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ABSTRACT

Theperformancef switchedmultibeamantennagor cel-
lular radio systemds investigatedvhenthe transmitam-
plifier is of a multicarrier(MCPA) type. The MCPA non-
linearity generatesmtermodulatiordistortionin thetrans-
mittedsignalthatis spatiallyfilteredby thearrayradiation
pattern. Hence,the intermodulationdistortion becomes
direction-dependenandthedirectionof thegeneratedh-
termodulatiorproductsof any orderis derived. It is shavn
by usingMonte Carlo simulationshow the downlink car
rier to interferenceratio dependson the frequeng reuse
distanceandonthe MCPA linearity measuredsits noise
power ratio (NPR). For reusefactor one systemswhich
is madepossibleby useof multibeamantennasthelinear
co-channelinterferencedominatesthe interference. On
the contrary for a reusefactor seven systemit is shavn
that a weak nonlinearity directly gives a degradationin
carrierto interferenceratio (CIR) dueto intermodulation
distortion. However the reusefactor seven systemhasa
large CIR overheaddueto the increasein CIR using a
multibeamantennaandthe outageprobability is thereby
only slightly affected.

1. INTRODUCTION

The deploymentof switchedmultibeamantennast base
stationgBS)in cellularTDMA/FDMA systemsaseither
shawvn to improve the capacityor to extendtheradiocov-
erageby increasinghecarrierto interferenceatio (CIR).
The reducednterferencdevels allows for a reductionin
frequeng reusedistancetherebyincreasinghe spectrum
efficiency of thecellularsystem[1].

One drawbackwith the useof array antennast the BS
sitesis the increasedamountof hardware comparedto
a corventional BS. For eachantennaand for eachfre-
gueng channehsinglecarrierpoweramplifieris required
for the downlink transmission.Thus,to reducesize,cost
andpowerconsumptiorof theBS, multicarrierpoweram-
plifiers (MCPA) have beensuggestedor usein multi-
antennaBS$S [2]. The co-amplificationof several carriers
ondifferentfrequenciesn anMCPA generatesntermod-
ulation products(IMP) dueto the nonlinearityanddueto
the non-constanéervelopeof the combinedsignal. Often
the third order IMP are consideredof type 2w;-w;, and
wj + wi, — wy), asthey fall ontootherfrequeny channels
thatareusedn thesystemandtherebycannotberemoved
by filtering.

To meetthe requirementsn the mobile systemspecifica-
tion of allowedspuriousmission|jinearisatiorof MCPA:s
isrequired.Althoughlinearisatiortechniquesignificantly
reducesheintermodulatiordistortionin theoutputsignal,
someresidualintermodulationdistortion remains,and it
is usefulto know to whatlevel theintermodulatiorhasto
be suppressedby the lineariser asa lower level implies
amoreexpensve linearisationmethod. The problemad-
dressedn this paperis how the linearity requirement®n
the transmitMCPA dependson the frequeng reusedis-
tancefor a systemusingswitchedmultibeamantennast
theBS. Thelinearity of the MCPA s definedby usingthe
noise power ratio (NPR) measuredrom a standardized
NPRtest[3].

A cellular systemwith a total of C' frequeng channels
equallydistributedover K cellsis assumedn this paper
The C/K frequeng channeldn eachcell arefurther di-
videdin a sectortrunkpoolschemevhereeachl12(® sec-
tor hasauniquesetof C'/3K frequeng channelsssigned
toit. The mobile stations(MS) in the sectorwill receve
interferenceof two types.First, linear interference comes
from BS in the (primarily) first tier of co-channelBS.
Secondlyintermodulation interference is generatedh the
MCPA in the sameBS asthe MS is connectedo, andif
thesetof frequeng channelsisedn thesectorareequally
spacedit canbeshowvn thatthegenerateéhtermodulation
productsfalls ontothe samesetof frequencies.

