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Abstract

This paperconsiderghe effect of spatialcorrelationbetweertransmitantenna®n the sum-ratecapac-
ity of the MIMO broadcasthannel(i.e., downlink of a cellular system).Speci cally, for a systemwith
alarge numberof users , we analyzethe scalinglaws of the sum-ratefor the dirty papercodingandfor
differenttypesof beamformingransmissiorschemesWhenthe channelis i.i.d., it hasbeenshavn that

for large thesumrateis equalto — where  is the numberof transmit
antennas, istheaveragesignalto noiseratio,and refersto termsthatgoto zeroas . When
thechannekxhibits somespatialcorrelationwith a covariancematrix ~ (non-singulamwith ),
we provethatthesumrateof dirty papercodingis — . Wefurthe
shaow thatthesum-rateof variousbeamformingschemeschieves —

where dependsn the type of beamforming.We canin factcompute for randombeamforming

proposedn [24] andmoregenerally for randombeamformingwith precodingin which beamsarepre-
multiplied by a x edmatrix. Simulationresultsarepresenteét theendof the paper

Key Words broadcasthannelchannektateinformation,transmitcorrelationmulti-userdiversity wire-
lesscommunications.

1 Intr oduction

Multiple inputmultiple output(MIMO) communicatiorhasbeenthefocusof alot of researchwhich basically
demonstratethatthe capacityof a pointto point MIMO link increasedinearly with the numberof transmit
andreceve antennasResearchocushasshiftedrecentlyto the role of multiple antennasn multiusersys-
tems,especiallybroadcasscenariogi.e., oneto manycommunicationasdownlink schedulings the major
bottleneckfor future broadbandvirelessnetworks. An overviewn of theresearcton this problemcanbefound
in [26, 1].

In thesescenarioswhenmultiple usersarepresentoneis usuallyinterestedn 1) quantifyingthe max-
imum possiblesumrateto all usersand?2) devising computationallyef®cient algorithmsfor capturingmost
of thisrate[35]. The ®rst questionwassettledrecentlyby usinga techniquesimilar to writing on dirty pa-
perandhenceknown asdirty papercoding(DPC).While DPC solvesthe broadcasproblemoptimally; it is
computationallyexpensie andrequiresagreatdealof feedbaclasthetransmittemeedgerfectchannektate
informationfor all userq1].

Therehasbeenincreasednterestrecentlyto devise simpletechniqueghatutilize multiuserdiversityand
achiee a sum-ratecloseto the sum-ratecapacityof the MIMO broadcasthannel(see,e.qg.,[23, 24, 15,9,
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10]). Theschemeproposedn [24], known asopportunistionultiple randombeamformingor conciselyran-
dombeamforming)hasbeenprovedto asymptoticallynaximizethesum-ratgor throughputpf thedownlink
of singleantennaellularsystemsy transmittingto the userswith the bestchannekonditionsfor agivenset
of randombeams.The gainof this andotherbeamformingschemeganbe attributedto multiuserdiversity—
eachuserexperiences differentchannelandthereforethe transmittercanexploit this variationandchoose
theuserghathave thebestchannetonditions.Clearly themultiusergainwould bespeciallymagni®edwvhen
the channeldbetweerthetransmitterandthe usersarechangingndependently

In thispapemwefocusonamulti-antennalownlink channeln thepresencef correlationbetweertransmit
antennas.This correlationis causedy local scattereraroundthe basestationor the fact that the transmit
antennaf thebasestationarenotspacedar enougho createéndependenthannelsTheoverridingquestion
thenis to analyzethe effect of this correlationon the sum-rateof DPC andvariousbeamformingscheduling
techniques.

Speci®cally we considerthreevariationsof randombeamformingnhamely randombeamformingwith
channelwhitening, beamformingwith generalprecoding,and deterministicbeamforming. In the ®rst, the
transmitterspatiallywhitensthe channelandthenusesrandombeamforming.ln randombeamformingwith
precodingthetransmitteremplo/s a moregeneralprecodingmatrix. In both of thesetransmissiorschemes,
thetransmittedsignalneeddo be scaledproperlyto maintainthe averagepower constraint.Finally, in deter
ministic beamformingasits namessuggestswe usea ®xed beamformefor all channelusesin placeof the
randomlyvaryingone.

