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Abstract

The performanceand feasibility of switched multibeam
array antennasn cellular systemss investigated.\\e as-
sumethat multicarrier poweramplifiers (MCPA:s) are used
in the base-stationto co-amplifythe transmittedsignals.
The MCPA geneamtesintermodulationdistortion and it is
shownhow the multibeamantennamalesthe radiatedin-
termodulationdistortion dependenbn the azimuthallook-
direction. Giventhe carrier to intermodulationdistortion
ratio of the MCPA, semi-analyticalexpressionfor the out-
age probability for the mobilesis derivedassuminga log-
normal fading radio channel. Furthermoe, the impactof
thefrequencyeusefactor, trunkpoolschemeandnumberof
antennass investigated.The analysisshowthat whenthe
numberof antennasare increased,it is possibleto reduce
therequirementonthe MCPA linearity.

1. Introduction

UsingswitchedmultibeamantennaatbasestationgBS)
in cellularFDMA systemshasshawn to eitherimprove the
capacityor to extendthe radio coverageby increasingthe
carrierto interferenceatio (CIR)[1]. Thereducednterfer
encelevels allows for a reductionin frequeng reusedis-
tance therebyincreasinghe spectrumefficiency of thecel-
lular system. One drawvbackwith the useof array anten-
nasat the BS sitesis the increasedamountof hardware.
Eachantennandfrequeng channekequiresansinglecar

rier power amplifier (SCFA) for the downlink transmission.

Thus, to reducethe size and compleity of the BS, multi-
carrier power amplifiers(MCPA) have beensuggested?]
wherethe signalsare combinedat low power andthenco-
amplifiedto avoid filter combiningat high power. The co-
amplificationof several carrierson differentfrequenciesn
an MCPA generatesntermodulationproducts(IMP). Of-
tenthethird orderIMP areconsideredof type 2f;- f;, and
fj + fr — f1), asthey fall ontofrequeng channelghatalso
areusedin the systemandthereby cannotbe removed by

filtering. Hence,linearisationof MCPA:s are commonly
adoptedo reducethe IMP to alevel acceptabldor the sys-
tem.

The problemaddressedh this paperis, how is the lin-
earity requirement®n the MCPA relatedto the frequeny
reusedistancean the cellular systemandthe numberof an-
tennasused?We assumehat the IMP outputpower from
theMCPA is limited by thelinearisatiortechniqueso acar
rier to intermodulationievel of A dBc. Differentfrequeny
planningtechniquess studiedaswell asthe effect of other
influencingparameterasthe beam-widthandthe sidelobe
level (SLL) of the multibeamantenna.As a performance
measurethe outageprobability, or the area-aeragedprob-
ability thatthe receved power at the MS is below a target
valueis used.Furthermoretheradiochanneis assumedo
beafadingchannemodeledwith alog-normaldistribution.

Onepropertyof MCPA:s in conjunctionwith multibeam
antennass that the radiatedIMP will be spatiallyfiltered
by the beam-pattermof the antennaarray[3]. Assumethat
the transmittedpower in one of the beamsfrom the BS is
Pr [dBW]. In somedirectionstheIMP level Pr — A [dBW]
will be furthersuppressebly the SLL of themultibeamra-
diationpatternandin otherdirectionstheIMP level will be
increasedy the gain of the antennaarrayby coherentad-
dition of the IMP from all antennasHence the amountof
IMP interferencepower thata MS experiencedrom BS in
it's “own” cell andfrom BS:sin adjacentcellsdependon
the numberof antennasi.e. thebeam-width SLL andalso
onthetrunkpooltype adoptedor the currentsystem.

The analysisin this paperconsiderghe worst casesce-
nariowith afully loadedFDMA systemandflat-topbeam-
formersareassumedo simplify the analysis.Furthermore,
power controlis not addressedgachBS transmitswith the
samepower Pr.

2. System model

This sectiondescribeghe multibeamantennathe char
acteristicsof intermodulationdistortion in multibeaman-



tennasand also the assumptiongnade aboutthe cellular
systemfrequeng plan.

