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Abstract
In this paper, we seekto evaluatethe performanceof
a 60 GHz WLAN systemtaking into accountRF cir-
cuitry imperfectionsandhardwarerequirementsfor var-
ious modulationtechniques. A model of an RF front-
endis developed,includingphysicalimperfectionsof the
circuitry suchaspower amplifier (PA) nonlinearityand
voltagecontrolledoscillatorVCO phasenoise.Giventhe
RF front-endmodel,severalmodulationtechniquessuch
asOrthogonalFrequency DivisionMultiplexing (OFDM)
and ContinuousPhaseModulation (CPM) are consid-
ered.Theevaluationof thesystemperformancein terms
of bit errorrateallowsa betterunderstandingof physical
circuitry limitations,andoptimalmodulationparameters
aswell ascircuit designrecommendationscanbederived.
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1. Intr oduction

Theneedfor high dataratescommunicationsystemshas
beendramaticallyincreasingin recentyears[1]. The60
GHz band(59–64GHz), an unlicensedfrequency band,
hasbeeninvestigatedasapotentialbandfor wirelesshigh
dataratetransmission.Oneof its main propertiesis the
existenceof strongattenuationdueto theoxygenabsorp-
tion and obstacles,resultingin a good frequency reuse
factor, but also limiting the coverageof the cells in the
cellularcommunicationnetwork.

Radiofrequency (RF) hardwarewith idealcharacter-
isticsis difficult to designfor the60GHzband.Problems
suchaspoweramplifier(PA) non-linearityandoscillator
phasenoiseare more prominentfor thesecircuits than
for circuits designedfor lower frequencies.Therefore,
we shouldtake theseeffects into accountin the overall
communicationchannel.

This reportis afirst effort in anongoingwork aiming
at evaluatingtheperformanceof variouscommunication
techniquesin presenceof hardware imperfections. We
studyhow theperformanceof a systemis affectedby the
non-linearityof theamplifier, andthephasenoiseof the
oscillatorsandphase-lockedloopsat the transmitterand

receiver. Even for a noiselesschannel,the degradation
dueto non-linearitiesandphasenoisecanbecomesevere,
leadingto poor performance.We have chosento study
anorthogonalfrequency divisionmultiplex (OFDM) sys-
tem,dueto its goodperformancefor multipathchannels.
We alsostudya CPM system,which is moreresistantto
thenon-linearitiesof thepoweramplifier.

In section2, we give a generalbackgroundon non-
idealitiesarisingfrom theRFfront-endof awirelesstran-
ceiver aswell asa brief insight on modulationmethods
employedin thebasebandback-end.Section3 describes
themodelsof theRFhardware,includingphasenoiseand
power amplifiernon-linearity. In section4, someexper-
imentsareperformedin orderto characterizetheeffects
of thehardwareimperfectionsfor anOFDM anda CPM
system.

2. Background

2.1. Systemdescription

Figure1 shows theblock diagramof thecommunication
system. In the basebandmodulatorblock, input sym-
bols aremodulated(usingCPM or OFDM modulation)
andfed into the analogRF front end. The signal is up-
convertedto thedesiredfrequency band,andthenampli-
fiedto anadequatepowerlevel, to betransmittedthrough
thechannel.Thereceiver amplifiesthe input signal,and
down-convertsit to baseband,whereit canbe demodu-
latedandfurtherprocessed.Due to nonlinearitiesin the
poweramplifierandphasenoiseof theVCO, thedemod-
ulatedbitsmaycontainerrorsevenon annoiselesschan-
nel.

2.2. Front-end imperfections

Power Amplifier (PA) linearity and VoltageControlled
Oscillator (VCO) stability are critically important in
practicalsystems.If not considered,they may severely
degradetheperformanceof adigital communicationsys-
tem. Theseimperfections,depictedin Figure1 assolid
line boxes,arestudiedin this paper.
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Figure1: 60GHztransceiverfront-end.Solid linesboxes
include non-idealpropertiesstudiedin this paper. The
basebandmodulationinvestigatedarebothQPSK/OFDM
andCPMschemes.

