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Modulation- Part1
After this lectureyoushouldbeableto:

� computeShannoncapacityfor theAWGNchannel
� computemodulationindex andbandwidthfor FM signals
� determineif a filter meetsNyquistcriteria for no ISI
� computetransferfunctionandimpulseresponseof RRCandGaussianfilters
� computeoutputof abovefilters to binarysignals
� computebandwidthfor a givenPSDandbandwidthdefinition
� computeoutputSNRfor FM discriminatorgiventhemodulationindex andinput SNR
� computeoutputSIRfor DSSSreceiverin AWGN
� computeBERfor FH SSreceiver

Communication System
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� we will concentrateon modulationsuitablefor
wirelesssystems

� for anAWGN channelthemaximumerror-free
datarateis
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� this is theShannoncapacitybound

Exercise: What is the capacity of the telephone channel

assuming it is an AWGN channel, has a bandwidth of 4

kHz and an SNR of 255 (24 dB)? If you could either double

the bandwidth or double the SNR, which would provide the

greater increase in capacity?

Analog: AM, FM, SSB, PM, VSB
� oldersystemsareanalog

� AM usedfor aeronauticalmobile andMF, HF
broadcast

� NBFM usedfor mostland-mobilesystems

� WBFM for VHF audiobroadcast

� VSB usedfor VHF videobroadcast

� SSBusedfor HF

FM
� mostwidely usedanalogmodulationfor wire-

lesscommunication

� dueto:

� immunity to noisethataffectsamplitudeonly

� captureeffect eliminatesinterferenceat high-
enoughSIR

� demodulatoroutput(audio)SNRcanbehigher
thaninput (IF) SNR

� transmitterscanuseefficient, non-linear(class
C) RF power amplifiers

� a sine-modulatedFM signal of amplitude A,
carrier frequency fc and peakfrequency devi-
ationof ∆ f :
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� modulationindex (β) for sinusoidalmodulation
of FM:

β � ∆ f � fm

� for non-sinusoidalmodulation use the maxi-
mumsignalfrequency for fm

� Carson’s rule: 98%of thepower is containedin
abandwidth:

B � 2
�
β � 1



fm

Exercise: Commercial FM broadcasting uses ∆ f of about

80 kHz and the audio signals have fm of about 20 kHz.

What is the modulation index? What is the bandwidth?

� for WBFM β  1, for NBFM β � 1

Exercise: What is β when B � 2 fm?

FM Demodulators
� for an AM demodulatorthe outputSNR is the

sameastheinputSNR

� for anFM discriminatortheoutputSNRcanbe
higherthanthe input SNR(if the input SNRis
above a threshold)

� SNRimprovementandthethresholddependon
β, for sinusoidalmodulation,and input SNR
above threshold,

SNRout � 3
�
β3 	 β2 
 SNRin

� at SNRsbelow threshold,get “click” (impulse)
noiseinsteadof Gaussiannoise

Digital Modulation
� moreflexible: canbe usedfor voice, dataand

video

� sourcecodingto reducedata/bandwidth

� FECcodingto improve performance

� encryptionis possible

Choice of Modulation
� power efficiency (BERversusEb � N0)

� spectralefficiency (b/s/Hz)

� errorfloor on fadingchannel

� complex decision- needto considermany fac-
tors:

� sensitivity to fading(e.g.phasesynchronization
requirements)

� performancein multipathandinterference

� implementationcosts(e.g. needfor linear am-
plifiers)

� complexity of transmitterandreceiver

� ability to useRAKE, time diversity, soft hand-
off, discontinuoustransmission,etc.

� e.g. often it’s spectralefficiency in b/s/Hz/km
thatmatters

Bandwidth
� many definitions

� basedon the power spectraldensity(PSD) of
thesignal

� spectrumcanhave continuousanddiscrete(pe-
riodic) components

� “absolutebandwidth” - total bandwidthwhere
PSDis non-zero

� null-to-null bandwidth- for periodic modula-
tion

� half-power (3dB)bandwidth- wherePSDdrops
-3 dB from peak

� FCCdefinitions(e.g.CFR4790.209):

� authorizedbandwidth- what the transmitterli-
censesays(e.g.20 kHz)

� occupiedbandwidth- contains99% of power
plusspurious

� necessarybandwidth- usuallysameasoccupied
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� spectralmask

� limits to PSDor spurious

� oftenquotedin regulationsor standardsto spec-
ify allowedadjacent-channelinterferencelevels

Exercise: The PSD of a signal is 1 mW/Hz at 1MHz and

decays linearly until it is zero at 900 kHz and 1.1 MHz.

