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Abstract

In this paper we seekto evaluatethe performanceof
a 60 GHz WLAN systemtaking into accountRF cir-
cuitry imperfectionsand hardwarerequirementgor var-
ious modulationtechniques. A model of an RF front-
endis developed,ncludingphysicalimperfectionof the
circuitry suchas power amplifier (PA) nonlinearityand
voltagecontrolledoscillatorVCO phasenoise.Giventhe
RF front-endmodel,severalmodulationtechniquesuch
asOrthogonaFrequeng DivisionMultiplexing (OFDM)
and ContinuousPhaseModulation (CPM) are consid-
ered. Theevaluationof the systemperformanceén terms
of bit errorrateallows a betterunderstandingf physical
circuitry limitations, andoptimal modulationparameters
aswell ascircuitdesignrecommendationsanbederived.
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1. Intr oduction

Theneedfor high dataratescommunicatiorsystemdas
beendramaticallyincreasingn recentyears[1]. The60
GHz band(59-64GHz), an unlicensedrequeng band,
hasbeeninvestigatedsapotentialbandfor wirelesshigh
dataratetransmission.Oneof its main propertiess the
existenceof strongattenuatiordueto the oxygenabsorp-
tion and obstaclesyesultingin a good frequeng reuse
factor but alsolimiting the coverageof the cellsin the
cellularcommunicatiometwork.

Radiofrequeng (RF) hardwarewith ideal character
isticsis difficult to designfor the60 GHz band.Problems
suchaspower amplifier (PA) non-linearityandoscillator
phasenoise are more prominentfor thesecircuits than
for circuits designedfor lower frequencies. Therefore,
we shouldtake theseeffectsinto accountin the overall
communicatiorchannel.

Thisreportis afirst effort in anongoingwork aiming
at evaluatingthe performanceof variouscommunication
techniquesn presenceof hardware imperfections. We
studyhow the performancef a systemis affectedby the
non-linearityof the amplifier, andthe phasenoiseof the
oscillatorsandphase-lockdloopsat the transmitterand

recever. Evenfor a noiselesschannel,the degradation
dueto non-linearitiesandphasenoisecanbecomesevere,
leadingto poor performance.We have chosento study
anorthogonalrequeng divisionmultiplex (OFDM) sys-
tem, dueto its goodperformancdor multipathchannels.
We alsostudya CPM systemwhich is moreresistanto
thenon-linearitiesof the power amplifier.

In section2, we give a generalbackgroundon non-
idealitiesarisingfrom the RF front-endof awirelesstran-
ceiver aswell asa brief insight on modulationmethods
employedin thebasebandback-end.Section3 describes
themodelsof theRF hardware,includingphasenoiseand
power amplifier non-linearity In section4, someexper
imentsare performedin orderto characterizehe effects
of the hardwareimperfectionsor an OFDM anda CPM
system.

2. Background
2.1. Systemdescription

Figurel shows the block diagramof the communication
system. In the basebandnodulatorblock, input sym-

bols are modulated(using CPM or OFDM modulation)
andfed into the analogRF front end. The signalis up-

corvertedto the desiredirequeny band,andthenampli-

fiedto anadequat@owerlevel, to betransmittedhrough

the channel.Therecever amplifiestheinput signal,and

down-corvertsit to basebandwhereit canbe demodu-
latedandfurther processedDue to nonlinearitiesn the

poweramplifierandphasenoiseof the VCO, thedemod-
ulatedbits may containerrorsevenon annoiselesghan-

nel.

2.2. Front-endimperfections

Paver Amplifier (PA) linearity and Voltage Controlled
Oscillator (VCO) stability are critically important in
practicalsystems.If not consideredthey may severely
degradethe performancef a digital communicatiorsys-
tem. Theseimperfectionsdepictedin Figure 1 assolid
line boxes,arestudiedin this paper
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Figurel: 60 GHztranscererfront-end.Solid linesboxes
include non-idealpropertiesstudiedin this paper The
basebandodulationinvestigatecdrebothQPSK/OFDM
andCPMschemes.

