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The use of array antennasin mobile t-

elecommunication systemshas proven to increasethe
spectral efficiencyin the system.However, the useof an�

elementarray antennaat the basestationsite implies
that the amount of radio hardware must be increased�

-fold. This will make basestationslarger, moreexpen-
sive and more power consuming. Much effort must be
put into combinefunctionality asamplification into one
device, using a multicarrier amplifier (MCPA), capable
to amplify a number of signalswith differ ent carrier fr e-
quenciesin a singledevice.

In this study we investigate by measurements and
simulationsthe effectof a nonlinearity in the MCPA:s in
the downlink for a cellular system.The nonlinearity will
intr oduceintermodulation distortion and also decrease
the null-depth of the beamformer. This will have an im-
pact on the carrier -to-interfer enceratio of the mobiles
in the system.The simulations givesthe CDF of the re-
ceivedcarrier -to-interfer enceratio of the mobiles,which
can be usedin link budget analysis.The transmitted in-
termodulation distortion fr om an array will be spatially
dispersed. This is shown by measurementsin an ane-
choic chamber on a four elementarray using an analog
Butler matrix asa beamformer.

I . INTRODUCTION

Introducing antennaarraysat the basestationsite in-
creasesthesizeof thebasestationsby multiplicationof the
numberof radiomodems,amplifiersandsoon. Simply, if a
basestationis operatingon � frequency channels,it needs� radio modemsand � amplifiersif the conventionals-
ingle carrieramplifier (SCPA) technologyis applied. And
by introducingan

�
elementarrayantenna,thenumberof

amplifiersincreasesto
� � . Thus,it is highly desirableto

integratethehardwareusedat thebasestationsiteto reduce
cost,power dissipationandthespacea basestationsiteoc-
cupies.Oneproposedsolutionis to combinethesignalspri-
or to amplificationandco-amplify themin a Multi-Carrier
PowerAmplifier (MCPA). Hereby, thenumberof amplifiers
arereducedto

�
andnoneedfor bulky filter combinersare

needed.
Whenseveralconstant-envelopesignalsarecombinedas

whenusingtheMCPA, theenvelopeof thecompositesignal
becomesnon-constantandtheamplifiercannotbeoperated
in thehigh-efficientnonlinearregionof theamplifierdueto
thegenerationof intermodulationdistortion. Theamplifier
must thusbe linearizedto increaseits efficiency. The lin-
earisationof MCPA:s hasbeenthe subjectof considerable
researcheffort. Thecombiningof several independentsig-
nals give rise to a large peak-to-meanratio of the MCPA

input signal. Even if it is possibleto constructan MCPA
which meetsthe stringentlinearity requirements,its peak
powerrequirementis muchgreaterthantheindividualpow-
er of the � carriers.For example,a 16 channelbasestation
running10 Wattsper channel,the peakpower in the MC-
PA could be ashigh as2.56kW [1]. The amplifier hasto
bebiasedwith a largeback-off from thesaturatingpoint to
avoid that thepeakpower ratingof theMCPA is exceeded.
Consequently, a largeback-off implieslow poweraddedef-
ficiency (PAE), somostof theDC power is lost asheat.

Theinputback-off (IBO) andtheoutputback-off (OBO)
percarrierof anamplifieris definedin dB as�����������! #"�$	%'&)(+*-,/.1032 465* .8719�2 465;: (1)

�<�)�������! #"�$	%'& ( * ,/.1032 =?>@0*A.8719�2 =?>@0 : (2)

where *A.8719�2 465CBD*A.E719@2 =?>@0 is the averageinput/outputpower
per carrier and *A,/.E032 4#5CBD*A,�.1032 =�>@0 is the input power when
theoutputpower is saturatedandthecorrespondingoutput
power. Nonlinearitiesin communicationsystemsarecom-
monly characterizedby the amplitudeto amplitudemod-
ulation (AM/AM) distortioncharacteristicsandamplitude
to phasemodulation (AM/PM) distortion characteristics,
which is theinputamplitudedependentgainandphasecon-
versionof theamplifier. We presenta parametricmodelfor
thesecharacterizingfunctions,sodifferentdegreesof non-
linearity canbestudiedby varyingasingleparameter.

