finally, choose code rate and modulation to meet data rate 
requirements.requirements.



Choice of OFDM Signal ParametersChoice of OFDM Signal Parameters

Data RateData Rate BandwidthBandwidth NN Code RateCode Rate ModulationModulation

6 Mbps6 Mbps 15 MHz15 MHz 4848 1/21/2 BPSKBPSK

9 Mbps9 Mbps 15 MHz15 MHz 4848 3/43/4 BPSKBPSK

12 Mbps12 Mbps 15 MHz15 MHz 4848 1/21/2 QPSKQPSK

18 Mbps18 Mbps 15 MHz15 MHz 4848 3/43/4 QPSKQPSK

24 Mbps24 Mbps 15 MHz15 MHz 4848 1/21/2 1616--QAMQAM

36 Mbps36 Mbps 15 MHz15 MHz 4848 3/43/4 1616--QAMQAM

48 Mbps48 Mbps 15 MHz15 MHz 4848 2/32/3 6464--QAMQAM

54 Mbps54 Mbps 15 MHz15 MHz 4848 3/43/4 6464--QAMQAM

Choice of OFDM Signal ParametersChoice of OFDM Signal Parameters



Advantages/Disadvantages of Advantages/Disadvantages of 
OFDMOFDM

Advantages of OFDM:Advantages of OFDM:

Good performance under delay spread/frequency Good performance under delay spread/frequency 
selective fading conditions;selective fading conditions;

Bandwidth efficiency;Bandwidth efficiency;

Efficient digital signal processor based generation/ Efficient digital signal processor based generation/ 
detection techniques.detection techniques.

Disadvantages of OFDM:Disadvantages of OFDM:

Poor performance under Doppler spread conditions/time Poor performance under Doppler spread conditions/time 
selective fading conditions;selective fading conditions;

Sensitive toSensitive to nonnon--linear distortion;linear distortion;

Sensitive to timing and frequency offsets as well as Sensitive to timing and frequency offsets as well as 
phase noise.phase noise.



Timing and Frequency OffsetsTiming and Frequency Offsets

Timing offsets originate due to uncertainties to Timing offsets originate due to uncertainties to 
establish the OFDM symbol boundaries.establish the OFDM symbol boundaries.

Timing offsets give rise to Timing offsets give rise to intersymbolintersymbol interference interference 
and and interchannelinterchannel interference or simply a phase offset interference or simply a phase offset 
in desired data.in desired data.

Carrier frequency offsets originate from frequency Carrier frequency offsets originate from frequency 
differences in the local oscillators at the transmitter differences in the local oscillators at the transmitter 
and the receiver used to convert the and the receiver used to convert the basebandbaseband signal signal 
to a to a bandpassbandpass signal and vice versa.signal and vice versa.

Frequency offsets give rise to Frequency offsets give rise to interchannelinterchannel
interference and a reduction in power in the desired interference and a reduction in power in the desired 
data.data.



Timing OffsetTiming Offset

Effects of Timing OffsetEffects of Timing Offset
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time    overlaps    adjacent    symbolstime    overlaps    adjacent    symbols

Nominal FFT Nominal FFT 
observation timeobservation time

∆∆T2T2

FFT observation time 2FFT observation time 2



Timing OffsetTiming Offset

Effects of Timing OffsetEffects of Timing Offset

TTCPCP TT
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tt

Earliest possible FFT Earliest possible FFT 
observation timeobservation time

Phase offset Phase offset ϕϕnn=2=2ππffnn∆∆t, n=0,…,Nt, n=0,…,N--11Timing offsets where FFT observation Timing offsets where FFT observation 
time does  not  overlap  adjacent  symbolstime does  not  overlap  adjacent  symbols

Latest possible FFT Latest possible FFT 
observation timeobservation time



Frequency OffsetFrequency Offset

Effects of Frequency OffsetEffects of Frequency Offset

f

...

-(N/2)/T -(N/2-1)/T -(N/2-2)/T (N/2-3)/T (N/2-2)/T (N/2-1)/T

IntercarrierIntercarrier interferenceinterference

Reduction of desired powerReduction of desired power ...

∆∆ff ∆∆ff ∆∆ff ∆∆ff ∆∆ff ∆∆ff



Phase NoisePhase Noise

In practice, the upIn practice, the up--converter and downconverter and down--converter converter 
oscillators in the OFDM system do not produce a oscillators in the OFDM system do not produce a 
carrier at exactly one frequency.carrier at exactly one frequency.