2.2.1. Amplifiernonlinearities

Marny transmissiorsystemsand particularlymulticarrier
systemsshow a notablesensitvity to the non-linearef-

fects causedby the use of non-linearamplifiers. The

non-lineardistortionscausesignalcompressiorcreating
interferencebetweensubcarrierd2] called Inter-Carrier
InterferencdICl). In orderto maintainacceptabl@erfor

mancein presencef nonlinearities)arge input back-of

mayberequiredresultingin low powerefficiency. There-
fore, a study of the systemis requiredto find a reason-
abletrade-of betweertransmittecdbowerandlink perfor

manceof the system.

2.2.2. VCOphasenoise

Anotherimportantmatterwhenit comedo designawire-
lesstransceveris thequality of the VCO. Theamountof
phasenoisepresenin theVCO is ameasuref this qual-
ity, usuallygivenasaratio of powerin onephasemodu-
lation sidebando the total power per unit bandwidth,or
dBc/Hz at a certainoffset from the carrierfrequeng. *
Onecanseephasenoiseasarandomchangen thephase
termof the oscillator

The existenceof this perturbationleadsto a mis-
matchedup/davn-conversionof the signal. In multicar
rier schemedike OFDM, phasenoiseis a particularly
sensitve factor that causessubcarriersto interfere be-
tweeneachotherandhenceincreaseshe error probabil-
ity of the communicationlink. Anothereffect of phase
noiseis introducingsomeuncertaintyin the modulated
signal. Phasenoiseandmoregenerallyl/ f* noisegen-
erationfor simulationhasbeenextensively studiedin [3]
and[4]. Someresultsare reportedregardingeffectson
OFDM systemdn [5]. Thereare seseral ways of mod-
eling the phasenoiseprocesssuchasan AR filter based
model[3], or by shapinghefrequeng responsef phase
noise accordingto some practical measurementssing

1dBc denoteghedecibelsrelative to the carrierpower.

Leesons noise spectrummodel describedn [6]. More
onthis canbefoundin section3.2.

2.3. Modulation methods

Amongthe existing modulationmethodswe focusedon
OFDM and CPM. OFDM issuesin broadbandvireless
systemshave beenwidely discussedl] and consider
ationsfor 60 GHz channelhave beenreportedin [7].

CPMis seemsanattractive modulationtechniquedueto

its constantervelopethat makesit lesssensitve to non-
linearities.

2.3.1. OFDM

OrthogonaFrequenyg Division Multiplexing (OFDM) is
a multicarriertransmissiortechniquewhich dividesthe
available spectruminto a numberof subchannelseach
one beingmodulatedby a low rate datastream.OFDM
useghespectrunefficiently by overlappingthesubchan-
nels in such a way that they are kept orthogonal[8].
OFDM transmissiorschemesreparticularlyinteresting
in the presencef time dispersionof the channeldueto
multiple pathsarriving at differenttime. Anotheradvan-
tageis the possibility to adjustthe datarate of eachsub-
carrieraccordingto their Signal-to-Noiseratio. On the
otherhand,OFDM presentseveral drawbacksof which
two of themareanalyzedn this paper First, the OFDM
signalis moresensitve to frequeng mismatchandphase
noisecomparedo single carrier schemes.Second the
high peak-to-&eragepower ratio of an OFDM signalre-
quireslinear amplifiers,which tend to be costly andto
reducethe power efficiency. Both effectsdeterioratehe
orthogonalitybetweersubcarrierandintroducelCl.

2.3.2. CPM

In ContinuousPhaseModulation(CPM) the information
symbolsaretransmittecby changingthe phaseof a car
rier signal. The transmittecbhasefunctionis continuous
overtime for all symbolsequencesyhich makestheen-
velopeof thetransmittedsignalto beconstantTherefore,
non-linearamplifiersarenot a problem. In addition,the
continuougphasdunctionin CPM createssmall spectral
sidelobesascomparedo e.g. the discontinuougphase
functionin constantamplitudePSK. EachCPM symbol
is transmittedby a phasefunction called the phasere-
sponsefunction, having an amplitudedependingon the
CPM symbol, andthe transmittedphaseis a superposi-
tion of thesephasefunctions. The total phasechangefor
eachsymboldependn a parametecalledthe modula-
tion index, h. A commonnotationfor CPM with a lin-
earphaseresponsdunction of lengthoneis Continuous
PhaseFrequeng Shift Keying (CPFSK). The continu-
ousphaseestrictionandphaseesponséunctionslonger
than one CPM symbolintroducesfinite memoryin the
modulation.Hence the Viterbi algorithmis anoptimum



receverfor CPMontheAWGN channel A standardef-
erenceof CPMis [9].