2.1. Switched multibeam antennas

It is assumedhatthe BS in eacheachsectoris equipped
with an antennaarray capableof transmittingthe down-
link signalin N beamscoveringa 120° horizontalangle.
Hence, the beam-width(BW) of eachbeamis approxi-
mately12®® /N degreeswhereN is the numberof antenna
elementsof the array The beamsare assumedixed and
areoften generatedisinga Butler matrix [4] which canbe
implementedn hardware. This givesa low costandrobust
solutionto the beamformingproblem,althoughthereis no
possibilityto steemullsin theradiationpatternin directions
whereco-channemobilesexists[5]. Hence,to reducethe
co-channeinterferencat is desirableo haveanarrav BW,
which is determinedby the numberof antennasand low
SLL of the radiationpattern,which can be controlled by
the aperturetapering. Uniform aperturetapergive SLL of
-13.2dB comparedo the direction of maximumintensity
(mainbeam),by usinga Hammingtaperwindow, the SLL
canbereducedo -42.8dB belonvy maximumintensityatthe
expenseof 25% lossin gainrelative to theuniformaperture
[6].

The beamselectionfor the downlink transmissionis
basedon information derived from the uplink suchasthe
directionof arrival (DOA) in azimuthalangleof the uplink
information. The DOA estimates usedto selectonebeam
from the setof downlink beams.The DOA canbeanactual
estimateof directionto the mobile stationor if the radio
channelis a multi-pathchannelthenthe bestuplink beam
is identified as the beamwith the largestreceved power
from thedesireduser The choserbeammightnot coincide
with thetrue DOA beamof themobiledueto thereflections
in the multi-pathchannel1].

2.2. Intermodulation in multibeam antennas

Assumethatan MCPA precedegachantenndn the ar
ray. SeeFigurel. The MCPA amplifiesall the downlink
signalsin usein the particular120®° sector An FDMA sys-
temis assumedhencethe downlink signalsare placedon
separatenon-overlappingfrequeng channels. Due to the
non-idealMCPA, the signalswill generaténtermodulation
distortion(IMD) andthe frequeng channelandamplitude
of theIMP is dependenbnthecharacteristicef the MCPA,
often definedasthe AM/AM and AM/PM characteristics
andthe amplitudeandfrequeng of theinvolvedinput sig-
nals. The degreeof linearity canbe measurecsthe carrier
to intermodulatiorpower ratio (CIMR).

Using an array antennathe IMD will be directionde-
pendentsothe IMD will beweightedby thearrayantenna
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Figure 1. Switc hed beam antenna architecture
using multicarrier power amplifier s

radiationpatternwith sidelobesandnulls, wherelessor no
IMD is radiated[7][3]. If we assumehat the frequeny
channelareequallyspacedfrequeng channelk have cen-
terfrequeny fr, where

fe = fo+EAS 1)

andA f is thefrequeng channelspacingand fj is thefre-
gueng referencechannel. Due to the equally spacedtre-
gueny channels,it is possibledrop the actualfrequeng
andproceedn termsof frequeng channelsHence thefre-
gueng channebf thethird orderin-bandIMP generatedby
mixing channel channelj andchannel is givenas

krvpr =25 —1 )
krvp2 = 21— 3

which then correspondsto the frequenciesfy,,,», and
friups- Notethatthesefrequenciesnight fall outsidethe
frequeny bandof interest,if for example fi,,,», < fo OF
krmvp1 < 0 andthey canthen easily be removed by the
transmitfilters.

Furthermorea FFT basedbeamformingnetwork (BFN)
often implementedas a Butler matrix [4] is assumed. It
hasthe propertyof a constanphasegradientAy;, overthe
antennaarray aperture. If ¢, is the phaseweight of the
signalon frequeng channek atantennalementn, then

nk = (n —1)Apy 4)

wheren = 1,..., N is theantennaelementnumberandk
is thefrequengy channehumber We assumefrom hereon,
thatthe amplitudeweightsor aperturetaperingis constant
andequalfor all N antennashenceanuniform aperture.