Instead, these oscillators in the OFDM system produce Instead, these oscillators in the OFDM system produce 
a carrier at a nominal frequency with a timea carrier at a nominal frequency with a time--varying varying 
frequency offset, i.e., phase noise.frequency offset, i.e., phase noise.

Phase noise introduces a phase offset common to all Phase noise introduces a phase offset common to all 
subsub--carriers as well as carriers as well as intercarrierintercarrier interference.interference.



The PAPRThe PAPR

OFDM signals are sensitive to nonOFDM signals are sensitive to non--linear distortion linear distortion 
due to its high peakdue to its high peak--toto--average power ratio (PAPR) average power ratio (PAPR) 
or, its multior, its multi--carrier nature.carrier nature.

From one view point, the saturation region of any From one view point, the saturation region of any 
nonnon--linear element in the system occasionally clips linear element in the system occasionally clips 
the signal due to its high PAPR.the signal due to its high PAPR.

From another view point, any nonFrom another view point, any non--linear element in linear element in 
the system introduces severe the system introduces severe intermodulationintermodulation
distortion (IMD) due to the multidistortion (IMD) due to the multi--carrier nature of the carrier nature of the 
signal.signal.

These effects result in signal error probability These effects result in signal error probability 
degradation and signal spectral spreading.degradation and signal spectral spreading.



The PAPRThe PAPR
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The PAPRThe PAPR
Effects of NonEffects of Non--LinearitiesLinearities
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The PAPRThe PAPR

A number of techniques have been proposed to A number of techniques have been proposed to 
improve the performance of nonimprove the performance of non--linearly distorted linearly distorted 
OFDM signals, e.g., PAPR reduction and preOFDM signals, e.g., PAPR reduction and pre--distortion.distortion.

PAPR reduction techniques rely on the reduction of the PAPR reduction techniques rely on the reduction of the 
OFDM signal variability.OFDM signal variability.

PrePre--distortion techniques rely on an appropriate prior distortion techniques rely on an appropriate prior 
distortion of the OFDM signal such that the effect of distortion of the OFDM signal such that the effect of 
the nonthe non--linearity is undone.linearity is undone.



Applications of OFDMApplications of OFDM

OFDM has been proposed for a number of systems OFDM has been proposed for a number of systems 
including wired and wireless applications.including wired and wireless applications.

For example, OFDM has been selected for For example, OFDM has been selected for assymetricassymetric
digital subscriber line (DSL) systems under the digital subscriber line (DSL) systems under the 
acronym of discreteacronym of discrete--multitonemultitone (DMT).(DMT).

OFDM has also been selected for digital audio OFDM has also been selected for digital audio 
broadcasting (DAB) and digital video broadcasting broadcasting (DAB) and digital video broadcasting 
(DVB) as well as wireless local area networks (LAN) (DVB) as well as wireless local area networks (LAN) ––
in IEEE 802.11/HIPERLANin IEEE 802.11/HIPERLAN-- and wireless metropolitan and wireless metropolitan 
area networks (MAN) area networks (MAN) –– in IEEE 802.16/HIPERMAN.in IEEE 802.16/HIPERMAN.



Digital Subscriber LinesDigital Subscriber Lines

OFDM under the acronym of DMT has been adopted OFDM under the acronym of DMT has been adopted 
for ADSL.for ADSL.

ADSL is a scheme for high speed communication in ADSL is a scheme for high speed communication in 
the telephone access network or the subscriber line, the telephone access network or the subscriber line, 
where the bit rate offered in the downstream direction where the bit rate offered in the downstream direction 
(to the subscriber) is larger than the bit rate offered in (to the subscriber) is larger than the bit rate offered in 
the upstream direction (to the central office).the upstream direction (to the central office).

For example, in the USA the ADSL standard supports For example, in the USA the ADSL standard supports 
downstream bit rates from 1.54 to 6.1 downstream bit rates from 1.54 to 6.1 Mbit/sMbit/s and and 
upstream bit rates from 9.6 to 192 upstream bit rates from 9.6 to 192 kbit/skbit/s..

ADSL is suitable for applications like video on ADSL is suitable for applications like video on 
demand, games, virtual shopping and internet surfing.demand, games, virtual shopping and internet surfing.



Digital Subscriber LinesDigital Subscriber Lines

Copper wire pairs are the dominating medium type in Copper wire pairs are the dominating medium type in 
telephone access networks or subscriber lines.telephone access networks or subscriber lines.

Impairments in this environment include the “highly Impairments in this environment include the “highly 
spectrally shaped” frequency response of a typical spectrally shaped” frequency response of a typical 
copper wire pair and various noise sources.copper wire pair and various noise sources.

