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ABSTRACT

Theperformanceof switchedmultibeamantennasfor cel-
lular radiosystemsis investigatedwhenthetransmitam-
plifier is of a multicarrier(MCPA) type. TheMCPA non-
linearitygeneratesintermodulationdistortionin thetrans-
mittedsignalthatis spatiallyfilteredby thearrayradiation
pattern. Hence,the intermodulationdistortion becomes
direction-dependent,andthedirectionof thegeneratedin-
termodulationproductsof any orderisderived.It is shown
by usingMonteCarlosimulationshow thedownlink car-
rier to interferenceratio dependson the frequency reuse
distanceandon theMCPA linearity measuredasits noise
power ratio (NPR). For reusefactoronesystems,which
is madepossibleby useof multibeamantennas,thelinear
co-channelinterferencedominatesthe interference. On
the contrary, for a reusefactorseven systemit is shown
that a weak nonlinearitydirectly gives a degradationin
carrierto interferenceratio (CIR) dueto intermodulation
distortion. However the reusefactorseven systemhasa
large CIR overheaddue to the increasein CIR using a
multibeamantenna,andtheoutageprobability is thereby
only slightly affected.

1. INTRODUCTION

The deploymentof switchedmultibeamantennasat base
stations(BS)in cellularTDMA/FDMA systemshaseither
shown to improvethecapacityor to extendtheradiocov-
erageby increasingthecarrierto interferenceratio (CIR).
The reducedinterferencelevelsallows for a reductionin
frequency reusedistance,therebyincreasingthespectrum
efficiency of thecellularsystem[1].

One drawbackwith the useof arrayantennasat the BS
sites is the increasedamountof hardware comparedto
a conventionalBS. For eachantennaand for eachfre-
quency channelasinglecarrierpoweramplifieris required
for thedownlink transmission.Thus,to reducesize,cost
andpowerconsumptionof theBS,multicarrierpoweram-
plifiers (MCPA) have beensuggestedfor use in multi-
antennaBS [2]. The co-amplificationof several carriers
on differentfrequenciesin anMCPA generatesintermod-
ulationproducts(IMP) dueto thenonlinearityanddueto
thenon-constantenvelopeof thecombinedsignal. Often
the third order IMP areconsidered(of type 2��� - ��� and�������	��
��� ), asthey fall ontootherfrequency channels
thatareusedin thesystemandthereby, cannotberemoved
by filtering.

To meettherequirementsin themobilesystemspecifica-
tionof allowedspuriousemission,linearisationof MCPA:s
is required.Althoughlinearisationtechniquessignificantly
reducestheintermodulationdistortionin theoutputsignal,
someresidualintermodulationdistortionremains,and it
is usefulto know to whatlevel theintermodulationhasto
be suppressedby the lineariser, asa lower level implies
a moreexpensive linearisationmethod.Theproblemad-
dressedin this paperis how the linearity requirementson
the transmitMCPA dependson the frequency reusedis-
tancefor a systemusingswitchedmultibeamantennasat
theBS.Thelinearityof theMCPA is definedby usingthe
noisepower ratio (NPR) measuredfrom a standardized
NPRtest[3].

A cellular systemwith a total of � frequency channels
equallydistributedover � cells is assumedin this paper.
The ����� frequency channelsin eachcell arefurtherdi-
videdin a sector-trunkpoolschemewhereeach120� sec-
tor hasauniquesetof ������� frequency channelsassigned
to it. Themobilestations(MS) in thesectorwill receive
interferenceof two types.First, linear interference comes
from BS in the (primarily) first tier of co-channelBS.
Secondly, intermodulation interference is generatedin the
MCPA in the sameBS asthe MS is connectedto, andif
thesetof frequency channelsusedin thesectorareequally
spaced,it canbeshownthatthegeneratedintermodulation
productsfallsontothesamesetof frequencies.

Notethattheintermodulationinterferenceis emittedwith
low power, but the MS is usuallycloseto the BS, hence
the signalhasa low path loss. Comparewith the linear
co-channelinterferencefrom first tier BS,which is trans-
mitted at high power, but the larger BS to MS distance
givesa high pathloss. Hence,thereis a point in the de-
greeof MCPA linearity, wherethe major interferenceat
theMS changesfrom beinglinear interference,from first
tier BS, to intermodulationinterference,from “own” BS.