3. Modeling the front-end imperfections

In thissectionwe describehemodelswve have employed
in orderto simulatethe front-end. We focus our atten-
tion on the power amplifierin the transmittey andon the
oscillatorsin the transmitterand the recever. We have
derivedequivalentbasebandnodelsof theamplifiernon-
linearitiesandthe phasenoise.

3.1. Basebandequivalentmodel of the non-linear am-
plifier

The non-linear characteristicof the amplifier can be
found using single tone measurementsThe nonlineari-
tiesareusuallyrepresentethy a power series.Theinput
outputrelationshipof a nonlinearamplifier canthusbe
writtenas

y(t) = Gx(t) = ) anz"(t) @)

wherez(t) is themodulatedsignalattheinput of theam-
plifier,

z(t) = A(t) cos(27 fot + 6(¢)). 2

Bothd(t) and A(t) arenarronv bandbasebandignal.
Writing z(t) in termsof its equivalentlow-pass,and
substitutingin (1), it emegesthatonly oddtermsin the
seriescontribute in the output aroundthe desiredfre-
gueny band,andthe equivalentinput-outputrelationin
thebasebandanbewritten as

N-—1

SN azm+1 (2m +1
g(t) = 22m (m—l—l

m=0

) |.’f](t)|2m+1€j9(t) (3)

wherez(t) andj(t) are equivalentbasebandnput and
outputof thenonlinearamplifier.

A similar procedurecanbefollowedto find the effect
of theintermodulatiortermsin thebaseban{ll0] but this
is not consideredn this study The input-outputchar
acteristicof the nonlinearamplifieris shawvn in figure 2.
The modelwas derived by fitting a power seriesto the
amplitudeandphasecurvesof a60 GHz poweramplifier.

3.2. BasebandRepresentationof PhaseNoise

Phasenoise originatesfrom several sources;one part
stemsfrom instabilitiesin the transmitteroscillator, an-
other part from the recever oscillator, but also Doppler
effects and channelnoise passingthrough the phase-
locked loop contributesto the total phasenoise. In this
documentwe generatethe phasenoiseprocessy(t) as
a Gaussiardistributed randomprocesswith a variance
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e
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Figure2: AM-AM effectin nonlinearamplifier
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Figure3: Phasenoisepower spectraldensity

o2. Its spectrunis definedby anAR filter whosetransfer
functionis givenas

A
H(2) = 1—— (4)
where A anda areparametersisedto controlthe cutoff
frequeny andthe power of the phasenoise. The spec-
trum of phasenoisegeneratedy this modelis shavn in
figure(3).
We alsodefinea phaseSNR as

71'2

SNR = 1010%10(@% (5)
wheres? is thephasenoisepower. Hereit isimportantto
noticethata VCO with phasenoisewill have aresulting
bandwidthwhichis notonly varyingwith thephasenoise
power but alsowith the phasenoiseprocesshandwidth
thatis dictatedby the AR filter.

Ideally, acomplex basebandignali (t) = A(t)el?®)
is upcorvertedby a phasenoise-freeVCO with center



frequeng f, andthe outputof the mixeris givenby
x(t) = Re{ A(t)e*™ o0} (6)

However, due to physicalimperfectionspresentin the
VCO, the phaseof the carrieris not fixed but ratheraf-
fectedby arandomphasenoiseprocessy(t) sothatz(t)
becomes

z(t) = Re{A(t)e>m fotH0(H+o(t)} (7)

Theequivalentcomplex basebandhodulationaffectedby
phasenoiseis

E(t) = A(t)eje(t)+¢(t) (8)

This processanbeusedto simulatethetotal phasenoise
experiencedby the modulation. We may look at e/¢(*)

as the combinationof phasedisturbancesoccuring in

the transmitterandrecever oscillatorsaswell asdistur

bancesrisingfrom the channele.gDopplershift).

4. Experiments
4.1. Simulation setup
4.1.1. OFDM

The systemin figure 1 is usedasthe setupfor this simu-
lation. An OFDM signalwith 256 subcarrierseachmod-
ulatedby 16QAM or DQPSK,is generatedn the base-
bandmodulator During upcorversionphasenoiseis in-
troducedby the oscillator andthe power amplifier will
furtherdistortthe signal.