Noise sources include crosstalk from other copper wire Noise sources include crosstalk from other copper wire 
pairs in the same cable, RF noise and impulse noise.pairs in the same cable, RF noise and impulse noise.

NearNear--end crosstalk occurs at the central office when end crosstalk occurs at the central office when 
the weak upstream signal is disturbed by strong the weak upstream signal is disturbed by strong 
downstream signals.downstream signals.

FarFar--end crosstalk is crosstalk from one transmitted end crosstalk is crosstalk from one transmitted 
signal to another in the same direction and appears signal to another in the same direction and appears 
both at the central office and the subscriber.both at the central office and the subscriber.



Digital Subscriber LinesDigital Subscriber Lines
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Digital Subscriber LinesDigital Subscriber Lines

OFDM in conjunction with bit loading techniques has OFDM in conjunction with bit loading techniques has 
been selected for ADSL for it efficiently combats the been selected for ADSL for it efficiently combats the 
adverse effects in the telephone access network or the adverse effects in the telephone access network or the 
subscriber line.subscriber line.

Bit loading is a scheme whereby higherBit loading is a scheme whereby higher--order order 
constellations are assigned to high signalconstellations are assigned to high signal--toto--noise noise 
ratio subratio sub--channels and lowerchannels and lower--order constellations are order constellations are 
assigned to low signalassigned to low signal--toto--noise ratio subnoise ratio sub--channels.channels.

Essentially, OFDM in conjunction with bit loading Essentially, OFDM in conjunction with bit loading 
techniques offers a practical solution to achieve techniques offers a practical solution to achieve 
transmission rates close to the capacity of a “highly transmission rates close to the capacity of a “highly 
frequency shaped” linear channel. frequency shaped” linear channel. 



Digital BroadcastingDigital Broadcasting

OFDM systems have been proposed to assist the OFDM systems have been proposed to assist the 
migration from old analogue broadcasting systems to migration from old analogue broadcasting systems to 
new digital broadcasting systems.new digital broadcasting systems.

For example, in Europe OFDM has been adopted for For example, in Europe OFDM has been adopted for 
DAB and terrestrial DVB.DAB and terrestrial DVB.

OFDM systems have been proposed for digital OFDM systems have been proposed for digital 
broadcasting systems mainly due to their capability to broadcasting systems mainly due to their capability to 
combat multicombat multi--path propagation and narrowband path propagation and narrowband 
interference as well as their capability to allow for the interference as well as their capability to allow for the 
implementation of single frequency networks.implementation of single frequency networks.



Digital BroadcastingDigital Broadcasting

Narrowband interference originates from the Narrowband interference originates from the 
coexistence of analogue and digital broadcasting coexistence of analogue and digital broadcasting 
systems.systems.

Narrowband interference can be combated efficiently Narrowband interference can be combated efficiently 
using spectrum shaping techniques.using spectrum shaping techniques.

Essentially, subEssentially, sub--carriers experiencing high signalcarriers experiencing high signal--toto--
interference ratios are transmitted whereas subinterference ratios are transmitted whereas sub--
carriers experiencing low signalcarriers experiencing low signal--toto--interference ratios interference ratios 
are not transmitted.are not transmitted.



Digital BroadcastingDigital Broadcasting

In a conventional broadcasting network, In a conventional broadcasting network, 
geographically adjacent transmitters transmit the geographically adjacent transmitters transmit the 
same signal/program on distinct frequencies.same signal/program on distinct frequencies.

In a single frequency broadcasting network several In a single frequency broadcasting network several 
geographically dispersed transmitters transmit the geographically dispersed transmitters transmit the 
same signal/program synchronously on the same same signal/program synchronously on the same 
frequency.frequency.

A receiver therefore observes several replicas of the A receiver therefore observes several replicas of the 
same signal possibly attenuated and delayed with same signal possibly attenuated and delayed with 
respect to one another.respect to one another.



Digital BroadcastingDigital Broadcasting

A single frequency network can greatly enhance the A single frequency network can greatly enhance the 
spectrum and power efficiency of a broadcasting spectrum and power efficiency of a broadcasting 
system.system.

Spectrum efficiency is improved because only a single Spectrum efficiency is improved because only a single 
frequency instead of multiple frequencies is used to frequency instead of multiple frequencies is used to 
cover an entire region or country.cover an entire region or country.