Onepropertyof MCPA:s in conjunctionwith multibeam
antennasis that theradiatedIMP will bespatiallyfiltered
by thebeam-patternof theantennaarray[5],[6]. This im-
plies that in somedirectionsthe generatedIMP will be
suppressedby thesidelobelevel of themultibeamradia-
tion patternandin otherdirections,theIMP powerwill be
amplifiedby the antennaarraygainby coherentaddition
of theIMP from all antennas.Hence,thecarrierto inter-
ferenceratioat theMS in thesystemdependson theposi-
tion andbeamallocationof theotherusersin thecell and
in neighboringcells. A Monte Carlo simulationis used
to estimatethe outageprobability, which is the probabil-



ity thatthecarrierto interferenceratio(CIR) for aMS fall
below somethreshold.Theoutageprobabilityis evaluated
for differentMCPA linearitiesandat differentfrequency
reusedistances.

2. CO-CHANNEL INTERFERENCE ON THE
DOWNLINK

The frequenciesin a clusterare assumedto be planned
accordingto a fixedchannelallocationschemeasseenin
Fig. 1. Furthermore,eachsectoris equippedwith an � el-
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Figure1: Assignmentof frequency channelsto sectorsin
a fixed channelallocationschemewith clustersizeK=4
cells.

ementantennaarray, hence� fixedbeamscanbeformed
in eachsectorandthus ��� beamsin eachcell. In theBS
transmitpath,eachantennais precededby anMCPA with
maximumandminimum outputpower per carrierof 43
and13 dBmrespectively. Thepower regulationpertrans-
mittedcarrieris performedin 2 dB stepsandis basedon
thereceivedsignalstrengthof theuplink signalaveraged
over thefastmultipathfading. Path losscompensationis
donefor half of theloss,following theideasin [7]:�������! #"%$ 
'&)( *�+-,�/.10�� (1)

Here, , 1.10�� is the MS-BS link gain, that is, the quotient
betweenthereceivedpowerat theBS andthetransmitted
power from the MS, which is assumedknown and

$
is

constantthat hasto be adjustedfor optimal performance
of thesystem,see[7]. After thepower regulation(1), the
power is adjustedto be in the interval betweenminimum
andmaximumoutputpower.

A. Intermodulation Interference

ConsideraBSwith transmitMCPA’soperatingin it’snon-
linear region, closeto saturationto maximizethe power
efficiency of theamplifier. Thepowerof thereceivedIMP

at theMS is a functionof thearraypattern,thenonlinear
characteristicsof the amplifiersand the spatialdistribu-
tion of theMS [8]. In theremainingpartof thepaper, the
studyis restrictedto thethird orderintermodulationprod-
uctsthat falls “in band”, i.e. at the frequencies2 � . 
3� �
and � . �4� � 
�� � . This is justifiedby thefact that these
IMP termscontainsmostof theintermodulationenergy.

Furthermore,assumethat the frequency channelsin Fig.
1 are equally spaced,that is, the centerfrequenciesare
relatedas ��� " ��56�87:9;� (2)

where� � is thecenterfrequency of frequency channel7 ,9;� is thefrequency channelseparationand � 5 is a refer-
encefrequency.

In eachsector, thecenterfrequenciesof theusedfrequency
channelsarerelatedas � �=<�> " � � � ��� 9?� where � is
theclustersize.It is easyto verify thatwith this frequency
planning,the generatedthird order IMP falls onto other
frequenciesusedin the downlink in the samesector. For
examplefrequency channel13 and25 generatesIMP on
channel1 ( 2 � >A@ 
4�CB�D " � > ) which is alsousedin that
sector, seeFig. 1.