Whenthe numberof usersis large andthereis no correlation,the sumratefor DPC andrandombeam-
forming asymptoticallycoincide[24]

— 1)

where is thenumberof users, is the numberof transmitantennasand is the averagesignalto noise
ratio, and representsermsthatgo to zeroas . It turnsout thatthis is not casefor the channel
with transmitcorrelation.In this case the sum-ratecanbewritten as

— (2)

wherethe constant (which refersto the sum-ratdossdueto correlation)dependsn the scheduling
schemendthe eigemwvaluesof the covariancematrix

The paperis organizedasfollows. After introducingthe channelmodelin the next section,we review in
Section3 thedifferentschedulingschemestudiedin this paper We obtainthe scalinglaw of thesum-ratefor
DPCandrandombeamformingschemei Sectiond and5, respectiely. Sections.2,whichis theheartof the
paper is devotedto derving the scalinglaw of randombeamformingn a spatially correlatedervironment.
We usethis resultto derive the scalinglaws for randombeamformingwith precodingandfor deterministic
beamforming We concludethe paperwith simulationsandconclusions.

2 Channel Model and Problem Formulation

In this paperwe considera multi-antennaGaussiarbroadcasthannelwith  recevers equippedwith one
antennaand a transmitter(basestation) with antennas.Let be the vector of the transmit
symbolsattime slot , andlet betherecevedsignalatthe 'th recever. We canthenwrite thereceved
signalatthe 'th useras

3)

where is the additive noisewhich is complex Gaussiarwith zero meanand unit variance, .
Moreover, is the transmitsymbol satisfyingthe power constraint . Here denoteghe
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averagetransmitpower (or equivalently the averageSNR consideringthe normalizationof the variancedor
channelndnoise).

Thechannel isa comple channelvector known perfectlyto the recever, anddistributedas
. The covariancematrix is ameasuref thespatialcorrelationandis assumedo benon-
singularwith 1 Wealsoassuméhat  follows ablock fadingmodel,i.e., it remainsconstant

duringa coherencentenal andvariesindependenthfrom onesuchintenal to the next. We ®nally note

thatthe channels identicallydistributedacrossusersbut is independentrom oneuserto another
Denotingthe averagerate of the 'the userby  over all the channelrealizationswe areinterestedn

analyzingthebehaior of thesum-ratej.e., , of downlink for large

In thefollowing sectionwe review the schedulingschemeshatwill be consideredn this paper

3 Review of TransmissionSchemesn the Downlink

3.1 Dirty Paper Coding (DPC)

The capacityregion of the multi-antennadroadcasthannels achiered by dirty papercodingwhenfull chan-
nel stateinformation(CSl) is availableto the transmitterandusers.Intuitively, if the transmitterknows the
channelof all usersjt canuseDPCto pre-subtractheinterferencdor eachuserwhile preservinghe aver-

agepower constrain{35]. More precisely the sumratecapacity , canbe written as(see[15] andthe
referencesherein),

(4)

In a systemwith alarge numberof users , andfor ®ed and it hasbeenshavn thatthe sum-rateof
DPCbehaesasin (1),

— ®)

whenthereis no spatialcorrelation,i.e., [24]. Scalingof the sumrate capacityhasalsobeeninvesti-
gatedfor otherregionsof , ,and (seg[13, 10, 12] for details).

Therearetwo major dravbacksof this scheme.First, it is very computationallycomple, both at the
receversandtransmitter Moreover, it requiredull CSlfeedbackrom all actve userdo thetransmitterof the
basestation(thisfeedbackequiremenincreasesvith thenumberof antennasindusersandwith thedecrease
of thecoherencéime of the system).