2.2.1. Amplifiernonlinearities

Many transmissionsystemsandparticularlymulticarrier
systemsshow a notablesensitivity to the non-linearef-
fects causedby the use of non-linearamplifiers. The
non-lineardistortionscausesignalcompressioncreating
interferencebetweensubcarriers[2] calledInter-Carrier
Interference(ICI). In orderto maintainacceptableperfor-
mancein presenceof nonlinearities,largeinput back-off
mayberequiredresultingin low powerefficiency. There-
fore, a studyof the systemis requiredto find a reason-
abletrade-off betweentransmittedpowerandlink perfor-
manceof thesystem.

2.2.2. VCOphasenoise

Anotherimportantmatterwhenit comesto designawire-
lesstransceiver is thequalityof theVCO. Theamountof
phasenoisepresentin theVCO is ameasureof thisqual-
ity, usuallygivenasa ratio of power in onephasemodu-
lation sidebandto thetotal power perunit bandwidth,or
dBc/Hz at a certainoffset from the carrier frequency. 1

Onecanseephasenoiseasarandomchangein thephase
termof theoscillator.

The existenceof this perturbationleads to a mis-
matchedup/down-conversionof the signal. In multicar-
rier schemeslike OFDM, phasenoise is a particularly
sensitive factor that causessubcarriersto interfere be-
tweeneachotherandhenceincreasestheerrorprobabil-
ity of the communicationlink. Anothereffect of phase
noiseis introducingsomeuncertaintyin the modulated
signal. Phasenoiseandmoregenerally

�������
noisegen-

erationfor simulationhasbeenextensively studiedin [3]
and [4]. Someresultsarereportedregardingeffectson
OFDM systemsin [5]. Thereareseveral waysof mod-
eling thephasenoiseprocesssuchasanAR filter based
model[3], or by shapingthefrequency responseof phase
noiseaccordingto somepracticalmeasurementsusing

1dBcdenotesthedecibelsrelative to thecarrierpower.

Leeson’s noisespectrummodeldescribedin [6]. More
on thiscanbefoundin section3.2.

2.3. Modulation methods

Amongtheexisting modulationmethods,we focusedon
OFDM andCPM. OFDM issuesin broadbandwireless
systemshave beenwidely discussed[1] and consider-
ations for 60 GHz channelhave beenreportedin [7].
CPMis seenasanattractivemodulationtechniquedueto
its constantenvelopethatmakesit lesssensitive to non-
linearities.

2.3.1. OFDM

OrthogonalFrequency DivisionMultiplexing (OFDM) is
a multicarriertransmissiontechnique,which dividesthe
available spectruminto a numberof subchannels,each
onebeingmodulatedby a low ratedatastream.OFDM
usesthespectrumefficiently by overlappingthesubchan-
nels in such a way that they are kept orthogonal[8].
OFDM transmissionschemesareparticularlyinteresting
in the presenceof time dispersionof the channeldueto
multiple pathsarriving at differenttime. Anotheradvan-
tageis thepossibility to adjustthedatarateof eachsub-
carrieraccordingto their Signal-to-Noiseratio. On the
otherhand,OFDM presentsseveraldrawbacksof which
two of themareanalyzedin this paper. First, theOFDM
signalis moresensitiveto frequency mismatchandphase
noisecomparedto single carrier schemes.Second,the
high peak-to-averagepower ratio of anOFDM signalre-
quireslinear amplifiers,which tend to be costly and to
reducethepower efficiency. Both effectsdeterioratethe
orthogonalitybetweensubcarriersandintroduceICI.

2.3.2. CPM

In ContinuousPhaseModulation(CPM) theinformation
symbolsaretransmittedby changingthe phaseof a car-
rier signal.Thetransmittedphasefunctionis continuous
over time for all symbolsequences,which makestheen-
velopeof thetransmittedsignalto beconstant.Therefore,
non-linearamplifiersarenot a problem. In addition,the
continuousphasefunctionin CPM createssmallspectral
side lobesascomparedto e.g. the discontinuousphase
function in constantamplitudePSK.EachCPM symbol
is transmittedby a phasefunction called the phasere-
sponsefunction, having an amplitudedependingon the
CPM symbol,andthe transmittedphaseis a superposi-
tion of thesephasefunctions.Thetotal phasechangefor
eachsymboldependson a parametercalledthemodula-
tion index, � . A commonnotationfor CPM with a lin-
earphaseresponsefunctionof lengthoneis Continuous
PhaseFrequency Shift Keying (CPFSK).The continu-
ousphaserestrictionandphaseresponsefunctionslonger
than one CPM symbol introducesfinite memoryin the
modulation.Hence,theViterbi algorithmis anoptimum



receiverfor CPMontheAWGN channel.A standardref-
erenceof CPMis [9].