B. Calculating the MCPA Output Signal

If the complex gain of an MCPA asa function of the in-
put power of a single carrier is measured,the AM/AM
andAM/PM conversioncharacteristicsof theamplifier is
obtained.Thesearecommonlyusedto describethenon-
linearity. WhensimulatingMCPA:s in conjunctionwith
arrayantennas,eachof the IMP in eachof the MCPA:s
outputsignalmustbeseparatelycalculated,becausetheir
relative phasesand amplitudeswill affect the radiation
patternof eachIMP. A commonlyusedmethodusesthe
fast Fourier transform(FFT) to yield the output power
at arbitrarily frequenciesfrom a nonlineardevice with a
multi-tone input. With more thanoneIMP on the same
frequency in theoutputsignal,theFFTmethodfail to dis-
tinguishbetweenthem,asit givesonly thesumof theto-
tal IMP on that frequency. Instead,Shimbo[9] proposed
a methodby fitting theAM/AM andAM/PM characteris-
tics to a Besselseriesexpansion. With this methodit is
possibleto find ananalyticalexpressionfor theamplitude
andphaseof thedesiredsignalsandeachof theIMP:s in
theoutputof anonlinearamplifierwith amulti-toneinput.
Hence,this methodsuitsour needs.Shimbo’s methodis
describedbelow.

If EGFIHKJ and L�FIHKJ aretheAM/AM andAM/PM character-
isticsof theamplifier, find thecoefficientsM6N�OQP in aBessel
seriesexpansionby solvingR MSNTO > N (U(U( N�OQV!W "
arg XZY\[]:^ _a`T^cbcbcbd^ _de fg h�iiiii E!FjHKJlk ��m�n\o!p 
 Vq Pdr > Otsvu > FIMCwxH�J iiiii

Bzy {| (3)

for all amplitudesH in theinput amplitudeinterval. Hereu > is the1storderBesselfunctionandnotethat thecoef-



ficients O P arecomplex. Assumethattheinput consistsof}
phasemodulated( ~��ZF��lJ ) carrierswith amplitudeH��

andwrite theinputask .\0 F��lJ "��q� r > HK�Kk �Qn/���	��<�����n/��p�p (4)

where� � is thecenterfrequency of frequency channel� .
Theoutputsignalof theMCPA canbewrittenask��t� � Fj�lJ " qU��� } FI�6J���k ������t� `  � n1� � ��<�� � n/��p�pU�G� (5)

where � is theset� "�� R-� > N � B N (-(U( N � � W?� �q� r > � � " � N �q � r >�¡ � � ¡ " � N���¢
(6)

to restrictthe outputto the “in band”first andthird IMP.
Now, definetheset �	s as� s " �¤£ � Rx� > N � B N (U(-( N � � W¥� �q� r > � � � � " � s ¢ (7)

to considertheoutputin thefrequency channelwith center
frequency � s only. Using the coefficientsfrom the least
squarefit in equation(3), thecomplex voltagegainfor the¦ :th componentin theoutputat frequency � s andcanbe
writtenas[9]} Fj� s J " Vq Pdr > OQP �§� r > u  � FIM�¨vH � J (8)

where u  � is theBesselfunctionof order
� � . Notethatthe

outputamplitudeof thedesiredcarrierat frequency � s is
givenby

} Fj� s J with � s " R (U(-( N & N �sx© �jª N & N (-(U( W .
C. The Far Field Radiation Pattern

Now considerthe received power at the MS in direction«
from broadsideof the array andon a distance¬ from

the BS. Assumean � element,G��2 -spacedlinear array,
where  is thewavelengthof thecarrierfrequency in the
centerfrequency channel.Furthermorewe assumea sim-
ple fixed beamformer, which canbe implementedasthe
fastFourier transform(FFT), or if implementedin hard-
ware,aButlermatrix. Thephaseof thebeamformer“weight”
appliedto signal 7 at antenna® is denoted̄ �=0 . The far
field radiatedpower in thedirection

«
of the � s :th signal

componentcanthenbecalculatedas�C���T�! Fj�	s�J "" iiiii } Fj� s Jl°�F « J�±q0 r > k � ����t� ` n/ �U²v�l³�´ n10 ´ >Apjµ�¶�· ¸�nº¹tpjp iiiii
B

(9)

where °�F « J is the individual antennaelementgain in di-
rection

«
. UsingtheFFTor theButlermatrix,wehavethe

propertȳ �=0 " F�® 
 � J 9 ¯ � [5], where9 ¯ � is thephase
gradientoverthe � antennasin thearrayfor signal 7 . The
phasegradient 9 ¯ � belongsto a set ° V , of � different
phasegradients,uniquefor eachbeamthe beamforming
network cangenerate.°»V "½¼ 2�¾ ¦�À¿ ± ´ >s r 5 (10)

The finite set °»V is a closedgroupundermultiplication
andaddition,following modulo- � algebra.Theseprop-
ertiesimplies that the main-lobedirectionof the desired
signalsarealsomain-lobedirectionsfor the IMD (if no
AM/PM amplifierconversionis assumed).