3.2 RandomBeamforming

Giventhesedravbacksof DPC,researchnasfocusedon devising algorithmsfor multiuserbroadcasthannels
thathave lesscomputationatompleity and/orlessfeedbackandstill achieze mostof the sum-ratgpromised
by DPC suchasrandombemaforming23] andzeroforcing [9] (seealso[14, 7]). A randombeamforming
schemewasproposedn [24] wherethe transmittersendsmultiple (in fact ) randomorthonormalbeams
chosento userswith the bestsignalto interferenceratio (SINR). In this schemehe only feedbackequired
from eachuseris the SINR of the bestbeamandthe correspondingndex.

Speci®callythetransmitterchooses randomorthonormabeamvectors  (of size ) generated
accordingo anisotropicdistribution. Now thesebeamsareusedo transmitthesymbols

We assumehatthe spatialcorrelationis invariantacrosausers This assumptioris realisticbecausthisis effectively thetransmit
correlationamongantennasit the basestation.



by constructinghetransmittedrector

(6)

After  channeluses,the transmitterindependentlychoosesanotherset of orthogonalvectors and
constructghe signalvector(accordingto (6)) andsoon. Fromnow on andfor simplicity, we will dropthe
timeindex Thesignal atthe 'threceveris givenby

(7)
B (8)
where — sincethe ‘'sareassumedo beidenticalandindependenthassignedo differentusers.
The 'th recever usesits knowledgeof the effective channelgain somethinghatcanbe arrangedy
training,to calculate  SINR's, onefor eachtransmittecoeam
— 9)
Eachreceverthenfeedsbackits maximumSINR,i.e. , alongwith themaximizingindex
Thereafterthetransmitterassigns  to theuserwith thehighestcorrespondingINR,i.e. f
we do theabove schedulingthethroughpuftor large  canbewrittenas[31] 2,
(10)

wheretheterm accountdor the smallprobabilitythatuser maybethestrongestiserfor morethanone
signal  [24].

To further quantify (10), [24] usedthe fact that the 's areiid over andemploed extreme
valuetheory[34] to argue that behaeslike and henceconcludedthat the sum

ratecapacityscalesasin (1), meaningthatthe sum-rateof randombeamformingoehaesthe sameasthatof
DPCfor large numberof users.

3.3 Other Beamforming Schemes

The scalingresult (1) appliesfor iid channels. As such,we derie in Section5 the scalinglaw of this
schemdor correlatecchannelsAlternatively, giventhis correlationwe considerthe following beamforming
schemes.

Random beamforming with channelwhitening In the presenceof correlation,one can ®rst whiten the
channelandthen userandombeamformingscheduling. In this case,andinsteadof using asthe
beamformingnatrix3, wewoulduse where is aconstanto make surethatthe transmit
symbolhasanaveragepower of  The scalingof this schemewould follow directly from the scaling
of randombeamformingoveriid channelgseeSection5.1).

2Theprooffollows from thefactthewhen is largethemaximumSINR andthe  *th maximumSINR behae quitesimilarly.
3Notethat is anorthonormakmatrix composeaf thebeam(column)vectors



Random beamforming with generalprecoding More generallywe canprecodewvith ageneramatrix
beforebeamformingj.e. weuse to transmitthe informationsymbols. The scalingof this
schemdollows directly from the scalingof randombeamformingover correlatedchannelsandsois
consideredn Section$.2and5.4. We go onestepfurtherandshav how to computeghesum-ratevhen
the beamformingmatrix is premultipliedby the full rank matrix

Deterministic beamforming Finally, by ®xing the beamformingmatrix  we obtaindeterministicbeam-
forming, a schemeanalyzedby Park and Park [19] (for the two antennacase)andwhich we further
analyzein Section5.3.