Notethattheintermodulatiorinterferencas emittedwith
low power, but the MS is usuallycloseto the BS, hence
the signalhasa low pathloss. Comparewith the linear
co-channelnterferencdrom first tier BS, which is trans-
mitted at high power, but the larger BS to MS distance
givesa high pathloss. Hence,thereis a pointin the de-
greeof MCPA linearity, wherethe major interferenceat
the MS changedrom beinglinearinterferencefrom first
tier BS, to intermodulatiorinterferencefrom “own” BS.

Onepropertyof MCPA:s in conjunctionwith multibeam
antennass thattheradiatedMP will be spatiallyfiltered
by the beam-patteriof theantennaarray[5],[6]. Thisim-
plies that in somedirectionsthe generatedMP will be
suppressedly the sidelobe level of the multibeamradia-
tion patternandin otherdirectionstheMP powerwill be
amplified by the antennaarray gain by coherentaddition
of the IMP from all antennasHence the carrierto inter-
ferenceratioatthe MS in the systemdepend®nthe posi-
tion andbeamallocationof the otherusersin the cell and
in neighboringcells. A Monte Carlo simulationis used
to estimatethe outageprobability, which is the probabil-



ity thatthe carrierto interferenceatio (CIR) for aMS fall
belonv somethreshold. Theoutageprobabilityis evaluated
for differentMCPA linearitiesandat differentfrequengy
reusedistances.

2. CO-CHANNEL INTERFERENCE ON THE
DOWNLINK

The frequenciesn a clusterare assumedo be planned
accordingto a fixed channelallocationschemeasseenin
Fig. 1. Furthermoregachsectotis equippedvith an N el-
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Figurel: Assignmenbf frequeng channelgo sectorsn
a fixed channelallocationschemewith clustersize K=4
cells.

ementantennaarray henceN fixedbeamscanbeformed
in eachsectorandthus3N beamsn eachcell. In theBS

transmitpath,eachantennas precededy anMCPA with

maximumand minimum output power per carrier of 43

and13 dBmrespectiely. The powerregulationpertrans-
mitted carrieris performedin 2 dB stepsandis basedon

the receved signalstrengthof the uplink signalaveraged
over the fastmultipathfading. Path losscompensatiolis

donefor half of theloss,following theideasin [7]:

Pgirp = B —0.5- Ging 1)

Here,Gyink is the MS-BSlink gain, thatis, the quotient
betweertherecevedpower atthe BS andthetransmitted
power from the MS, which is assumedcknown and B is
constantthat hasto be adjustedfor optimal performance
of the systemsee[7]. After the powerregulation(1), the
power is adjustedo be in theinterval betweemminimum
andmaximumoutputpower.

A. Intermodulation Interference

ConsideaBSwith transmitMCPA’'soperatingn it' snon-
linear region, closeto saturationto maximizethe power
efficiency of theamplifier Thepower of therecevedIMP

atthe MS is a function of the arraypattern the nonlinear
characteristicof the amplifiersand the spatialdistribu-
tion of the MS [8]. In theremainingpartof the paperthe
studyis restrictedo thethird orderintermodulatiorprod-
uctsthatfalls “in band”,i.e. atthefrequenciew; — w;
andw; + w; — wy. Thisis justified by thefactthatthese
IMP termscontainsmostof theintermodulatiorenegy.

Furthermore assumehat the frequeny channelsn Fig.
1 are equally spacedthat s, the centerfrequenciesare
relatedas

Wi = wo + kAw )

wherewy, is the centerfrequeng of frequeng channelk,
Aw is thefrequeny channekeparatiorandwy is arefer
encefrequeng.

In eachsectorthecenterfrequencie®f theusedrequengy
channelsarerelatedaswy+1 = wi + 3K Aw whereK is
theclustersize. It is easyto verify thatwith thisfrequeng
planning,the generatedhird order IMP falls onto other
frequenciesisedin the downlink in the samesector For
examplefrequeng channell3 and 25 generatesMP on
channell (2wiz — wos = wi) Whichis alsousedin that
sectorseeFig. 1.