3. Modeling the fr ont-end imperfections

In thissection,wedescribethemodelswehaveemployed
in order to simulatethe front-end. We focusour atten-
tion on thepoweramplifier in thetransmitter, andon the
oscillatorsin the transmitterand the receiver. We have
derivedequivalentbasebandmodelsof theamplifiernon-
linearitiesandthephasenoise.

3.1. Basebandequivalentmodelof the non-linear am-
plifier

The non-linear characteristicof the amplifier can be
found usingsingletonemeasurements.The nonlineari-
tiesareusuallyrepresentedby a power series.Theinput
output relationshipof a nonlinearamplifier can thusbe
writtenas ��	�
������	���	�
����� ������� � � � � 	�
� (1)

where��	�
� is themodulatedsignalat theinputof theam-
plifier, ��	�
�!�#"$	�
�&%('*)+	-,�. ��/ 
10324	�
���65 (2)

Both 27	�
� and "$	�
� arenarrow bandbasebandsignal.
Writing ��	�
� in termsof its equivalentlow-pass,and

substitutingin (1), it emergesthatonly odd termsin the
seriescontribute in the output aroundthe desiredfre-
quency band,andthe equivalentinput-outputrelationin
thebasebandcanbewrittenas8�9	�
�!�;:�<>=?�@A� / �CB @ED��, B @ F ,�GH0 �GI0 ��JLK 8��	�
� K B @AD��(M(NPORQTS�U (3)

where
8��	�
� and

8��	�
� are equivalentbasebandinput and
outputof thenonlinearamplifier.

A similarprocedurecanbefollowedto find theeffect
of theintermodulationtermsin thebaseband[10] but this
is not consideredin this study. The input-outputchar-
acteristicof thenonlinearamplifier is shown in figure2.
The model wasderived by fitting a power seriesto the
amplitudeandphasecurvesof a60GHzpoweramplifier.

3.2. BasebandRepresentationof PhaseNoise

Phasenoise originatesfrom several sources;one part
stemsfrom instabilitiesin the transmitteroscillator, an-
otherpart from the receiver oscillator, but alsoDoppler
effects and channelnoise passingthrough the phase-
locked loop contributesto the total phasenoise. In this
document,we generatethe phasenoiseprocessV 	�
� as
a Gaussiandistributed randomprocesswith a variance
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Figure2: AM-AM effect in nonlinearamplifier
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Figure3: Phasenoisepowerspectraldensity.

W B� . Its spectrumis definedby anAR filter whosetransfer
functionis givenasX 	-Y>��� "�[Z]\ Y4^ � (4)

where " and
\

areparametersusedto control thecutoff
frequency andthe power of the phasenoise. The spec-
trum of phasenoisegeneratedby this modelis shown in
figure(3).

We alsodefinea phaseSNRas_a`cb � �ed�f '*g � / 	 . BW B� �6h (5)

whereW B� is thephasenoisepower. Hereit is importantto
noticethata VCO with phasenoisewill have a resulting
bandwidthwhichis notonly varyingwith thephasenoise
power but alsowith the phasenoiseprocessbandwidth
thatis dictatedby theAR filter.

Ideally, acomplex basebandsignal
8�i	�
���#"$	�
� M NPORQTS�U

is upconvertedby a phasenoise-freeVCO with center



frequency
��/

andtheoutputof themixer is givenby��	�
�E� b M*j "L	�
� M BPk�lnm S�DoORQTS�UPp (6)

However, due to physical imperfectionspresentin the
VCO, the phaseof the carrier is not fixed but ratheraf-
fectedby a randomphasenoiseprocessV 	�
� sothat ��	�
�
becomes ��	�
�!� b M*j "L	�
� M BPk�lm S�DoORQTS�U�D�q*QTS�U p (7)

Theequivalentcomplex basebandmodulationaffectedby
phasenoiseis 8��	�
���r"L	�
� M NPORQTS�U�Doq*QTS�U (8)

Thisprocesscanbeusedto simulatethetotalphasenoise
experiencedby the modulation. We may look at

M NPq*QTS�U
as the combinationof phasedisturbancesoccuring in
the transmitterandreceiver oscillatorsaswell asdistur-
bancesarisingfrom thechannel(e.gDopplershift).