4.1.2. CPM

A CPM systemconsistingof a transmitteranda Viterbi
detectorperforming coherentdetection,combinedwith
a simple phaseestimatoy has beensimulatedwith the
phasenoiseprocessThe CPM systemis: binary CPFSK
with h = 1/2 (MSK) or 4-ary CPFSKwith h = 1/4 and
Graymappingwhich gives?2 bits per CPM symbol.

4.2. Results
4.2.1. OFDM

Theeffectof amplifiernon-linearityonthe OFDM signall
canbe seenby looking at the receved signal constella-
tion afterthe FFT block. As shovn in figure4, dueto the
randomnessf the nonconstanamplitudesignalin each
subcarrierintenval, a distribution of signal pointsis re-
ceived,insteadof asinglepoint. Also becaus®f theam-
plifier gain compressionthe centerof thesecloudsgets
closerto the origin. Anothereffectis the rotationof the
signalspacedueto AM-PM effect. The varianceof the
distributionis afunctionof thenumberof subcarrierand

Figure 4: Receved signal constellationfor N=256 and
IBO=3.27dB

0.08

Amplitude

Figure5: PDFof theamplitudeof OFDM signalwith 256
subcarriers

thecenterdepend®nthepower of thetransmittedsignal.
Whenthe numberof subcarrierss increaseda Gaussian
distribution will be a valid approximatiorfor the distri-
bution of the receved pointsin the signal space(figure
5). Thereforetheeffect of the nonlinearityonthe perfor
manceof the systemcanbe completelydescribedby the
meanandthevarianceof the signalpoints.

Usinga Gaussiarapproximationthebit errorrate of
anOFDM systemwith 256 subcarriersn the presencef
a non-linearityhasbeencomputed.Note thatbecausef
the rotation of the signal spaceandthe power compres-
sion, the receved signal constellationis not symmetri-
cal andthe distancebetweeradjacenpointsin thesignal
constellatiorarenot the same.Thereforewe cannot use
the standardmethodsof calculatingbit error ratefor 16
QAM. The conditionalsymbolerror probability mustbe
found first and then the total symbol error rate can be
derived by averagingthe conditionalprobabilities. Fig-
ure 6 shavs simulationresultsfor the bit errorratever
susamplifierinput back-of in a noise-freesystem.The
BER versusSNRfor a systemincluding AWGN channel
is shavnin figure8.

Figure7 presenBER resultsof anOFDM systenus-
ing DQPSK,andof a standardQPSK system for dif-
ferentphaseéSNRasdefinedin equatiorb. In thissimula-
tion, we inject a phasenoisein thetransmittecbaseband
signal. We assumeéhat phasenoiseis introducedby the



transmitterandreceiver VCOswithout contribution from the OFDM systemis highly sensitve to amplifiernonlin-

thechannel. earitiesand oscillator phasenoise. The CPM systemis
immunetowardsamplifier nonlinearities andlesssensi-
107 : : tive thanOFDM towardsphasenoise.
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Figure 7: BER vs phase SNR for QPSK and
QPSK/OFDM
4.2.2. CPM

In the CPM systemsimulationsthe phasenoiseprocess
hasthe samebandwidthasin the OFDM systemsimula-
tions. Furthermorethe bandwidthsof the CPM system
andthe OFDM systemare the same. This meansthat
whenQPSKor DQPSKis usedin the OFDM systemand
4-ary CPMis usedin the CPM system the bit ratesare
thesame.

In figure 9 the bit error rate for CPM causedby the
phasenoiseis shavn. It is clearly seenthat the 4-ary Figure9: BERvs. phaseSNRfor MSK and4-aryCPFSK
CPFSKis moresensitve to the phasenoise,whichis no h=1/4.
surprisesincethe phasedrajectoriesaremuchmoredense
thanin MSK. However, the bit rateis twice ashigh with
the4-ary CPFSKascomparedo MSK.

Bit Error Probability

—— MSK
o| . =o— 4-ary CPFSK h=1/4

lQZS -20 -15

-10 -5
Phase SNR [dB]

5. Conclusions

We have performedsystemsimulationsof OFDM, CPM,
and single-carrierQPSK, including RF circuitry imper
fections.Theresultsshowv thatwith theassumeadnodels,
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