In thesameway asthefrequencie®f theIMP wascalcu-
latedabove, it is possibleto calculatethe phasegradientof
theIMP beams Hence thetwo signalson frequeng chan-
nelj andl areassumedo be connectedo the BFN portsto
give outputphasegradientsAp; andAy; respectiely and
thethird orderIMP hasthe phasegradientd8]

Aprvpr = 28¢5 — Ay, (5)
Aprmpe = 2A¢; — Agp; (6)

The phasegradient,Ay; belongsto a setQ2g of N phase
gradientsuniquefor eachbeamthe BFN cangenerate,

27p N-1
Qs = {T} 7)
p=0

Thefinite set{)g is aclosedgroupundermultiplicationand
addition, following module N algebra. Theseproperties
implies that the main-lobedirection of the desiredsignals
arealsomain-lobedirectionsfor the IMD. Thedirectionof

maximumIMD canthenbecalculatedas,for example[3]:

2A¢p; — A‘Pj)

™

Gmaz,IMD = arcsin ( (8)
Hence,two signals,say s; (t) and sz (t), separatecccord-
ing to (1), with equalphasegradients(Ayp; = Ao, i.€.
sameinput port of the beamformingnetwork), will gen-
eratethird orderIMP with equalphasegradientsAg,., =
Apr = Agpa,, i.e. IMP atthefrequenciesfs = 2f> — f1
andfy, = 2f, — f- areradiatedn thesamebeamastheam-
plified original signalss; (t) andsa (t). If, howeverthe two
signalsareto betransmittedn distinctbeamsAy; # Ay,
(differentbeamformingnetwork input ports) and the third
orderIMP areradiatedwith phasegradient2Ap, — Ay,
and2A¢p; — Ay, at the frequenciesfs = 2f, — f; and
fo = 2f1 — f2 respectiely. Note that f; is outsidethe
definedtransmitteband.

TheabovediscussiorshavsthatthelMP is radiatedwith
the sameradiationpatternasthe linear (desired)amplified
signals.

2.3. Cell sectoring and frequency reuse

Dependingon how the cellular systemis sectorizedand
on the frequeny reusedistance the systemsensitvity to
the IMD will vary. In this section,the cell sectoringand
frequeng planningusedin the studyin this paperis de-
fined. We assumehat the cells arecircular with radius R
andthat K cellsin agroupmake up a clusterof cells. As-
sumethat a total of C' frequeng channelsare usedby the
operatoffor thedownlink transmissionTheneachcell usea
fractionC'/ K of thesdrequeng channelssothefrequeny
reusedistanceis D = /3K R [9], seeFigure2. Because

of the tiling propertiesof hexagonalshapesthe clusters
will accommodatenly a certainnumberof cells, suchas
K =1,3,4,7,9,12,.... WhenK is decreasedyith acon-
stantcell radiusR, thetraffic capacityis increasediueto a
more densereuseof the C' available frequeny channels.
However the transmissionquality is also decreasingwith
decreasindrequeng reusedistanceD dueto theincreased
interferencdevels. Theinterferencaeducingpropertiesof
the multibeamantennaallows a smaller D andtherebyan
improved capacity It is assumedhat eachcell hasthree
switchedmultibeamantennascovering 120° each, hence
threelineararrayswith N antennalement®achis situated
at the BS site. In the omni-trunkpoolfrequeng plan[10]
all the C/ K channelsassignedo a cell canbeusedin ary
beamin arny sector seeFigure2. In this caseho hand-ofs
areneededinlessthe mobilecrosses cell boundaryIn the
sectortrunkpool case,the C/K channelsassignedo each
cell arefurtherdividedinto threegroups,seeFigure3. The
sectorcanthusbe consideredisa new cell with a substan-
tial reductionin the co-channeiinterference[9], however
the omni-trunkpooltechniquehave a lower channelusage
efficiency dueto the lossin trunking efficiency.  In both

Figure 2. Frequenc y plan with omni-trunkpool
cells and K=4, C=12. The numbers repre-
sents the FDMA frequenc y channels.

of thesefrequeng plans,it is easyto seethatthegenerated
IMP arefalling onfrequeny channelsisedin the samecell
they aregeneratediFor example frequeng channell,5and
9 generatehird orderIMP of type2f; — fi onfrequeny
channeR-5—1 = 9 andof type f; + fr — fi onfrequeny
channeb + 1 — 5 = 5 (wherethethird orderIMP:sfalling



Figure 3. Frequency plan with sectoriz ed-
trunkpool cells and K=4, C=12. The numbers
represents the FDMA frequenc y channels.

outsidefrequeng channelsl,5,9have beenomitted). As a
result,theIMP will alsohave areusedistanceof D.