What are the absolute, half-power, and 99%-power (“occu-

pied”) bandwidths?

Nyquist Criteria
� limited bandwidth( � impulseresponse,h

�
t


,

is not animpulse)causesinter-symbolinterfer-
ence(ISI)

� to ensureno ISI at samplingtimes h
�
t



must
have zerosatmultiplesof thesymbolperiod

� h
�
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includeseffect of transmitfilters, channel
bandwidthlimits andreceive filters

� Nyquist no-ISI criteria: the overall channel
transferfunctionmustbesymmetricalabout 1

2T

� use transmit and receive filters plus channel
equalizersso completechannelmeetsNyquist
criteria

� transmitandreceive filters typically have trans-
fer function H

�
f



� parameterα is “excessbandwidth”

� α � 0 is a “brick wall” filter

� α � 1 meanstwicetheminimumrequiredband-
width is used

� most common example is the “root raised-
cosine”filter

� no-ISI symbolrate is twice the (1-sided)base-
bandbandwidth

� RF bandwidthis twice thebasebandbandwidth

� canuseotherfilters thanraised-cosine

� e.g. Gaussianfilter: has smootherh
�
t



and
smootherH

�
f


, but doesnot meetNyquist re-

quirementfor no ISI

Signal Space Description
� informationto betransmittedis encodedinto a

sequenceof symbols

� assumehave M differentsymbols

� we canrepresenteachof the possiblesymbols
asa weightedsumof orthonormalbasisfunc-
tions

� might requireup to M basisfunctions

� e.g. basisfunctionsmight be cos
�
2π fct



and

sin
�
2π fct



for 0 � t � Ts

� plotting the symbolsalongaxis corresponding
to basisfunctionsgivesthe“constellation”

� we can derive symbol error rate (for a re-
ceiver usingfilters matchedto basisfunctions)
in termsof theMarkum’s Q

����

function

Spread Spectrum
� is amultiple-accesstechnique,notamodulation

method

� will cover in detail later

� two types:directsequence(DS)andfrequency-
hopping(FH) SS

� both use pseudo-randomsequencesto the
spreadsignaloveramuchwiderbandwidththan
necessary(ordersof magnitudemore than the
symbolrates)

� uselaw of largenumbers(distribution of a sum
of large numberof RV is Gaussian)to average
out interferencefor all users

� numberof practicaladvantages:

� robust to narrow-bandinterference

� low probabilityof intercept

� multiple pathscan be demodulatedand com-
bined with RAKE receiver insteadof causing
ISI (equivalentof frequency diversity)

� practicaldisadvantagesfor DS SS:
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� correlators not as effective as IF filters in
cancellingundesiredsignals(requiresaccurate
powercontrol)

� requireslinear(ized)PA

� more complex signal processingand system
planning

PN sequences

� repeatablebinarysequence

� low cross-correlation,auto-correlation

� maximal-lengthsequencerepeatswith period
2N � 1

DS SS

� transmittermultiplies thebasebandsignalwith
aPN code

� (convolvesthesignalin frequency, thusspread-
ing it)

� eachPN symbolis calledchip,chip rate

� at receiver a synchronizedPN generatormulti-
plies by multiplicative inverseof the transmit-
ting PN code

� result is the transmittedbasebandsignalwhich
is demodulatednormally

� thepost-despreadingIF filter hasbandwidthap-
proximatelyequalto symbolrate

� signalsthatareuncorrelatedwith PN signalare
not despread,only a fractionof this signalgets
throughthepost-despreadingfilter

� processinggain (rejection of uncorrelatedin-
terference)is sameas ratio of pre- to post-
decorrelatorbandwidths

� SNRis thesameasfor anarrowbandsystem

� SIR can be more equally distributed between
usersthanin anarrow-bandsystem

FH SS
� the PN sequenceis usedto selectfrom a large

setof possiblecarrierfrequencies(channels)

� transmitterfrequency “hops” from channelto
channel

� can have slow (multiple symbols/hop)or fast
(multiplehops/symbol)FH

� thereceiver’ssynchronizedPNsequenceisused
to tunethereceiver

� performancedeterminedby probabilitythattwo
userswill hopto thesamefrequency atthesame
time

Performance of SS
� for DS SS:

� performancein fading and multipath difficult
to predictsinceresultssensitive to assumptions
aboutpropagation

� can derive simple resultsin absenceof fading
or multipathandassumingothersusersgenerate
uncorrelatedinterference

� for FH SS:

� resultswill vary with propagationassumptions

� if nocollision, thenBER is unchanged

� if collision,BER is about0.5

� probabilityof collision

� useFECto correctfor inevitablecollisions
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