As we mentionedabove, andaswe shall soonsee,all theseschemeshave scalingsimilar to theiid case(1)
with a penaltyterm where is a constanthat dependonly on the schedulingschemeandthe
correlationmatrix

4 Effect of Transmit Correlation on the Sum-Rateof DPC

In this section,we derive the scalinglaws of DPCfor correlatecchannels As mentionecearlier dirty paper
codingachievesthe sum-ratecapacityof the multi-antenndroadcasthannel Thesum-ratecapacityis given
by (4) andits behaior when is largeis givenby (5) for iid channelslt turnsout thatwhenthe numberof
usersis large, the sum-ratecapacitywill be decreasetly a constanwhich depend®n the covariancematrix
of thechannelllt shouldbe mentionedhatthroughouthepaperwe assume is ®xedandnon-singulawith

The next theoremprovesthis statement.The proofis alongthe sameline asthe proof for thei.i.d. case
(asshawn in [24]) with the only differencethat the lower boundratherthan being achieved with random
beamformings achieved with a spacialtype of deterministidbeamformingWe ®rst give thelower boundin
thefollowing lemma.

Lemma 1. Considera Gaussiarbroadcasthannelwith a channelcovariancematrix  whichis non-singular

with . Letthere beonetransmitterwith ~ antennasand uses with singleantennaghat have

accesdo theCSlandthetransmitteiknowsthe CSlperfectly We assumehetransmitteruseghedeterministic

beamformingnatrix where istheunitary matrix consistingoftheeigervectos of . Thenfor large
, the sum-ate of this schedulingis

— (11)

Proof: SeeSection5.3for the proof. [ |

Clearly (11) is alower boundfor the sum-ratecapacity In the next theoremwe shav that(11) is indeed
anupperboundfor thesum-rateaswell.

Theorem 1. Considera Gaussiarbroadcastthannelwith an autocorelation matrix  de nedin Lemmal.
Letthere beonetransmitterwith  antennasand uses with singleantennaghat haveaccesgo the CSl.
Assuméurther that the transmitterknowsthe CSl perfectly The sum-ate capacity(which is achieved by
DPC)scaledike

— (12)

for large



Proof: Lemmal impliesthattheright handsideof (12) is achievable. All we needto prove thetheorem
is to shawv thatthesum-rateof DPC cannotbelargerthan(12). We usethesumratecapacityexpressiorgiven
in (4) to obtainan upperboundfor the sum-rate.To this end,de®ne -~ where is
With this decompositionthe sum-ratecapacitycanbewritten as

(13)
Now usingthe geometric-arithmetimeaninequality —— ,Wweobtain
toreplacethe with anupperbound
Since is distributed,with high probability the maximum behaeslike
. Thus,
_ — (14)

whichis thedesiredupperbound.This completeshe proof of thetheorem. |

The bound in (14) coincideswith (12) in the Theorem statementfor large | wantedto point your
attention to this fact. | don't know if you want to mention anything about that.

5 Effect of Transmit Corr elation on Random Beamforming

Thedeterministicbeamformingschemeof Lemmal asymptoticallyachievesthe DPC sum-rate However it
hasthe dravbackthat,unlessthe 'schangevery rapidly over differentchanneluses,t will oftentransmit
to a®xedsetof users.To make the schedulingnoreshort-termfair, it is usefulto furtherrandomizehe user
selectionby randombeamforming(see[23, 24] for moredetails). In this section,we analyzethe effect of
correlationon the sum-rateof randombeamformingWe startby the simplestcasan whichthebeamforming
matrix is multiplied by in orderto whitenthe channel We thenturn our attentionto therandombeam-
forming schemeand®nally useit to deducethe sumratesof deterministicheamformingandbeamforming
with generalprecoding.

5.1 RandomBeamfrming with Channel Whitening

To whiten the channelwe multiply all the beamswith where is a normalizationfactor The
transmitsymbolis thereforeequalto

(15)



We choose to satisfythe power constraint-thatthetransmitsymbolaveragepower is boundecby unity,

— (16)

Thus,the constraint impliesthat ——. We canthereforewrite the SINR as
— — a7
where hascovarianceof andthereforehasi.i.d. Gaussiarentrieswith zeromeanandunit

variance. Thereforewe canapply the randombeamformingresultof [24] to obtainthe sumrate of random
beamformingwith channelwhitening. Thisis summarizedn thefollowing Theorem.