Power efficiency is improved because the coverage Power efficiency is improved because the coverage 
area served for example by two transmitters area served for example by two transmitters 
operating simultaneously is greater than the sum of operating simultaneously is greater than the sum of 
the coverage areas for each of the two transmitters the coverage areas for each of the two transmitters 
operating independently.operating independently.

Essentially, the phenomena occurring in a single Essentially, the phenomena occurring in a single 
frequency network is analogous to the phenomena frequency network is analogous to the phenomena 
occurring in a occurring in a multipathmultipath fading channel and hence it fading channel and hence it 
can be combated efficiently with OFDM.can be combated efficiently with OFDM.



Wireless LANWireless LAN

OFDM has been selected as the basis for the physical layer OFDM has been selected as the basis for the physical layer 
of a number of packet based indoor wireless LAN standards of a number of packet based indoor wireless LAN standards 
such as IEEE 802.11a for the 5 GHz band,  IEEE 802.11g for such as IEEE 802.11a for the 5 GHz band,  IEEE 802.11g for 
the 2.4 GHz band and HiperLAN2.the 2.4 GHz band and HiperLAN2.

For example, IEEE 802.11a is a standard to interconnect For example, IEEE 802.11a is a standard to interconnect 
portable devices to broadband networks.portable devices to broadband networks.

IEEE 802.11 offers data rates ranging from 6 IEEE 802.11 offers data rates ranging from 6 Mbit/sMbit/s to 54 to 54 
Mbit/sMbit/s..



Wireless LANWireless LAN

A   nominal   channel   bandwidth   of   20 MHz   is   used.A   nominal   channel   bandwidth   of   20 MHz   is   used.

A 64A 64--point IFFT/FFT is used where 48 subpoint IFFT/FFT is used where 48 sub--carriers are carriers are 
allocated for data, 4 suballocated for data, 4 sub--carriers are allocated for pilots and carriers are allocated for pilots and 
the remaining subthe remaining sub--carriers are used for zerocarriers are used for zero--padding.padding.

The cyclic prefix duration is set to be equal to 800 ns and The cyclic prefix duration is set to be equal to 800 ns and 
the useful symbol duration is set to be equal to 3200 ns.the useful symbol duration is set to be equal to 3200 ns.

Modulation schemes used include BPSK, QPSK, 16Modulation schemes used include BPSK, QPSK, 16--QAM and QAM and 
6464--QAM.QAM.

Forward error correction used includes the industrial Forward error correction used includes the industrial 
standard standard convolutionalconvolutional code with rate 1/2, constraint length code with rate 1/2, constraint length 
7 and generator polynomials (133,171) octal. Higher rates 7 and generator polynomials (133,171) octal. Higher rates 
of 2/3 and 3/4 are obtained by puncturing the of 2/3 and 3/4 are obtained by puncturing the convolutionalconvolutional
code.code.



Wireless LANWireless LAN

Cyclic Prefix DurationCyclic Prefix Duration 800ns800ns

Useful Symbol DurationUseful Symbol Duration 3200ns3200ns

Total Symbol DurationTotal Symbol Duration 4000ns4000ns

SubSub--carrier Spacingcarrier Spacing 312.5kHz312.5kHz

Number of data subNumber of data sub--carrierscarriers 4848

Number of pilot subNumber of pilot sub--carrierscarriers 44

Total number of subTotal number of sub--carrierscarriers 5252

BandwidthBandwidth 16.56MHz16.56MHz

OFDM Parameters in IEEE 802.11OFDM Parameters in IEEE 802.11



Wireless LANWireless LAN

Data RateData Rate Code RateCode Rate ModulationModulation

6 Mbps6 Mbps 1/21/2 BPSKBPSK

9 Mbps9 Mbps 3/43/4 BPSKBPSK

12 Mbps12 Mbps 1/21/2 QPSKQPSK

18 Mbps18 Mbps 3/43/4 QPSKQPSK

24 Mbps24 Mbps 1/21/2 1616--QAMQAM

36 Mbps36 Mbps 3/43/4 1616--QAMQAM

48 Mbps48 Mbps 2/32/3 6464--QAMQAM

54 Mbps54 Mbps 3/43/4 6464--QAMQAM

OFDM Parameters in IEEE 802.11OFDM Parameters in IEEE 802.11



Wireless MANWireless MAN

OFDM has been selected as the basis for the physical layer OFDM has been selected as the basis for the physical layer 
of a number of wireless MAN standards such as IEEE of a number of wireless MAN standards such as IEEE 
802.16a in the 2 to 11 GHz range and 802.16a in the 2 to 11 GHz range and HiperMANHiperMAN..

