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ABSTRACT

Whenusingdownlink beamformingat the basestationof a cellu-
lar system,caremustbe taken to assurethat all userssatisfythe
given SINR requirementsGenerally this leadsto a computation-
ally prohibitive joint optimization problem,thereforedecoupled
techniquesasedon eigervalue decompositiorof the spatialco-
variancehave beenproposed.However, thesetechniquegequire
additionalpower adjustmenbf the steeringvectorsin orderto sat-
isfy the given SINR requirements. Conventional power control
schemesrenot suitedfor this purposeébecause¢he SINRsprimar
ily dependon the shapeof the radiationpatterns. In this paper
we proposea new power adjustmentlgorithm,which adjuststhe
beamformingveights,suchthatall usershavethesameSINR. Ad-
ditionally, it is possibleto limit themaximumradiateduserpower.

1. INTRODUCTION

Due to the increasingdemandin wirelessinternetapplications,
future wirelesssystemswill have to copewith highly asymmet-
ric datatraffic. A scenariowhere a short uplink messageen-
tails large amountof downlink multimediadatais likely to oc-
cur frequently so properresourceallocationschemesaswell as
bandwidth-eficient transmissiontechniquegreneeded.
Thespectrakfficiengy of theuplink canbeimprovedby using
adwancedrecever algorithmstogetherwith antennaarraysat the
basestation(BS). For thedownlink, however, adifferentapproach
is required. This is mainly dueto the the limited enegy storage
capabilityandsizeof the mobile station(MS), which makesit ex-
tremelydifficult to useantennaarraystogethemwith intensve sig-
nalprocessindnere.Onewayto getarouncthis problemis to carry
out downlink signal processingat the BS prior to transmission,
which meansghatthe propertiesof the propagatiormediummust
be estimatedefor the transmittedsignalencountershe channel.
This leadsto a situationwhere high capacitydemandsmust be
accomplishedvith only limited knowledgeof the radio channel.
Thus,the downlink canbe seenasthe bottleneckin the designof
cellularsystems.
A promisingtechniqueto significantlyimprove the downlink ca-
pacity is to use beamformingbasedon linear half-wavelength
antennaarraysat the BS. Downlink beamforminghas beenthe
subjectof intenseresearchthroughoutthe pastdecade[1]-[8].
The principle is illustrated in Fig. 1. By adaptvely weight-
ing the i** usersignal with an antennaweighting vector w; =
w® .. w17, 1 <i < K,whereM isthenumberof antenna
elementsatransmitradiationpatterncanbe adaptvely steeredo-
wardsthe desireduser therebyavoiding cross-talkbetweeninter
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Fig. 1. Schematidllustrationof downlink beamforming

cell usersaswell asinter-cell interferenceecevedby neighboring
cells. This, in turn, canbetradedfor improveddatarate,increased
usercapacityor betterQuality-of-Servicg QoS).

In casethat K > M, cross-talkcannotbe suppressedom-
pletely dueto the side lobesof the radiationpattern(seeFig. 1).
Thus, the Signal-to-Interference-plus-Noise-Raf{{SINR) of the
i*" useris a function of all antennavectorsw; ... wx. As a
consequencall antennavectorsmustbe computedointly, which
generallyleadsto a highly nonlinearoptimizationproblem,being
computationallyprohibitive for realtime applications.

Computationallyattractie suboptimuntechniquediave been
proposed3]-[8], which breakup the original joint optimization
probleminto two smallersubproblems:

1. computethe shapeof theradiationpatternfor eachuserin-
dependently

2. adjustthe userpowers suchthat all usershave the same
SINR.

While thebeamformingstepcanbeefficiently computedy eigen-
value decomposition the power control step cannotbe accom-
plishedby conventionaltechniquesThis is mainly dueto thefact
that the cross-talkcausedby a certainuserprimarily dependon
the shapeof the radiation patternratherthan on the transmitted
userpower. This meanghataftercomputingthe antennaweights,
all useramay have completelydifferentSINRs(seeFig. 2). These
differencesannotbebalancedy classicapowercontrolsincethe
situationchangesompletelyeachtime whena new setof beam-
formingweightsis computed Hence gachnen beamformingrec-
tor mustbe correctecby an additionalpower adjustmenscheme,
which balanceghetransmitteduserpoversaccordingo the SINR



requirements.

In this paper a new algorithmis presentedor the casethat
all usershave equalSINR requirementandthe radiatedpower is
limited by P, ... Following abrief review of thesignalmodeland
possiblebeamformingsolutions,we first studythe noiselessase,
which is closelyrelatedto the optimum SINR optimizationprob-
lem. Thenanalgorithmis presentedvhich computeghe optimum
userpowers P; ... Pk for a given setof radiationpatterns. The
completeproofsarebeyond the scopeof this paper insteadsome
sketchesare givenin the appendix. Somenotationalcornventions
are:vectorsin boldfacelower caseandmatricesin boldfaceupper
case.Thecomple conjugateandthe complex conjugatdranspose
aregivenby (-) and(-)”, respectiely. Furthermore£{-} denotes
the expectationoperatorandx the convolution operator

2. RADIO CHANNEL MODEL

FromFig. 1 it canbeseenthatthe arrayoutputvectoris given by
K

a(t) = wi-sit), €N
i=1

wheres;(t) arethe modulatedandspreadedisersignals.Thera-
dio channelassociatedvith the i usercanbe modeledin good
approximationas a linear systemwith time-variantimpulse re-
sponse

hq;(t;T) = Zi:ai,l(t) a(OiJ) 6(7’ — Ti,l) ;
=1

whereL; denoteghe numberof transmissiorpaths,r; ; the path
delay «;, is the comple path attenuationwhich is subjectto

fadingand pathlossand a(6;,;) is the array responsewhich is

parametrizedby 6; ; (the Angle-of-DepartureAoD, measuredel-

ative to array broadside). Consideringa calibrated,\/2-spaced
uniform lineararray(ULA), we have