B. Calculating the MCPA Output Sgnal

If the complex gain of an MCPA asa function of the in-
put power of a single carrieris measuredthe AM/AM
andAM/PM corversioncharacteristicef the amplifieris
obtained.Thesearecommonlyusedto describethe non-
linearity. WhensimulatingMCPA:s in conjunctionwith
array antennaseachof the IMP in eachof the MCPA:s
outputsignalmustbe separatelycalculatedpecauseheir
relative phasesand amplitudeswill affect the radiation
patternof eachIMP. A commonlyusedmethodusesthe
fast Fourier transform (FFT) to yield the output power
at arbitrarily frequenciedrom a nonlineardevice with a
multi-toneinput. With morethanone IMP on the same
frequeng in theoutputsignal,the FFT methodfail to dis-
tinguishbetweerthem,asit givesonly the sumof theto-
tal IMP on thatfrequeng. Instead,Shimbo[9] proposed
amethodby fitting the AM/AM andAM/PM characteris-
tics to a Besselseriesexpansion. With this methodit is
possibleto find ananalyticalexpressiorfor theamplitude
andphaseof the desiredsignalsandeachof the IMP:s in
theoutputof anonlinearamplifierwith amulti-toneinput.
Hence,this methodsuitsour needs.Shimbos methodis
describedelow.

If g(A) andf(A) aretheAM/AM andAM/PM character
isticsof theamplifier, find thecoeficientsa, b, in aBessel
seriesaxpansiorby solving

{a,bl,... ,bs} =
s 2
ag brlnln e g(A)ed A — Z byJ1(asA) ?3)

s=1

for all amplitudesA in theinputamplitudeinterval. Here
J1 is the 1storderBesselfunctionandnotethatthe coef-



ficientsb, arecomplex. Assumethatthe input consistsof
M phasemodulated(¢,, (t)) carrierswith amplitudeA,,
andwrite theinputas

M
ein(t) = Y Apged@mitom(®) @)
m=1

wherew,, isthecenterfrequeng of frequeng channein.
Theoutputsignalof the MCPA canbewritten as

— | S s U (wit+ o (1))
Cout(t) ;(M@){eﬂ o) ()

wherelL is theset

M M
L= {{11,12,... JAn} Y =1 |lk| = 1,3}
k=1 k=1
(6)

to restrictthe outputto the “in band”first andthird IMP.
Now, definethesetL,, as

M
L,=LnN {{ll,l2,... A} ) lewy =w,,} @
k=1

to considetheoutputin thefrequeng channelvith center
frequeny w, only. Using the coeficientsfrom the least
squardfit in equation(3), thecomple voltagegainfor the
p:th componentn the outputat frequeny w, andcanbe
written as[9]

S M

M(Lp) = bs [] Ju (aady) ®)
s=1 k=1

whereJ;, is theBessefunctionof orderl,. Notethatthe
outputamplitudeof the desiredcarrierat frequeny wy, is
givenby M (L,) with L, = {... ,0, %h,o, .1

p:

C. The Far Field Radiation Pattern

Now considerthe received power at the MS in direction
0 from broadsideof the array and on a distancer from
the BS. Assumean N element,\/2-spacedinear array
where is the wavelengthof the carrierfrequeny in the
centerfrequeny channel.Furthermoreve assumea sim-
ple fixed beamformerwhich canbe implementedasthe
fastFourier transform(FFT), or if implementedn hard-

ware,aButlermatrix. Thephaseof thebeamformetweight”

appliedto signalk at antennan is denotedpy,,. Thefar
field radiatedpower in the directioné of the L,:th signal
componentanthenbecalculatedas

Pgirp(Lp) =
N 2
= |M(L,)Q(0) Z o) 2L (lh@rn—(n—1)msin(6)) )
n=1

whereQ(6) is theindividual antennaelementgainin di-
rectiond. Usingthe FFT or the Butler matrix, we have the

propertypr, = (n — 1)Aypy [5], whereAyy, is thephase
gradientoverthe N antenna@ thearrayfor signalk. The
phasegradientAy, belongsto a set)g, of N different
phasegradientsuniquefor eachbeamthe beamforming
network cangenerate.