For example, IEEE 802.16a specifies a wireless MAN which For example, IEEE 802.16a specifies a wireless MAN which 
provides an alternative to cable, DSL or T1 level services for provides an alternative to cable, DSL or T1 level services for 
last mile broadband access, and backhaul for 802.11 last mile broadband access, and backhaul for 802.11 
hotspots.hotspots.

IEEE 802.16a supports low latency applications such as IEEE 802.16a supports low latency applications such as 
voice and video.voice and video.

Moreover, IEEE 802.16a provides broadband connectivity Moreover, IEEE 802.16a provides broadband connectivity 
without requiring direct line of sight between the without requiring direct line of sight between the 
subscribers terminal and the base station.subscribers terminal and the base station.



Wireless MANWireless MAN

Flexible channel sizes of e.g. 3.5, 5, 10 MHz, etc. are used.Flexible channel sizes of e.g. 3.5, 5, 10 MHz, etc. are used.

A 256A 256--point IFFT/FFT is used where 192 subpoint IFFT/FFT is used where 192 sub--carriers are carriers are 
allocated for data, 8 suballocated for data, 8 sub--carriers are allocated for pilots and carriers are allocated for pilots and 
the remaining subthe remaining sub--carriers are used for zerocarriers are used for zero--padding.padding.

Here the ratio of the cyclic prefix duration to the useful Here the ratio of the cyclic prefix duration to the useful 
symbol duration is equal to 1/4, 1/8, 1/16 or 1/32.symbol duration is equal to 1/4, 1/8, 1/16 or 1/32.

Modulation  includes  QPSK,  16Modulation  includes  QPSK,  16--QAM  or  optionally  64QAM  or  optionally  64--
QAM.QAM.

Forward error correction includes an outer ReedForward error correction includes an outer Reed--Solomon Solomon 
code concatenated with an inner code concatenated with an inner convolutionalconvolutional code, or code, or 
optionally block turbo coding or optionally block turbo coding or convolutionalconvolutional turbo coding. turbo coding. 
Variable forward error correction capability is obtained by Variable forward error correction capability is obtained by 
puncturing.puncturing.

SpaceSpace--time coding can be optionally used to further improve time coding can be optionally used to further improve 
performance.performance.



Recent DevelopmentsRecent Developments

Recent developments in the area of OFDM include Recent developments in the area of OFDM include 
orthogonal frequency division multiple access orthogonal frequency division multiple access 
(OFDMA) and multi(OFDMA) and multi--carrier code division multiple carrier code division multiple 
access (CDMA).access (CDMA).

OFDMA is a multiple access technique based on OFDM OFDMA is a multiple access technique based on OFDM 
technology.technology.

MultiMulti--carrier CDMA is a multiple access technique carrier CDMA is a multiple access technique 
based on the combination of OFDM and CDMA.based on the combination of OFDM and CDMA.

The most popular multiThe most popular multi--carrier CDMA techniques are carrier CDMA techniques are 
MCMC--DSDS--CDMA and MCCDMA and MC--CDMA.CDMA.
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SummarySummary

The characteristics of the wireless channel and its The characteristics of the wireless channel and its 
effects on communications systems were reviewed.effects on communications systems were reviewed.

In this context, OFDM is proposed to overcome the In this context, OFDM is proposed to overcome the 
problems associated with wireless propagation.problems associated with wireless propagation.

The elements of a typical OFDM communications The elements of a typical OFDM communications 
system were described.system were described.

Emphasis was given to generation/detection of OFDM Emphasis was given to generation/detection of OFDM 
signals, coding and interleaving methods, mapping signals, coding and interleaving methods, mapping 
and and demappingdemapping techniques as well as channel techniques as well as channel 
estimation and synchronisation operations.estimation and synchronisation operations.

The effects of timing and frequency offsets, phase The effects of timing and frequency offsets, phase 
noise and nonnoise and non--linearitieslinearities on OFDM signals were also on OFDM signals were also 
described.described.



SummarySummary

A range of applications of OFDM were reviewed A range of applications of OFDM were reviewed 
including digital subscriber lines, broadcasting including digital subscriber lines, broadcasting 
systems (DAB and DVB), wireless LAN and wireless systems (DAB and DVB), wireless LAN and wireless 
MAN.MAN.

A range of recent developments in the area of OFDM A range of recent developments in the area of OFDM 
were also reviewed including OFDMA, MCwere also reviewed including OFDMA, MC--DSDS--CDMA CDMA 
and MCand MC--CDMA.CDMA.
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