Theorem 2. Considera Gaussiarbroadcastchannelwith a channelcovariancematrix  de nedin Lemma
1. Letthere beonetransmitteiwith  antennasind uses with singleantennaghat haveaccesgo the CSl.
If the transmitterknowsthe channelautocorelation perfectly thenthe sumrate capacityfor randombeam
formingwith channelwhitening(denotedoy ) is givenby

— — (18)

for sufciently large

Whenthe the channelis i.i.d, Theorem2 reducedo the alreadyknown resultof [24]. It is alsoworth
mentioningthat(18)is lessthanthe sum-rateachievedby DPCin (12).

5.2 Sum-Rateof Random Beamforming

In this section,we studythe effect of transmitcorrelationon randombeam-forming.To do this, we needto
derive the CDF andpdf of the SINR de®nedn (9).

The sumrate capacityof randombeamformings given by (10). Now considerthe expectationin (10).
Theaveraginghereis doneover and in thefollowing order

(19)

i.e., we evaluatethe expectationby ®rst conditioningon andcalculatingthe expectationover andwe

subsequenthaverageover  The adwantageof doing sois that is commonamongall usersandso, by

conditioningover , all the SINR's, remainiid. Thisin turn allows usto evaluate
usingextremevaluetheoryprovidedwe canevaluatethe CDF (andpdf) of the SINR.

It turnsout thatthe main challengdies in calculatingthe CDF. Whenthe channelis iid, calculatingthe
CDF is straightforvard asthe SINR numeratoranddenominatoiareindependenf24]. This ceaseso bethe
casein the presencef correlationandin evaluatingthe CDF, we usea contourintegral representatioof the
unit stepand®nd the CDF usingthe Gaussiarintegral. Oncethe CDF is available,we appealto resultsin
extremevaluetheoryto obtainthe behaior of when s large and proceedo calculatethe

expectationin (19)
With the scalinglaw for randombeamformingat hand,it becomesstraightforvard to obtainthe scaling
laws of randombeamformingwith precodingandof deterministidoeamforming.
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5.2.1 Distribution of Given

We ®rst obtainthe complementaryCDF of de®nedin (9) by de®ningtheauxiliary variable as

- (20)

Here — justto simplify the notationandwherethe beamformingmatrix is givenand isan
vectorwith Gaussiarentriesandwith covariancematrix . We canwrite the probability that
as,

(21)
(22)

where is the unit-stepfunction. To evaluate wecanview asaweightedsumof correlated
Gaussiarandomvariablesandemplo/ oneof varioustechniqueghat have beensuggestedh the literature.
Unfortunately the expressionsve getinvolve recursionsandin®nite sumsandhencedont lendthemseles
to furthermathematicainanipulationsinstead we usethe following representationf the unit stepfunction

— — (23)
which is valid for ary This frees(22) from the constrainton and,aswe shall see,allows usto
compute(22) in closedform.

Using(23), we canexpress(22) as
Usingthede®nitionof in (20), we get
(24)
where
(25)

Evaluating the roots of Now to evaluatethe integral with respectto  we needto ®nd the roots of
with respecto  To thisend,notethat

(26)

(27)
(28)

where representthe eigervaluedecompositiorof B and

(29)



Now

(30)
(31)
(32)
because ~ has asaneigewvaluewith multiplicity andaneigemwvalueat
B We canthuswrite
Now considerthe equation
(33)
Therootsof this equationwith respecto are where is aneigervalue of the matrix

Since is Hermitianandnonsingulagrtheseeigevaluesarerealandnonzero.To ®nd theseeigevalues,
decompose as

where
- and
Thematrix  hasonly onenonzerceigemwalue, ~ Theeigewvaluesof are
where arethe diagonalelementsof ~ (ordered)?. The secondargest
eigewvalueof thussatis®ed18|
(34)

- - (35)

Thismeanghat Sothesecondargesteigewalueis negative. Thelargesteigervalue,

however, is positive (otherwise would be negative de®niteor singular neitherof which is the case).This
meanghat(33) hasexactly onepositve root

Henceforthwe dropthedependencaponthematrix  asit is understoodFromabove, we canexpress as

“In generalthe  eigewvaluesof asize  matrix  arewritten as . We will dropthe
dependencen for notationalconveniencevheneer it is understood.