3. Outage probability

In this section,the outageprobability of a mobilein a
cellular systemusing switchedmultibeamantennasat the
BSis calculated.The radio channelshadaeving is assumed
to have a log-normaldistribution and the mobilesare as-
sumedo be uniformly areadistributedin eachsector

3.1. Interferencein cellular systems

We consideraninterferencdimited systemin which the
thermalnoisein thereceversis negligible comparedo the
co-channeinterferencgpower. Hencethecarrierto interfer
enceratio (CIR) is used.The CIR atthemobileis arandom
variable,affectedby phenomenas mobile location, base
stationlocation, fading characteristicand the directional
antenngropertieggivenby the multibeamantennaDesign
specification®ftenrequirethata minimum CIR, calledthe
power protectionratio v, mustbeachievedoveralarge per
centageof the coveragearea(usually90%) [9].

We neglect co-channelinterferencefrom cells outside
the first tier of co-channelcells and we assumethat the
MCPA:s arelinearizedto give anCIMR of A [dBc]. There-
fore, the CIR (v4) (actuallythe carrierto interferenceplus

intermodulationinterference)of the desireduser can be
writtenas

v = Sa _ Sa(r)
St SN Si(ri) + Stmp(r)

whereS;(r) [W] isthereceivedpoweratthedesirednobile
atadistancer from its BS and.Sy [W] is thetotal interfer
ing power, whichis from BS in thefirst tier andintermod-
ulationdistortion Srasp(r) [W] from the BS the mobileis
connectedo. A total of Ny numberof first tier interfering
sourcesxistsandthedistanceébetweertheinterferingBS
andthe mobile understudyis r;. If a sectorizedrunkpool
is used,with 120° sectors,N; = 2, otherwisethe number
of interferersis a randomvariablerangingfrom zeroto a
maximumof N; = 6 [10]. It is further assumedhatthe
interferingsignalsarenon-correlated.
An areauniform distribution of the mobilesin a 120°

sectorrelative to their BS is givenin polar co-ordinatesy
[11]

(9)

pr(r)=% Ry<r<R  (10)
W) =5  —aE<esT3 QY

where Ry is the minimum allowed BS to mobile distance,
setto 20 metersand R is thecell radius.

3.2. The outage probability in a fading channel

A fully loadedsystemis assumedthatis, all Ny inter-
ferersin thefirst tier are active and a flat-top beamformer
is usedin the calculations,seeFigure4. We assumehat
the beam-width(BW) is BW = 27 /3N, hencethe 120
sectoris coveredby N beams.

For eachBS in thefirst tier thatinterferswith themobile
in the centercell understudy threecasesexists:

1. BS is interfering the mobile and the main beamis
pointing towardsthe mobile, hencethe power Pr dB
is transmittedn the directionof themobile.

2. BS is interfering the mobile, but main beamis not
pointing in the direction of the mobile, hencethe
power Pr — q dB is pointing in the direction of the
mobile.

3. BSis nottransmittingin the sectorthatcausenterfer
enceto the mobile, this is only possiblein the omni-
trunkpoolscheme.

As themobilesaredistributedaccordingto anuniform area
distribution, and the Ny interfering cells in the first tier
areindependentthe probability thatn; interferingfirst tier



Figure 4. Radiation pattern of aflat-top beam-
former covering one sector with beam-width
BW and side-lo ve level of Pr — ¢ dB where Pr
is the transmitted power.

beamsare pointing towardsthe mobile is binomially dis-
tributed[12]:

o) =n- () () (1- %)N (12

forn; =0,...,Nr. In (12), N is the numberof antennas,
equatlto thenumberf beams.Thefactorp, is 1/3for omni-
trunkpoolschemesnd1 for sectorized-trunkpoachemes,
to take the factthatin omni schemesthe interferermight
betransmittingin anothersectorfacingin anotherirection
andin thatcaseit doesnotinterferatall with themobile.