When simulating multicarrier communicationsystems
operatingover nonlinearchannels,the requiredsampling
ratecontributessignificantlyto longexecutiontimes.When
thesub-carriershave constantenvelopesandthenumberof
carriersis large,theintermodulationdistortionis oftenmod-
eledby anadditive Gaussiannoisesource[2]. In smartan-
tennas,the signalsthat entersthe MCPA hasa time vary-
ing envelope,dueto weightadaptionandthiswill make the
signalscorrelatedwith eachotherandwith the intermodu-
lation products.To simulatethis, thesamplingratemustbe
extremelyhighandtheexecutingtimebecomesvery long.

Schneideret.al. [2] presenteda method to simulate
a multicarrierdigital communicationsystemover a band-
limited channelwith a nonlineardevice. The methodis
basedonShimbo’swork [3] andreducesthesimulationtime
significantlyby only consideringtheintermodulationprod-
uctsthatfalls in thebandwidthof theobservedsub-carriers.
The simulationmethodis appliedin this paperto evaluate
theimpactof nonlinearitiesonadaptiveantennasystemper-
formance.



A. Effectsof nonlinearitiesin adaptiveantennas

By introducingMCPA:s in adaptive antennaarraysys-
tems,andassumingthat they are not perfectly linearized,
threeeffectscanbeobserved:

1. Intermodulationdistortion power will be emitted from
the basestation. As opposedto a conventional (one-
antenna)basestation,the arrayantennamakesthe inter-
modulationdistortionto be dependenton the azimuthal
angle.Thusin somedirectionthe intermodulationprod-
ucts from someor all antennasaddscoherentlyandan
mobileon that frequency andin thatparticulardirection
will experiencea raisedinterferencelevel. This haspre-
viously beenstudiedby Litva [4] for receiving arrays,
wheretheconceptphantom-lobeswereintroduced.

2. TheAM/AM andAM/PM conversionin theMCPA will
make the transmittingantennabranchesunmatched,due
to phaseshiftsandgaincompression.Thustheresulting
radiationpatternwill bedistorted,andanintended“null”
in the radiationpatterntowardsa known co-channelus-
er will beshifted,andthe interferencefor thatparticular
userwill increase.

3. Dueto thelargeamplitudevariations(CrestFactor)of the
combinedsignalon the input of theMCPA, thepeak-to-
meanratioof theinputsignalis oftenlimited prior to am-
plification, sothepeakpower ratingof theamplifiercan
be reduced.This leadsto considerablebenefitsin terms
of power and cost savings in the designof the MCPA.
The limiter will alsogenerateintermodulationproducts,
thatwill be transmittedin somedirection,dependenton
theweightsettingsfor thatparticularbeam.And conse-
quently, the signal to interferencelevel for the mobiles
will increase.

I I . BASIC CONSIDERATIONS

A. Downlinktransmission

The basicoperationof an adaptive antennaarray at a
basestationis to enhancethe receivedsignalby suppress-
ing interfererstransmittingon the samechannelandopti-
mally combinethesignalsto reducemultipathfading. The
transmitterarchitectureis shown in Fig. 1. The receiver
estimatestheradiochannelandperformsa spatio-temporal
equalization.Dueto thelow correlationbetweentheuplink
anddownlink channelin frequency division duplex (FDD)
systems[5], downlink beamforminghasto bebasedonoth-
erinformationthantheestimateduplinkchannel.Thisstudy
considersa FDD system,which is a very commonduplex
method(GSM, AMPS, IS54,IS136,IS95areall FDD sys-
tems). If theangularspreadof thesignalis small, thenthe
spatialsignatureof the channelwill be approximatelyre-
ciprocalwherethe spatialsignatureis characterizedasthe
directionof arrival (DOA), angularspreadandpowerof the
receivedsignalsasseenfrom thebasestationarrayantenna.
This informationis usedin calculatingthedownlink beam-
forming weights. The downlink algorithmis describedin
[5] andis basedon thesolutionof a generalizedeigenvalue
equation.
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Fig. 1: Downlink adaptiveantennaarchitecture