Deriving the CDF of SINR  With theabove factorizationof we canproceedo evaluatethe proba-

bility in (24) andhencethe CDF of the SINR canbewritten as,
— _ — (36)
Using partialfractionexpansionwe canwrite
Theterm ——— is the only onethat contritutesto the integral in (36) (the othertermsintegrateto zero
sincethe polesareoutsidethe contourof integration),andsowe only needto calculate
— (37)
— —— (38)
and
— - (39
o (40)
Thisrepresentshe probability Thus,the CDF of the SINR s givenby
Or, uponreplacing by its valueobtainedn (38),
o (41)
We would like to emphasizeéhattheeigewaluesof ,  arefunctionsof
5.2.2 Probability Density Function of SINR
To ®nd the pdf of the SINR, we simply evaluatethe derivative —— To do this, we ®rst needto ®nd the
dervative of theeigewvalues— Solet betheeigewvectorassociateavith . Then,we canwrite
wherewe usedthe notation . We canusethis to shav that
— (42)
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where We canin turn usethis resultto shav that

— (43)
where - ¢ From(41)—(43),we canshawv thatthe SINR pdfis givenby
T : . (44)
5.2.3 ScalingLaw of the Maximum SINR
Lemma2. Let denotethe CDF of givenby (41)andlet denotetheassociategdf(given
by (44)). Then
Proof: From(41) and(44), we canwrite
(45)

To evaluatethelimit of thisexpressionywe needo investigatehebehaior of theeigewaluesandeigervectors
of as Now from thebound(35), we deducehat

for all

We now have to evaluatethe behaior of the maximumof eigervalueas tendsto in®nity. Thisis done
by usingthe Rayleighquotientfor the maximumeigewalueas,

(46)

Thevector thatmaximizes istheassociate@igervector Sinceary vector of dimension canbe

written as , We canwrite as
B B (47)
wherewe usedthe factthatthe 's areorthonormalvectors. Now as tendsto in®nity, couldgo
to andis maximizedwhen is equalto zero(i.e., for andasaresult
——). Wehavethusprovedthat
(48)

and
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Usingtheabove, it is easyto verify that

and

¢, From(48) andthede®ningexpressiorof  we alsodeducehat

Thus,theonly nonzerdimit in thedenominatoof (45)is - and
— (49)
|
Notethatin theabsencef spatialcorrelation, andtheabove limit reduceso
whichis the scalingobtainedn [24].
Usingextremevaluetheory andthelemmaabore, we know that behaeslike —
Uponsubstitutingthisin (19) andnotingthatthe 'sareidenticallydistributed,we canwrite
— _ (50)

It thusremaingto calculatethe expectationin (50) for whichwe needto derive the CDF of —

5.2.4 Calculating the CDF of

Lemma 3. TheCDF of

is givenby

whee

12



Proof: Considertheinequality

which canbe equivalentlywrittenas
unit-steprepresentation

Now thepdfof is

Alternatively, following theapproactof [5], we canuseanintegral representatiofor the Dirac delta

Sotheprobability ———

Now usepartialfractionexpansiorto shav that

As wedid to derive the SINR CDF abore, we usethe

is givenby

where We thushave

or aftersomestraight-forvard calculations,

Alternatively, the CDF, -

which completethe proof of the Lemma.

is givenby

13
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5.2.5 Calculating the sum-rate

Now all we needto doto calculatehe sum-ratan (50)is to compute —— wherethedistribution of

is givenin Lemma3. We emplq integrationby partsandusethe CDFto calculatethe expectationas
follows

Thereforethe sum-rateof beamformingcanbewritten as,

— — (55)