Furthermorewe assumehatthe mainbeamof theradi-
atedIMP is in oneof the N beamswith equalprobability.
Hence the probability Pryp(nrap) thatthe mobileis in
themainbeamof theIMD is

Pryp(1) =1/N
Prp(0)=1—1/N

In mainbeam
In sidelobe

(13)
(14)

andthe powerof thelMD is Pr — AdBandPr — ¢ — A dB
in the mainbeamandin the side-loberespectrely. Using
conditional probability theory the outageprobability can
now beexpresseas

P(outage) = P (ya <) =

Z Z P (va < 7|ni,nrmp) Pr (ni) Prup (n1vp)
n;i=0nrmp=0

(15)

sinceall possiblevaluesof the numberof co-channelinter-
fererspointingwith themainbeamtowardsthemobilemust
beconsidered.

The local meanpower, u, of a signalin a log-normal
fadingchanneis a stochastivariablewith the pdf:

exp (~(in(n) —m)?/20%)  (16)

1

f(/“”’ m} U) \/ﬁau
whereo? andm arethe logarithmicvarianceandthe area
meanpower of the signal,respectiely [13]. Theareamean
power is assumedo follow a p-th power law propagation
model:

m=K/r? (17)

where R is the BS to mobile distanceand K is a constant
that dependson the transmittedpower. We assumen the
following thatall BS transmitthe samepower Pr andthat
all radiochanneldave the samevarianceo.

The interfering signalswill add non-coherentlyat the
mobile, andthe sumof stochastiaindependentog-normal
variablescanbe approximatedy anotherog-normalvari-
able[14][15]. If we denotethe desiredsignal areamean
powerasmg we get

mq = PT/’f'p (18)

andfor theinterference

- _ Pr ~
g = S5 (0 + (1= p)

K3

fori=1,...,Nr (19)

and

~ (IMD) _ Pr)
my =

(nimp + Gl —n1mp))  (20)
for the intermodulationinterferencewhere,n; = 1 if the
mobile is in the main beamof interfering BS 4, otherwise
n; = 0 andsimilar for the IMD. The notation® is usedto
denotethelinearscalee.g. A = 10 -log;o(}).

The conditional outage probability P(vyq4 <
v|ni, nrmp, T, ¢) cannow be calculatedoy using Wilkin-
sons:smethod of approximatingthe sum of log-normal
distributedvariableg14]. Denotemn; asthe sumof all the
interferers(in nats)obtainedby Wilkinsons methodto be
usedasthe meanof the log-normalpdf (16). Now, to find
the conditional outageprobability, we integrate the pdf:s
(16).

P(va < vy|ni,nrmp,7, @) =
e Y1

- / dpur / Fasma, o) f (urymr,0)dpa (21)
0 0

andtheresultis [13]:

P(yq < y|ni,nrmp,r,¢) = Q (md —my — ln('y))

202



To find the unconditionaloutageprobability, (22) mustbe
averagedbver all possiblemobilelocations(r, ¢) weighted
by the pdf of themobilelocation(10),(11) Thedifficulties
in performingthis stepis circumventedby performingan
Monte Carlosimulation,to avoid lengthycalculationsn di-
rectanalysisor to avoid roundof andstability problemsin
numericalintegrationmethods.

3.3. Monte Carlo simulation

TheMonte Carlosimulationis composedy the follow-
ing steps:

1. The position of the desiredmobile (r, §) is randomly
pickedaccordingto (11).

2. Loopthroughall the Ny first tier interferersandcalcu-
latethe distancesrom BS i to the desiredmobile.

3. Loop through all 2™¥+1 possible combinationsof
m,.-- ,Mng,Mrvp and for each combination, use
Wilkinsons methodto calculatethe sum of the log-
normalfadedinterferingsourcegr ) [15].

4. Calculatem, andm; andinserttheseinto (22) to get
the conditionedoutageprobability.

5. Calculatethe probabilitythatthe specificcombination
of m1,...,nny, N p OCCUrred.

6. Multiply the probability with the conditional outage
probability (22) andsumup accordingto (15).

7. Storethe calculatedoutageprobability andrepeatthe
procedurefrom stepl until a sufficient accurag has
beenobtained.

4. Resaults and discussion

Thesystemwasanalysedvith thefollowing parameters.