I I I . THE MULTICARRIER SIGNAL

Themulticarriersignalat theamplifier input at antenna
branchF canbewrittenas:G 5IHKJ�L � Re MONP 46Q %SR 5T4VUW4YX@4?HVJ�L/Z\[8]_^�`/aC^	bVc 0ed (3)

where R 5f4 is the complex weight for signal g at antennaF
and X 4 HVJ�L is the g th complex informationsignal. The gain
factor U 4 is dependenton and controlledby the downlink
powercontrolalgorithm.Weassumein oursimulationsthat
thepower control is implementedsothe transmittedpower
from thearraygivesthereceivedpowerat themobileequal
to thereceivedpowerat thebasestationfrom thatparticular
mobile. If an arrayantennais used,the transmittedpow-
er perantennais thetotal transmittedpower dividedby the
numberof antennas

�
. Thus,theamplificationis distribut-

ed over severalamplifiers,which shows to be beneficialin
termsof peakpower requirementsandgeneratedintermod-
ulation distortion. The weightsandthe gain factorareas-
sumedconstantunderthetime periodof study.

IV. A NONLINEAR POWER AMPLIFIER MODEL

In this sectionwe introduceamemorylessmodelfor the
nonlinearpoweramplifier. If we expressthecomplex enve-
lopeof theinput signalash 4#5CHKJ�L �ji HVJ�L-k@Z\[?lm] 0 c (4)

thenthe complex envelopeof the outputsignalcanbe ex-
pressedby h =?>@0EHVJ�L �on H i HVJ�L?LpZ [8]#lm] 0 cKaSqT]sr8] 0 cVcKc (5)

where
n H�k L and t H/kuL is theAM/AM andAM/PM conversion

of the nonlinearamplifier. Cannsuggesteda limiter mod-
el that is linear for small signals,hasanasymptoticoutput
level at large input signalsandis analyticin a closedform
which is desirable.Also theamplifiercharacteristicscanbe
changedeasily by adjustingthreeparameters[6]. Cann’s
limiter modelis givenasn H i HVJ�L?L � v i HKJ�Lw �yx w�z r8] 0 c{}|�~ , ~��� (6)



0 0.5 1 1.5
−100

−50

0

Normalized input voltage

R
el

at
iv

e 
ph

as
e 

sh
ift

0 0.5 1 1.5
0

0.5

1

1.5

2

2.5

s=1 

s=3 

s=10 

s=1 s=3 
s=6 

s=10 

AM/AM  

AM/PM 

Fig. 2: ParametricAM/AM andAM/PM conversioncurves

where v is thesmallsignalamplification(setas v =1 in the
following), � . is theoutputsaturationlevel as � i HVJ�L �����
and X controlsthekneesharpness,or thetransitionsmooth-
nessbetweenthelinearandnonlinearregion,asseenin the
lower part of Fig. 2 for different X andwith � . =1. The
figureshows theenvelopeoutputamplitudeasa functionof
envelopeinput amplitude,i.e.

n H i HVJ�L?L?� � i HVJ�L � definedfor a
CW tone.

TheAM/PM conversionfor a solid statepower amplifi-
er is usuallysmall ascomparedto the traveling wave tube
amplifiers.At largeIBO theAM/PM conversionis negligi-
ble,but whentheinputamplitudeapproachesthesaturation
point, the relative phaseshift becomespresent. This can
empiricallybemodeledby thefollowing expressiont H i HKJ�L�L � ����yx � i HVJ�L � , (7)

where� � controlsthemaximumAM/PM conversionin the
saturationregion andtheparameterX is thesameasfor the
AM/AM curvesabove. This leadsto theuppercurvefamily
in Fig. 2, with ��� =0.3radians.

A. Output of a multicarrier input signal from a nonlinear
bandpassmemorylessamplifier

To reducesimulationtime we usedthe ShimboAmpli-
tudeFunction(SAF)-method.Thework by Shimbo[3] and
Schneider[2] providestheoutputof abandpassmemoryless
nonlineardevice given the nonlinearityfunctions

n H/kuL andt H�k L , and a multicarrier input with arbitrarily amplitudes.
Theassumptionthat the memorylessamplifier is bandpass
implies thatonly thespectralcomponentsin thefirst-zone,
aroundtheinput frequenciesareconsideredin theamplifier
output signal. This leadsto a reductionin the simulation
time, becausethe higher order harmonicsand intermodu-
lation that falls outsidethe transmitterfrequency band is
easilyremovedby filtering andwe avoid puttingeffort into
representingthesesignalsin theoutputsignal.