UsingtheFFT beamforming,(9) is simplifiedto� ���T�! FI� s J " ¡ } Fj� s Jt°�F « J ¡ B�Á Y\[ B FI�ÃÂ:F « JlJÁ Y1[ B F�Â:F « JlJ (11)

where Â:F « J " �2 �q� r > F � � 9 ¯ � 
 ¾ Á Y1[�F « JlJ ( (12)

For example,thedirectionof themaximumradiatedIMP
for a 2 ���Ä
���� productcanbefoundas« �»Å=Æ ^ � �  "ÈÇ�É�Ê Á Y\[ÃË 2 9 ¯ �Ä
39 ¯ �¾ Ì ( (13)

It is easilyverifiedthat(13)maximizes(11) for the 2 ���	
��� product.

3. SIMULATION SETUP

Thepurposeof thesimulationis to calculatethecumula-
tivedistribution functionof theCIR at theMS in thefully
loadedsystem.Wesimulatewith aclustersize �ÎÍ � NtÏ)N=Ð
and a first tier of interfering BS. Eachcell shapeis as-
sumedto behexagonalandtheMS areuniformly areadis-
tributedwithin a cell. We assumethata four elementan-
tennaarrayareemployedin eachsector( � " Ï ). Thean-
tennaelementshavea

ÊQÑ Á B F « J radiationpatternwith Ò�Ó & �
sensitivity (thefront to backratio is Ô dB).

Thepowerreceivedat theMS from theBStransmittingat
power

�������! 
is, after averagingover the fastmultipath

fading, ��Õ�"%�����T�! Ë �¬ Ì×ÖSØ (14)

where ¬ is the BS to MS distance,Ù is the pathlossex-
ponent(setto 4) and Ø is a lognormaldistributedrandom
variablewith mean0 dB andstandarddeviation4 dB.

TheMS arerandomlyplacedin eachcell andtheMS used
for the CIR estimationis picked from the centercell, to
avoid edgeeffects. The beamwith the highestreceived
signalstrength(RSSI)ontheuplink for oneparticularuser
is chosenasthebeamfor thedownlink transmissionand
thepower is regulatedaccordingto (1). Theuserscanbe
separatedby usinge.g.a trainingsequencemethod.



A. The Transmit MCPA

TheBS is assumedto beequippedwith MCPA:s capable
of amplifying a maximumof eightsimultaneouscarriers.
Thenumberof usedfrequency channelspercell is 12,21
and24in the � " ÐvNtÏ)N � casesrespectively. As ameasure
of thelinearityof theMCPA, thenoisepowerratio (NPR)
is definedastheratiobetweenthelinearoutputpowerden-
sity to thespectrumdensitywithin apre-locatednotch[3].
When the numberof co-amplifiedcarriersis small (e.g.
four), we usethe intermodulationdistortion ratio (IMR)
asa linearity measureinstead,dueto the large errorsin-
voked when removing onecarrier in the NPR measure-
ment. IMR is definedasthe ratio betweenlinear output
power per tone to the highestintermodulationdistortion
power, assumingthatall inputcarriersareof equalampli-
tudebut with independentphases.

TheAM/PM distortionis neglectedin this study, it is of-
ten is small in a linearizedamplifier, but the amplifier
AM/AM is modeledaccordingto Cann’smodel[10]EGFIHKJ " Ú H� � � ��Û oÜSÝ �!ÞU� `ß (15)

whereÚ is thesmallsignalamplification,�àÅ is theoutput
saturationlevel as the input amplitude ¡ H ¡»á Ô and â
controlsthekneesharpness,or the transitionsmoothness
betweenthe linear andnonlinearregion. In the simula-
tions, the values â "ã� & N�� Å "ã�

are used. The input
backoff, definedastheaverageinput power comparedto
the input saturationpoint, is adjustedto give the desired
NPR.