2 N-1
-3
N p=0

(10)

The finite setQg is a closedgroup undermultiplication
and addition, following modulo-N algebra. Theseprop-
ertiesimplies thatthe main-lobedirection of the desired
signalsare also main-lobedirectionsfor the IMD (if no
AM/PM amplifier corversionis assumed).

Usingthe FFT beamforming(9) is simplifiedto
2 sin”(NE(6))

Prirp(Lp) = |M(Lp)2(0)] S (E(0) (11)
where
1 M
§0) = 3 Ay —wsin®).  (12)
k=1

For example the directionof the maximumradiatedMP
for a 2w; — wy, productcanbefoundas

2Ap; — A
M) a3

emaw’IMp = arcsin (
™

It is easilyverifiedthat(13) maximize(11) for the 2w; —
wy, product.

3. SSIMULATION SETUP

The purposeof the simulationis to calculatethe cumula-
tive distribution functionof the CIR atthe MS in thefully

loadedsystem We simulatewith aclustersizeK € 1,4,7

and a first tier of interfering BS. Eachcell shapeis as-
sumedo behexagonalandthe MS areuniformly areadis-
tributedwithin a cell. We assumehata four elementan-
tennaarrayareemplogyedin eachsector(/N = 4). Thean-
tennaelementdhave acos? () radiationpatternwith +£90°

sensitvity (thefrontto backratiois oo dB).

Thepowerreceivedatthe MS from the BS transmittingat
power Pgrgrp is, after averagingover the fastmultipath

fading,
1 Y
P, = Pgirp (;) A

wherer is the BS to MS distance;y is the pathloss ex-
ponent(setto 4) andA is alognormaldistributedrandom
variablewith mean0 dB andstandardieviation 4 dB.

TheMS arerandomlyplacedin eachcell andtheMS used
for the CIR estimationis picked from the centercell, to
avoid edgeeffects. The beamwith the highestreceved
signalstrength(RSSl)ontheuplink for oneparticularuser
is chosemasthe beamfor the downlink transmissiorand
the power is regulatedaccordingto (1). Theuserscanbe
separatedby usinge.g.atrainingsequencenethod.

(14)



A. The Transmit MCPA

The BS is assumedo be equippedwith MCPA:s capable
of amplifying a maximumof eight simultaneougarriers.
The numberof usedfrequeny channelgpercellis 12,21
and24inthe K = 7,4,1 casesespectrely. Asameasure
of thelinearity of the MCPA, thenoisepowerratio (NPR)
is definedastheratiobetweenthelinearoutputpowerden-
sity to thespectrundensitywithin a pre-locatedhotch[3.
Whenthe numberof co-amplifiedcarriersis small (e.g.
four), we usethe intermodulationdistortion ratio (IMR)
asa linearity measuranstead,dueto the large errorsin-
voked when removing one carrierin the NPR measure-
ment. IMR is definedasthe ratio betweenlinear output
power per toneto the highestintermodulationdistortion
power, assuminghatall input carriersareof equalampli-
tudebut with independenphases.

The AM/PM distortionis neglectedin this study it is of-
ten is small in a linearizedamplifier, but the amplifier
AM/AM is modeledaccordingo Canns model[10Q]

vA

wherev is thesmallsignalamplification, K, is theoutput
saturationlevel asthe input amplitude|A|] — oo andgq
controlsthe kneesharpnessyr the transitionsmoothness
betweenthe linear and nonlinearregion. In the simula-
tions, the valuesq = 10, K, = 1 areused. The input
bacloff, definedasthe averageinput power comparedo
the input saturationpoint, is adjustedto give the desired
NPR.