5.3 Sum-Rateof Deterministic Beamforming

Herewe considerthe casewherethe beamformingmatrix  is ®xed over all channeluses.In this casewe
canusethe sameanalysisaswe donein the caseof randombeamformingwith the only exceptionthatwe
do not needto take expectationover the beamformingmatrix. Therefore we maywrite the sum-ratefor the
deterministidoeamformingmatrix as,

— — (56)

where is the eigervaluedecompositiorof the correlationmatrix

Oneinterestingspacialcasewould bethe casewherethe 'sarethe columnsof theidentity matrix. In
this case the beamformingmatrix is in factequalto andthe agumentin the logarithmwould therefore
reduceto . Thus,when is large,thesum-ratds givenby

— (57)
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Keepingin mindthattheeigewvaluesof aresuchthat , it is clearthatthegeometrianean
of ‘'swouldbelessthan . Eq.(57)in factprovesLemmal. It shouldbe alsomentionedhatthis resultis
obtainedn [19] for

5.4 Sum-Rateof Random Beamforming with Precoding

We canconsidera generalizatiorof the randombeamformingoy using precoding. In this schemethe nen
beamformingmatrixis where is apositive de®nitematrixand is justanormalizationfactor
to adjustthetransmitpower. Againsimilarto Section5.2,we canstatethat hasto belessthan
In orderto analyzethe sum-ratewe canfollow alongthe sameline aswhatwe did for the analysisof
the randombeamformingwith the only exceptionthatthe covariancematrix of the channelis replacedwith
. Thereforethe sameresultholdsfor this casewith thenew covariancematrix . Hereis

themainresult.

Corollary 1. Consideringherandombeamformingdedulingwith beamformingnatrix whee
is a randomunitary matrix, the sum-ate of this schemecanbewritten as

— (58)

for large , whee representgheeigernvaluedecompositiorof

6 Simulation Results

In this sectionwe presenthe simulationresultsfor the sum-rateof beamformingschemesandDPC. In the
®rst example,we considera systenwith two transmitantennasi.e., , and100users.The covariance
matrix is assumedo belike

(59)

where is thecorrelation.Fig. 1 shavs the sum-ratdoss(comparedo the caseof no correlation)for DPC,
RBF andRBF with whitening. It is clearthatRBF outperformghe onewith channelhitening. Fig. 2 also
shawvs the sum-rateor a systemswith threetransmitantennas,e., , With covariancematrix,

(60)

where is changingrom 0to 0.8. In Fig. 3, we shav the sum-rateversughe numberof useran systemwith
, , for beamformingschemeandit is comparedo the caseof having no correlation.
In Fig. 4, we shav the sum-rateversusthe numberof usersin systemwith , , for
beamformingschemeandit is comparedo the caseof having no correlation.

7 Conclusion

This paperconsidersthe effect of spatialcorrelationon variousmultiuserschedulingschemegor MIMO
broadcasthannels.Speci®cally we consideredlirty papercodingandvarious(random,deterministicand
channelwhitening)beamformingschemesWhenthechanneis i.i.d. andfor large numberof usersthesum
rateof all thesetechniquesxhibits the samescaling,namely as — where is
thenumberof users, isthenumberof transmitantennasnd is theaverageSNR.
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In the presenceof a correlationbetweentransmitantennasthe channelmatrix hasa covariancema-

trix  which is assumedo be non-singularand . In this case,the sum-rateof DPC and
beamformingschemeswill be different. It turns out that in thesecase,the sum-ratecan be written as
— where is a constantthat only dependson the scheduling

schemeandthe covariancematrix . For DPC, is just the geometricmeanof the eigewvaluesof . We
furtherobtain for differentbeamformingschemeskFor example,for the caseof beamformingwith channel
whitening, will be equalto the harmonicmeanof the eigewvaluesof . It is worth mentioning,numeri-
cal resultssuggesthatsum-rateof randombeamformingoutperformghatof the randombeamformingwith
channelwhitening.
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