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Introduction
� antennasare usually not within LOS of each

other

� signalspropagateover multiple pathsbetween
transmitterandreceiverandcombineatreceiver
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� dueto motionof thereceiver, thetransmitteror
thescatterers,thepathlengths(andthusdelays)
changewith time

� thewirelesschannelformsatime-varyinglinear
filter
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� with a time-varyingimpulseresponse
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� if we only considerthepower of eachpath,we
getapowerdelayprofile

� small changes(order of λ) in location create
largechangesof phasefor eachpath

� theresultant(sumof all paths)haslargeampli-
tudeandphasechanges(modulation)

� thesignalitself is alsomodulatedto transmitin-
formation

� differentpathlengthscausethesignalsto arrive
with differentdelaysandtheresultantsignalis
distorted(typically, ISI)

� this distortsthesignalandsocommunicationis
madedifficult

� the mostchallengingpart of designinga wire-
lesssystemis copingwith this multi-path fad-
ing

Factors Affecting Fading
� reflectors/scatterers:differencesin pathlengths

(a� τ)

� motion: (rateof changeof a� τ with time)

Doppler Shift
� thephasechangeperunit time(frequency shift)

dueto a moving receiver is proportionalto fre-
quency, vehiclevelocityandangle
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� theDopplershift dueto motionis givenby:
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wherev is therateof changeof thepathdistance
(relative velocity), c is the signal propagation
velocity, fc is thesignalfrequency.

� therelationshipcanbesummarizedin a nomo-
graph:

Describing Time Dispersion

� theexcessdelayis a delaymeasuredrelative to
first arriving component

� maximumexcessdelayis theexcessdelayof last
component

� a threshold(or othercriteriasuchasfractionof
total received power) is requiredto determine
which valuesare to be includedaspart of the
powerdelayprofile

� meanexcessdelay (if we considerthe delay
profile asa probability distribution, this is the
first moment):
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� rmsdelayspread(secondcentralmoment):

στ � τ2 	 � τ � 2

where
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Coherence Bandwidth
� impulse responseand transfer function are

Fouriertransformpairs

� “bandwidth”of thechannelisapproximatelyin-
verselyproportionaltomaximum(or rms)delay
spread

� if “bandwidth” is the rangeof frequenciesfor
which thecorrelationcoefficient is 
 0� 9, then

Bc � 1
50στ

� or, for 0.5correlation:

Bc � 1
5στ

� actualvalueswill dependon the shapeof the
delayprofile

Doppler Spread
� motion causestime-varying signal (and thus

Dopplerspreading)

� for example,the amplitudewith time or posi-
tion:

� Doppler spreadBD is the spectralbroadening
dueto thismodulation

� typically have componentsover therangefrom
fc 	 fD to fc 
 fD where fc is the carrier fre-
quency
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� coherencetime is approximatelythe reciprocal
of coherencebandwidth:

TC � 1
fD

� for correlationin time of morethan0.5,theco-
herencetime is:

TC � 9
16π fD

� or (is useavaluebetweenthetwo above):

TC � 0� 423
fD

Types of Fading
� the effect of multipathphenomenadependson

thenatureof thesignal(it’s symbolrateor it’s
reciprocal,thebandwidth)

� if thesignalbandwidthis muchlessthantheco-
herencebandwidth,the channelis saidto be a
flat-fadingchannel,otherwiseit’s a frequency-
selectivechannel

� equivalently, for a flat-fadingchannelthedelay
spreadis muchshorterthanthesymbolperiod

� the channelcan also be characterizedas fast-
fading or slow-fading, dependingon whether
the Doppler spreadis much greater than or
muchlessthanthesignalbandwidth

� it canalsobeneitherfast-nor slow-fading

Flat- and Frequency-Selective Channels
� the flat-fading channelis also called narrow-

bandchannelbecausesignalbandwidthis much
smallerthanthecoherencebandwidth:

BS � BC

� or, equivalently, the symbol period is much
greaterthanthedelayspread:

TS � στ

� for a frequency-selective channel(also known
asa widebandchannel)thedelayspreadof the
channelis notmuchshorterthanthesymbolpe-
riod

� the energy from one symbol is received dur-
ing subsequentsymbol periodscausinginter-
symbolinterference(ISI)

� thefrequency-selective channelchannelis spec-
ified by it’s power delayprofile

� rule of thumb:channelis frequency-selective if
rmsdelayspreadστ:

στ 
 TS
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� achannelcanbeany of thefour combinationof
slow/fastandflat- or frequency-selective

� it’s alsopossiblethechannelscannotbeclearly
classifiedas either (e.g. fading rate not much
greateror muchlessthansymbolperiod)

Rayleigh Distribution
� if therealandimaginarycomponentsof acom-

plex r.v. are normally distributed as ��� 0� σ � ,
theamplitudeof ther.v. is Rayleighdistributed:

� probabilitydensity:

p� r � �
r

σ2 exp 	 r2

2σ2 � 0 � r � ∞ �
0 � r � 0�

�

� cumulative distibution:

P� R� � Pr � r � R� � 1 	 exp 	 R2

2σ2

� envelope has a mean1� 25σ, variance0� 43σ2

andmedian1� 18σ
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Ricean Distribution
� if adda (complex) constantof magnitudeA to

theabove r.v., themagnitudehasa Riceandis-
tribution

� probabilitydensity:

p� r � �
r

σ2 exp 	 r2 � A2

2σ2 I0 � Ar
σ2 ��� A � 0� r � 0�

0 � r � 0�
�

� oftenuseratioof fixedto randomsignalpowers:

K � A2

2σ2
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