Fromtheassumptionof thememorylessness,theoutput
from amplifier F canbewrittenas� 5CHKJ�L �On+� ����8"	� H��;�/J x�� HVJ�L x t � ��� L (8)

where is theenvelopemagnitudeof theinput signal,and� HyL is thephaseof thecombinedinput signal.Thus and� HVJ�L dependson the amplitudesand the phasesof all the� input signals.Thedetailsof theSAF-methodis omitted
here,the interestedreadercanrefer to Shimbo’s textbooks
on thetopic [7].

In the SAF-method,the expression(8) is rewritten and
the SAF is introduced. The amplitudefunction gives the
outputamplitudeandrelative phasefor any componentin
the outputspectra(including all intermodulationproducts)
given the input amplitudesand the AM/AM and AM/PM
functions. To simplify the calculations,the AM/AM and
AM/PM functionsareexpressedin a Besselfunctionseries
expansion.Thecarrierto intermodulationratio in theoutput
of theamplifiercantheneasilybecalculatedusingtheSAF.

V. THE RADIATION PATTERN

In this sectionthenominalradiationpatternandthera-
diationpatterndueto intermodulationis discussed.Assum-
ing a linear equallyspacedtransmittingantennaarray, the
receivedcomplex basebandsignalatanangle� from broad-
sideis given by the antenna-spaceto beam-spacetransfor-
mation � H � L ���P5fQ %�� 5CH � L � 5IHKJ�L/Z�� [8] 5 � % c8�¡ �¢£o¤V¥ ¦ ]s§?c (9)

wherë is theantennaelementspacing,© is thewavelength
of thetransmittedsignal, � 5CH � L is theantennaelementgain
for antennaF in direction � and � 5CHKJ�L is thesignaltransmit-
ted from antennaF . Herewe assumethat the antennaele-
mentshaveidenticalradiationpatterns,thus � 5CH � L � � H � L .
Furthermore,the differencein © for different carrier fre-
quenciesareneglectedundertheassumptionthat thecarri-
ersarecloselyspacedin frequency comparedto thecarrier
frequency � � . Weassumethat ¨ � © �Tª to satisfythespatial
Nyquistcriterion.

WeassumethataMCPA is usedto amplify themulticar-
rier downlink signal. A simpleway to createbeamsin the
downlink is to usethebutler matrix transformer. TheBMT
performsa linear transformationof the

�
input portsand

hasa structuresimilar to the fastFourier transform[8],[9].
The

�
outputportsaretheconnectedto the

�
antennasin

thearray. Thesignalat aninput port « will bepresentat all�
outputports,differing only by a phasedifference¬ �p .

The normalizedinput/outputrelationshipfor the BMT can
thusbewrittenasG 5 HVJ�L � �® � � � %P Q & X  HKJ�L/Z � [ 5T¯ ] �K°± ��² ±´³ �Kµ± c (10)

where G 5 HKJ�L is the outputport F signalto be connectedto
antennaF and X  HVJ�L is thesignalconnectedto input port «
of theBMT. TheBMT performsessentiallyabeam-spaceto
antenna-spacetransformation.TheBMT cannotplacenulls
adaptively towardsinterferers,it just transmitsin thebeam
correspondingto the directionof the desiredmobile. The
spatialprocessinggain is thusdependenton the side-lobe
level of the transmitradiationpattern. It is however still a
candidateto downlink beamformingarchitecturedueto it’s
simplicity andwidebandcharacteristics.The BMT canbe



implementedin hardwareor in softwarewhereit is identical
to theFouriertransformoperation.