9(4) = (15)

B. Performance Criteria

To evaluatethe performancef theswitchedbeamantenna
systemtheareaaveragedorobabilityof areceivedCIR at
aMS exceedingatargetvaluel'r. Theoutageprobability
asthe probability that CIR is below a pre-definedoower
protectionratio. A power protectionratio of 15 dB were
usedin the simulations.

4. SIMULATION RESULTS

Fig. 2 andFig. 3 shavstheperformancefthe K = 7 and
K = 4 systenmrespectiely for differentNPR. Four carri-
ersareco-amplifiedin eachMCPA. The degradationdue
to the intermodulationdistortionis similarin the K = 4
clustersize,althoughwe have adegradationin CIR com-
paredto K = 7 dueto the reducedreusedistanceand
henceincreasednterferencelevels, as can be seenasa
shift of thecurvesto theleft in Fig. 3. Theinterferencen
thesecasesarelinear co-channelnterferencaransmitted
by the BS in the first tier and intermodulationdistortion
from the BS in the samesectorasthe MS is connected
to. We seethatwhenNPR is decreasedhe interference
is dominatedy intermodulatiordistortion.

Whenthereusedistancds reducedo K = 1, seeFig. 4,
the NPR=41dB coincidewith theideal MCPA curve for

low CIR. Thisimpliesthatthelinearinterferencdrom the
BS in thefirst tier is the dominatinginterference.When
NPR is decreasedthe amplifier is working closerto the
saturatiorpoint andtheinterferencdbecomesnoredom-
inatedby intermodulationdistortion.  Fig. 5 showvs a
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Figure 2: Area-areragedprobability for differentMCPA
linearitiesmeasure@sNPR.The curvesshavs thedown-
link with 4-elemenfintennarraysin eachsectorandclus-
tersizeK=7.
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Figure 3: Area-areragedprobability for differentMCPA
linearitiesmeasure@sNPR.The curvesshavs thedown-
link with 4-elemenfintennarraysin eachsectorandclus-
tersizeK=4.

comparisorof theoutageprobabilitiesfor thethreecluster
sizesconsideredWe seethatthe K = 4 systemis slightly

moresensitve to intermodulatiorthanthe K = 7 system,
dueto thereducedeusedistancehencewhenNPRis de-
creaseda MS canbe interferedby intermodulationfrom

BS in thefirst tier. Note thatthe asymptoticvalueof the
outageprobability for the K = 1 caseis 0.79whenNPR
goesto infinity, hencethe systemis interferencdimited

dueto theshortreusedistancegvenwith idealMCPA:s.

5. CONCLUSION

Theperformancef aswitchedmultibeamantennaystem
usingtransmitMCPA:s in a cellular FDMA network has
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Figure 5: 1-P{Outage} for differentclustersizesasa

functionof MCPA linearity.

beenstudiedby simulationsonthedownlink channel.The
IMP will bespatiallyfilteredby thearrayradiationpattern
andis oftenradiatedn anothedirectionthanthedirection
wherethe two, or the threesignalsthat generatehe IMP
aredirected.

The multibeamantennanakesthe systemmorerobustto

nonlinearities,for K = 7, the CIR is severely reduced
whenthe nonlinearityis presentby intermodulationdis-

tortionfrom theown BS.However, themultibeamantenna
hasincreasedhe CIR to suchan extent that the outage
probability Pr {CIR < 15dB} is only slightly affected.
For K = 1 systemghelinearinterferencesituationis se-

vere and every dB degradationin MS CIR is expensve,

hencethe outageprobabilitywill belargely affectedwhen

theNPRis decreased.

Hence it wasdemonstratethatby usinga multibeaman-
tennain K = 7 frequeng plannednetwork, we canuse
the generateIR overheado usea lesscomplex or less
expensve linearisatiormethod.To reducetheintermodu-
lation distortionatthe MS, it is possibleallocatenew mo-
bilesto frequenciesothatthe generatedntermodulation
mainbeampointsin directionswhereno mobile existson

thatparticularfrequeng channel.
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