4. Experiments

4.1. Simulation setup

4.1.1. OFDM

Thesystemin figure1 is usedasthesetupfor this simu-
lation. An OFDM signalwith 256subcarriers,eachmod-
ulatedby 16QAM or DQPSK,is generatedin the base-
bandmodulator. During upconversionphasenoiseis in-
troducedby the oscillator, andthe power amplifier will
furtherdistortthesignal.

4.1.2. CPM

A CPM systemconsistingof a transmitteranda Viterbi
detectorperformingcoherentdetection,combinedwith
a simple phaseestimator, hasbeensimulatedwith the
phasenoiseprocess.TheCPMsystemis: binaryCPFSK
with � � ��� , (MSK) or 4-aryCPFSKwith � � ���ts

and
Graymapping,whichgives2 bits perCPMsymbol.

4.2. Results

4.2.1. OFDM

Theeffectof amplifiernon-linearityontheOFDM signal
canbe seenby looking at the received signalconstella-
tion aftertheFFTblock. As shown in figure4, dueto the
randomnessof thenonconstantamplitudesignalin each
subcarrierinterval, a distribution of signal points is re-
ceived,insteadof asinglepoint. Also becauseof theam-
plifier gain compression,the centerof thesecloudsgets
closerto theorigin. Anothereffect is the rotationof the
signalspacedueto AM-PM effect. The varianceof the
distributionis afunctionof thenumberof subcarriersand
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Figure 4: Received signal constellationfor N=256 and
IBO=3.27dB
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thecenterdependsonthepowerof thetransmittedsignal.
Whenthenumberof subcarriersis increased,a Gaussian
distribution will be a valid approximationfor the distri-
bution of the received points in the signalspace(figure
5). Therefore,theeffectof thenonlinearityontheperfor-
manceof thesystemcanbecompletelydescribedby the
meanandthevarianceof thesignalpoints.

Usinga Gaussianapproximation,thebit errorrateof
anOFDM systemwith 256subcarriersin thepresenceof
a non-linearityhasbeencomputed.Notethatbecauseof
the rotationof the signalspaceandthe power compres-
sion, the received signal constellationis not symmetri-
calandthedistancebetweenadjacentpointsin thesignal
constellationarenot thesame.Thereforewe cannot use
the standardmethodsof calculatingbit error ratefor 16
QAM. Theconditionalsymbolerrorprobabilitymustbe
found first and then the total symbol error rate can be
derived by averagingthe conditionalprobabilities. Fig-
ure 6 shows simulationresultsfor thebit error ratever-
susamplifier input back-off in a noise-freesystem.The
BER versusSNRfor a systemincludingAWGN channel
is shown in figure8.

Figure7 presentBERresultsof anOFDM systemus-
ing DQPSK,andof a standardDQPSKsystem,for dif-
ferentphaseSNRasdefinedin equation5. In thissimula-
tion, we inject a phasenoisein thetransmittedbaseband
signal. We assumethatphasenoiseis introducedby the



transmitterandreceiverVCOswithoutcontributionfrom
thechannel.
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a noise-freesystem
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Figure 7: BER vs phase SNR for QPSK and
QPSK/OFDM

4.2.2. CPM

In theCPM systemsimulations,thephasenoiseprocess
hasthesamebandwidthasin theOFDM systemsimula-
tions. Furthermore,the bandwidthsof the CPM system
and the OFDM systemare the same. This meansthat
whenQPSKor DQPSKis usedin theOFDM systemand
4-ary CPM is usedin the CPM system,the bit ratesare
thesame.

In figure 9 the bit error ratefor CPM causedby the
phasenoiseis shown. It is clearly seenthat the 4-ary
CPFSKis moresensitive to thephasenoise,which is no
surprisesincethephasetrajectoriesaremuchmoredense
thanin MSK. However, thebit rateis twice ashigh with
the4-aryCPFSKascomparedto MSK.

5. Conclusions

We haveperformedsystemsimulationsof OFDM, CPM,
andsingle-carrierQPSK, including RF circuitry imper-
fections.Theresultsshow thatwith theassumedmodels,

theOFDM systemis highly sensitive to amplifiernonlin-
earitiesandoscillatorphasenoise. The CPM systemis
immunetowardsamplifiernonlinearities,andlesssensi-
tive thanOFDM towardsphasenoise.
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