The BMT hasthe propertythat the outputphasegradi-
ent is constant,that is, the phasedifferencebetweentwo
adjacentantennascorrespondingto a particularbeamis a
constant.Thispropertyimpliesthatin somedirection �¶ .E·
all the

�
signalsareaddedcoherently. This coherentad-

dition is alsovalid for theintermodulationproducts,giving
an increasein intermodulationpower by

�@�; #"�$ H � L dB in
a different direction then the direction of the desiredsig-
nal (main beam). That implies that the desiredusergetsa
reductionin intermodulationdistortionpower by this spa-
tial dispersion.Thishavebeenstudiedfor satellitemounted
phasedarrays[10], whereit wasshown how this intermod-
ulationdispersionactuallyimprovedthecapacityby radiat-
ing intermodulationdistortionin directionswhereno users
aresituatedor towardsemptyspace.

In thegeneralcase,a more“intelligent” weightingtech-
niquemight beusedto createthedownlink beamsasin the
caseshown in Fig. 1. Now, coherentintermodulationfrom
all
�

antennasmight not addcoherentlyin any direction,
due to the non-constantphasegradientproperty. Conclu-
sively: TheBMT givestheworst possibleamplificationof
intermodulationproductsof

�@�
log
%'& H � L dB in somedirec-

tion.

VI . SIMULATIONS

The simulationsaim to investigatethe effect of usinga
MCPA at eachtransmittingantennaandhow the IBO af-
fectsthe carrierto interferenceratio (CIR) for the mobiles
in thesystem.It is desireablefor thesystem-level link bud-
get analysisto know the probability of a certainCIR level
for themobilesin the systemgivena certainamplifierand
ata givenamplifierback-off.

We assumea seven cell configurationwith one center
cell andthe first tier of co-channelcells. Eachcell is sec-
torized into threesectorsand we assumethat eachsector
useevery frequency in thesystem.Uplink co-channelmo-
biles areassumedto be downlink co-channelmobilesand
nofrequency hoppingor discontinuoustransmission(DTX)
is assumed.

Eachsectorbasestationconsistsof an uniform linear
arraywith half-a-wavelengthelementspacing.Theelement
radiationpatternis modeledwith a

�8"��?¸ H � L function. Each
sectorhasthreemobilesondifferentfrequenciesdistributed
uniformly over thearea.

The pathlossslopeis setto 3.8 andthe angularspread
asseenfrom the array is 4¹ . Only oneclusterof scatter-
ersaroundthe mobile is assumed,thusno delayspreadis
usedin thesesimulations,which areintendedto give link-
level systemresultson CIR. Themobilesexhibit slow fad-
ing, lognormallydistributedwith a standarddeviation of 6
dBandcorrelatedbetweentwo basestationswith correlation
coefficient0.5.

Thesimulationis carriedout for threedifferentantenna
arraysizes,with

�º�¼» B�½�BDª . The received power at the
mobileis heldconstantfor thethreeantennaconfigurations
by adjustingthetransmittedpower. Thuschanging

�
from

4 to 2, impliesthat the
�����

of theamplifiershasto bede-
creasedby 3 dB. Theconstant*-.E719@2 =?>�0 usedin equation(2)
is estimatedin a pre-runsimulation.
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Fig. 3: Cumulativedistributionfunctionfor CIR usingpara-
metricamplifiermodelswith 12dB OBO

It is assumedthatthesystemis interferencelimited, thus
theCarrierto Interfererratio (CIR) is thequantityusedfor
comparisons.

The total interferenceexperiencedby the testmobile is
the sum of direct interferenceplus intermodulationfrom
neighboringbasestations.Theseinterferencesourcesare
weightedby their respective radiation patternand if the
beamformingis optimal,thedirectinterferencetermis zero
andif theamplifiersareperfectlylinear, no intermodulation
distortionis present.We consideronly thethird orderinter-
modulationproducts.

VI I . SIMULATION RESULTS

The cumulative distribution function (CDF) of the CIR
for thetest-mobilewasestimatedfrom thesimulationsover
800randomizedmobilepositions.We investigatedthe im-
pactof numberof antennasin the array, the OBO andthe
linearity of the amplifiers. Also, the measuredtotal degra-
dation (TD) is definedand usedto find a power efficient
choiceof OBO.

A. Impactof numberof antennas

One importantoption in the designof the array is the
choiceof numberof antennas.More antennasimplies that
narrower beamscanbeformedandmoreinterfererscanbe
nulled asthe degreesof freedomincrease.The numberof
antennasis limited by spaceandeconomicfactors.As the
amountof transceiversmustbemultiplied with thenumber
of antennas,therewill bea trade-off betweencostandper-
formance.