B. Performance Criteria

To evaluatetheperformanceof theswitchedbeamantenna
system,theareaaveragedprobabilityof a receivedCIR at
aMS exceedingatargetvalue ä�å . Theoutageprobability
asthe probability that CIR is below a pre-definedpower
protectionratio. A power protectionratio of 15 dB were
usedin thesimulations.

4. SIMULATION RESULTS

Fig. 2 andFig. 3 showstheperformanceof the � " Ð and� " Ï systemrespectively for differentNPR.Four carri-
ersareco-amplifiedin eachMCPA. Thedegradationdue
to the intermodulationdistortionis similar in the � " Ï
clustersize,althoughwe have a degradationin CIR com-
paredto � " Ð due to the reducedreusedistanceand
henceincreasedinterferencelevels, as can be seenas a
shift of thecurvesto theleft in Fig. 3. Theinterferencein
thesecasesarelinearco-channelinterferencetransmitted
by the BS in the first tier and intermodulationdistortion
from the BS in the samesectoras the MS is connected
to. We seethatwhenNPR is decreased,the interference
is dominatedby intermodulationdistortion.

Whenthereusedistanceis reducedto � "æ�
, seeFig. 4,

the NPR=41dB coincidewith the idealMCPA curve for

low CIR.This impliesthatthelinearinterferencefrom the
BS in the first tier is the dominatinginterference.When
NPR is decreased,the amplifier is working closerto the
saturationpoint andtheinterferencebecomesmoredom-
inatedby intermodulationdistortion. Fig. 5 shows a
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Figure2: Area-averagedprobability for differentMCPA
linearitiesmeasuredasNPR.Thecurvesshowsthedown-
link with 4-elementantennaarraysin eachsectorandclus-
ter sizeK=7.
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Figure3: Area-averagedprobability for differentMCPA
linearitiesmeasuredasNPR.Thecurvesshowsthedown-
link with 4-elementantennaarraysin eachsectorandclus-
ter sizeK=4.

comparisonof theoutageprobabilitiesfor thethreecluster
sizesconsidered.Weseethatthe � " Ï systemis slightly
moresensitive to intermodulationthanthe � " Ð system,
dueto thereducedreusedistance,hencewhenNPRis de-
creased,a MS canbe interferedby intermodulationfrom
BS in the first tier. Note that theasymptoticvalueof the
outageprobability for the � "½�

caseis 0.79whenNPR
goesto infinity, hencethe systemis interferencelimited
dueto theshortreusedistance,evenwith idealMCPA:s.

5. CONCLUSION

Theperformanceof aswitchedmultibeamantennasystem
usingtransmitMCPA:s in a cellular FDMA network has
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Figure 5: 1-Pr
R-ç�è �A¨�Evk�W for different clustersizesas a

functionof MCPA linearity.

beenstudiedby simulationsonthedownlink channel.The
IMP will bespatiallyfilteredby thearrayradiationpattern
andis oftenradiatedin anotherdirectionthanthedirection
wherethe two, or the threesignalsthatgeneratetheIMP
aredirected.

Themultibeamantennamakesthesystemmorerobustto
nonlinearities,for � " Ð , the CIR is severely reduced
whenthe nonlinearityis present,by intermodulationdis-
tortionfrom theown BS.However, themultibeamantenna
hasincreasedthe CIR to suchan extent that the outage
probability

� ¬ R ��é�êìë � *�í $ W is only slightly affected.
For � "æ�

systemsthelinear interferencesituationis se-
vereandevery dB degradationin MS CIR is expensive,
hencetheoutageprobabilitywill belargelyaffectedwhen
theNPRis decreased.

Hence,it wasdemonstratedthatby usingamultibeaman-
tennain � " Ð frequency plannednetwork, we canuse
thegeneratedCIR overheadto usea lesscomplex or less
expensivelinearisationmethod.To reducetheintermodu-
lationdistortionat theMS, it is possibleallocatenew mo-
biles to frequenciessothat thegeneratedintermodulation
mainbeampointsin directionswherenomobileexistson

thatparticularfrequency channel.
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