The pathlossexponentp wassetto 4, the log-normalvari-
ances=4 dB andthe cell radiusR=1000m and R,=20 m.
A power protectionratio y=17 dB wasused,ascommonin
AMPS cellular systems. The side-lobelevel ¢=13 dB, as
theuniform aperturenveightedarray

Figure 5 shaws resultsfrom using the sectortrunkpool
scheme Thefigure shavs the outageprobabilityasa func-
tion of — A, thecarrierto intermodulatiorievel. When\ <-
40 dBc, the curvesreachesa threshold,andin the region
lessthan-40 dBc the systemis interferencdimited by co-
channelinterferencefrom first tier BS. Hence,improving
the MCPA linearity further doesnot improve the outage
probability. Givenaservicegradeof 90% (outageprobabil-
ity 0.1), we seethata systemwith frequeng reusein every
cell (K=1) cannotbe implementedwith either N=1,40r 8

antennasThe K=4 systemachiezesan outageprobability
of 10% atanintermodulatiorlevel of 29.1dB and23.3dB
below the carrierrespectiely. Hence,a larger array with
more antennaelementamakesthe systemlesssensitve to
IMD, dueto thenarroverbeam-widths.

For the K=7 system thereductionin A at outageprob-
ability 0.1 is 12.6 dB whenincreasingthe numberof an-
tennasfrom N=1 to 4, but to further increaseN gives
only an additional 3.6 dB reductionin A. Hence, the
first additionalantennaelementgwhen N > 1) givesthe
largestinterferencaeduction.Notethatthis is valid for the
switchedmultibeamantennaanadaptve antennalgorithm
canmore efficiently usethe increasechumberof antenna
elementdo placemoreand/orbroademulls towardsinter-
ferers.We proposethataperturetaperingshouldbe usedin
switchedmultibeamantennasvhenthe numberof antenna
elementsarelarge, becausat somepoint, whenalarge N
givesa sufiiciently narrov BW, lower sidelobesdbecomesa
moreimportantissuefor reducingthe co-channeinterfer
encethannarroving the BW.
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Figure 5. Calculated outage probability for the
sector -trunkpool scheme.

Figure 6 shavs the outage probability for the omni-
trunkpool schemewherea maximumof N;=6 simultane-
ousinterferingBS in the first tier is presentasopposedo
thesectorizedystemwith only Ny=2interferingBS:s.Due
to theinterferencewe cannotachiese anoutageprobability
< 0.1 for the K=1 caseevenwith a perfectlylinear (ideal)
MCPA. However, usingthe multibeamantennawith N=4
and 8 antennaelementsthis is achieved for the K=4 and
7 clustersizes. For the K=4 case,the MCPA musthave
a carrier to intermodulationlevel of 33.8 dBc to achieve
P(outage) < 0.1. In practice,to increasethe capacity
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Figure 6. Calculated outage probability for the
omni-trunkpool scheme.

or spectrumefficiency of the cellularsystemthefrequeny
reusefactor K is reducedhencewe continueby studythe
K=4 systemin moredetail, seeFigure7. Herethe omni
andsectorizedrunkpoolschemesrecompared.The sec-
torizedsystemhasa lower outageprobabilityfor ary given
CIMR, asthe numberof possibleinterferersare lessthan
in the omni case. Also, increasingthe numberof antenna
elementsN from 1 to 4 givesthe largestimprovementin
outageprobability, the improvementby increasingo 8 an-
tennags less.Givenan outageprobability, we seethatit is
possibleto reducethe amplifier linearity whenthe number
of antennagandMCPA:s) areincreased.

5. Concluding remarks

The performanceof switched multibeamantennasys-
temshave beenanalysedor cellularradio systemsvhena
non-idealMCPA is usedin the transmitchain. We shaved
how the omni-trunkpoolschemehasa larger outageprob-
ability than the sectorizedschemeand how it is possible
to reducethelinearity specificatiorof the MCPA whenthe
numberof beamsin the multibeamantennais increased.
Therearecertainlimitationsto theanalysigpresentedéh this
paper We have assumedhatthesystems fully loaded that
is , the worst caseof interference.Furthermorethe inter-
fering BS:soutsidethefirst tier have beenneglected.Also,
the fading was modeledwith a log-normalpdf, hencewe
have assumedhat the carrierto interferenceratio is aver
agedoverthefast,oftenRayleighdistributedfading.
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Figure 7. Calculated outage probability for a
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