We simulatedthesystemwith
�¾� ªpB�½ and

»
antennas

andwith a moderatelinear amplifier ( X �À¿ L andan am-
plifier with poor linearity ( X �Á�

). The initial OBO (for a
singlecarrier)waschosento 12 dB andthreecarrierswere
co-amplifiedin eachMCPA. TheOBOwasadjustedtocom-
pensatefor theincreasein numberof antennas.

The results in Fig.3 shows that when the numberof
antennasis increasedthe effect of the nonlinearity is de-
creased.This is dueto thedistribution of theamplification
over several amplifiers. When the numberof antennasis
increased,eachamplifier can be usedat a larger back-off



wherethe amplifier is lessnon-linear. Fig.3 shows results
from simulationwith a largeOBO, 12 dB per carrier, thus
the X �Â¿

amplifier is usedin a moderatelylinear region.
When

�Ã� ª the CIR is 6 dB lower for the X �Ä�
am-

plifer ascomparedto the X �Å¿
amplifier at the CDF=5Æ

percentile. When the numberof antennasis increasedto�¼�Ç»
, this differenceis reducedto 2 dB. With

�¼�È»
andX �o¿ theCDFcurve is closeto theidealamplifier, thusthe

effectof thenonlinearityis negligable.
Anotherbenefitof usingmoreantennasis the increase

in degreesof freeedom,which canbe usedto createmore
nullsin theradiationpattern.Thiscanbeseenin Fig.3asthe
differencebetweenthecurvesusingthesameamplifierbut
with differentnumberof antennas.Thenumberof detected
interfererswasin thesimulation6 to 9, andwith a two and
a four elementarrayit is impossibleto fully suppressthem
all. Also theanglespread“usesup” degreesof freedom.

An interestingquestionis how much will the perfor-
mancedegradeif theOBOis decreased?Is thereanoptimal
choiceof OBO?This is investigatedin thenext section:

B. ChoosingtheOutputBack-Off

We proposea methodof choosingthe OBO for maxi-
malpowerefficiency. Theideais thestudythelower tail of
theprobabilitydensityfunctionfor theCIR of themobiles,
e.g. the 5th or the 10th percentileof the CIR distribution.
Thenthedegradationin CIR betweena systemwith anide-
al amplifier (perfectly linear) and this particularnonlinear
amplifier at the chosenpercentileis calculated. To find a
reasonablechoiceof theOBO,weintroducethetotaldegra-
dation(TD) whichis ausefulperformancemeasurefor digi-
tal systemsin thepresenceof nonlinearities.Thisparameter
is definedin dB as

TD
�ÊÉË �	ÌÎÍ

CIR
x

OBO (11)

where
Ë ��Ì

is the uppercarrier to interferenceratio in d-
B for a given percentilewith the nonlinearamplifier andÉË �	Ì

is the requiredcarrier to interferenceratio to obtain
the samepercentilewith an perfectly linear amplifier. A
goodchoiceoperationpoint of the systemscorrespondsto
theminimumof equation(11) andyieldsa intuitively pow-
er efficient choicealthoughno propertiesof optimality is
claimed.

The total degradationcurves for the X �Ï¿
amplifier

is shown in Fig. 4. At the 5th percentilethe TD shows
a minima when OBO=14.5dB, 9.5 dB and 7 dB for the�Ð� ªpB�½�B » antennacaserespectively. At larger back-off
the degradationin CIR for the mobilesis smaller, but the
MCPA efficiency is lower andat smallerback-off the CIR
degradationgetslarger due to increaseinterferencelevels
in the systemfrom intermodulationanddistortedradiation
patterns.

Fig.4 shows asexpected,that the eight antennahasthe
smallesttotal degradation.It will howeverrequiremostDC
powerasweuseeightamplifiers.WhenOBOincreases,the
curvesapproachesasymptoticallytheTD=OBO line astheË �	Ì

approaches
ÉË �	Ì

. Fromthesecurvesit is possibleto
infer a choiceof OBO level for eachsystemconfiguration
considered.
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Fig. 5: Measurementsetupin anechoicchamberfor inter-
modulationmeasurements

VI I I . MEASUREMENTS OF INTERMODULATION
RADIATION PATTERNS

To verify theresultsof sectionV whereamethodof cal-
culatingtheradiationpatternof theintermodulationdistor-
tion, measurementswasperformedin ananechoicchamber.
We usedan 4-elementlinear antennaarrayandan 8-by-8
analogBMT. Fourstandardmicrowaveamplifierswasused
andthesetupis shown in Fig.5.

The BMT was fed with two GSM signalswith center
frequencies1.8000GHz and1.8004GHz in two different
BMT input ports. The input power of thetwo signalswere
adjustedto the appropriateIBO and the radiationpattern
wasmeasuredusingtheanechoicchamberwith a turntable
asshown in Fig.5. Theanglewassweptin 1¹ stepsandfor
eachanglethepower densityspectrumwasmeasuredwith
a spectrumanalyzer.

A. Frequency-anglepowerspectral densitymeasurements

Thesemeasurementsgives an intuitive picture of the
spatial distribution of the intermodulationdistortion. In-
put port number6 wasusedfor the t % =1.8000GHz signal
and port number4 was usedfor the t ¸ =1.8004GHz sig-
nal. Fig.6andFig.7shows theresultsof themeasurements.
The main-lobeswill, accordingto theory be in the direc-
tions ªTªpÑ � ¹ and

Í+Ò Ñ ª ¹ respectively, while the third order
intermodulationbeamswould appearin direction Ó � ¹ for
the ª t % Í t ¸ productat 1.7996GHz and ª t ¸ Í t % product
at 1.8008GHz in

Í�¿TÔ ¹ . This is easilyverified by study-
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Fig. 6: Normalizedfrequency-angleplot of power spectral
densitywith largebackoff
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Fig. 7: Normalizedfrequency-angleplot of power spectral
densitywith saturatedamplifiers(input back-off decreased
8 dB comparedto Fig. 6)

ing Fig.6 andFig.7. Thesefiguresarenormalizedto 0dB
maximum. In Fig. 7 the fifth-order intermodulationprod-
uct H¡Z	Ñ n Ñ Õ % �Á¿ BDÕ ¸ �ÖÍ ªTL is weakly visible at the DOA
anglesÓ � ¹ and

Í�¿TÔ ¹ . Noteworthy is alsothe orthogonal
propertiesof thebeamsfrom theBMT. In direction

Í+Ò Ñ ª ¹ ,
wherebeam2 hasits maxima,the otherbeamshave null-
s, giving a high level of isolation. This includesthe inter-
modulation,which alsohavea null in thatdirection.So,by
usinga BMT, the spatialdimensioncanbe usedto reduce
theintermodulationdistortionat themobileuser. However,
theIM × addsup coherentlyin anotherbeamwhich increas-
estheinterferencelevel of aneventualco-channeluserthat
is positionedin thatdirection. TheanalogBMT usedhere
havea manufacturingerrorof

� Ñ » ¨ � and
» Ñ Ø ¹ which spoils

theorthogonalitypropertiesof thebeams.Theseerrorsde-
gradesthe isolationandexplainsthenot perfectpositioned
nulls in themeasurements.This alsodemonstratetheneed
for calibration.

IX. CONCLUSIONS

Wediscussedtheimpactof nonlineartransmitamplifiers
in wirelesstelephonesystemsandconcludedthatthegener-
atedintermodulationdistortionis generallynot radiatedin
thesamedirectionasthemainbeam.Especiallyfor theBut-
ler matrix beamformingnetwork, the intermodulationand
mainbeamsareorthogonal.

By meansof simulationsit wasshown how theCDFfor
theCIR of amobilein thesystemis changedwhenthenum-
berof antennas,thedegreeof nonlinearityandtheOBO is
varied.With moreantennas,thedegradingeffectsof a non-
linear amplifier is decreasedandmoredegreesof freedom
areavailableto placenulls in theradiationpattern.Thecost
of usingmoreantennashasto bemotivatedby this increase
in performance.The total degradationfunction wasintro-
ducedwhich hasa minima correspondingto a power effi-
cientchoiceof theOBO.
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