0/(97, l) — [1 efj7r sinf; ; efj27r sin6; ; o efj(Mfl)w sinG,-‘I]T .
This modelis valid aslong asthe signalsare narrav-bandwith
respectto the array obsenration time, i.e. , the transmissiortime
of theelectromagnetigvave acrosghe arrayis muchlessthanthe

inversesignalbandwidth(narravbandassumption).
Thesignalrecevedattheit® mobileis givenby

ri(t) = x(t) * hi(t;7) + n(t)

waf i:ai,l(t)a(ei,l)sk (t—7i1) +n(t),

k=1 =1

wheren(t) denotesadditive white Gaussiamoise. The desired
componentrf.d)(t) of the signalr;(t) is obtainedfor £ = . The
remainingtermsaredueto cross-talkandnoiseandaredenotedy
r{©(t). TheaverageSINR of thei** mobileis givenby

(d) 2
a0t
i 1;1 w,‘z’lek + o2
ki

v @

wherea? = £{n(t)n(t)} denoteghe noisevarianceand

R, = Zz:g{laz,l(tﬂz} a(ei,l)aH(ei,l)
=1

is the channelcovariancematrix. This resulthasbeenobtained
by assuminghatthe averagingperiodis chosersuficiently large
suchthat the transmissiorpathsare uncorrelated. On the other
handthe obserationtime mustbe sufiiciently smallsuchthaté; ;
andr;,; canberegardedasstationary Without lossof generality
we have normalizedf { s (t)sk(t)} = 1.
Theweightingvectorscanbesplit up into

w; = VP u;,

whereP; is proportionalto the signalpower radiatedtowardsthe
it user Thevectoru; is theorientationof the antennaveighting
vector which determineghe shapeof the radiationpattern.With-
outlossof generalitywe assume

1<i<K, (3)

wRu; =1, Vi. (4)

For simplicity we will referto P; andu; asthe‘signal power’ and
the ‘orientation’ of the radiation pattern,respectrely. Defining
p = [P,..., Pg], the SINR of the:*® mobileasa functionof p
anda? is givenby

SINR{" (p, %) = — P Vi, (5)
> P (u)? Riu +0?
k=1
k#i

wherethe specificchoiceof beamformingalgorithmis denotecoy
thesuperscrip(l), ! € N. Possiblesolutionsare:

1. GeneralizedidelobeCancele(GSC)[6], [7]

K
ul('l) = argminuf{ (Z Rk) u; st ul Roui=1, Vi

k=1
(6)
2. Maximum Directivity Beamforme(MDB) [8]

'u,l(-2) = arg min ufqui s.t. uquiui =1, Vi. (7)

3. In [6] an alternate approachis proposed,which canbe
shavn [5] to beequialentto (7):

3 _

u;

argma'.xufRiui st uwill2=1, Vi. (8)

3. OPTIMUM SIR SOLUTION

We startby consideringhenoiseless:aseanddefineSIRE”(p) =
SINRZ(.’)(p, o? = 0). In thefollowing we assumehat the beam

pattern orientationSugl), R uﬁ? are alreadyavailable as solu-
tionsof (6), (7) or otherbeamformingalgorithms.

Fig. 2 shawvs theradiationpatternsof the GSCwithout pover
control (P; ... Px = 1/v/K). A single-pathchannelwith equal
path attenuationdiasbeenapplied. The positionsof the distinct
userAoDs aremarked by vertical lines andthe total power radi-
atedby thearrayis denotedby P;. It canbe seenthatevenunder
thesesimplifying assumptionshe resultingSIRsare quite differ-
ent. This means that the userswith oversizedSIR could reduce
their power in orderto maximizethe minimum SIR, which would
maximizetheoverall systemcapacity Mathematicallythis canbe
expresseds:

SIRY), := max min SIR{"(p) . 9)
P

P 1<i<K



Ourgoalis to find avectorp® suchthatall SIRareequal,i.e.
SIR{Y(p") = ... = SIRY (p") =SIRY), . (10)
Definingthe cross-pover matrix
1 (ugl))HRlug) (uﬁ.))HRlu(Kl.)

1 1
\I’(l)_ (ug ))HRzug) 1

(ugl))HRK'u.gl) 1

Eq. (10) canberewritten asa setof linearequations

W0 _ 1 @
AU AR p = (1 + W) D, (11)

opt

wherep®) is aneigevectorassociateavith theeigevalue AV =
(1 + 1/SIRY),) of thematrix &)

Theorem 1 LetA,. denotethe maximurreigenvalue of the ma-
trix ¥, then

w __ 1
is themaximunSIRwhich canbesupportedor equalSIRrequire-

mentand givenw!", ..., u{Y. Thepowervectorp® satisfying

(10)is givenby the eigervectorassociatedvith A ..

Toillustratethis, Fig. 3 shavs the GSCafter SIR equalization Al-

thoughall SIR areequal,this solutionis not appropriatefor prac-
tical implementationsincethe transmittedoower canbecomear-
bitrarily small. This canbe avoidedby consideringnoise,which
will bedonein thefollowing section.

4. SINR EQUALIZATION

Having determinedthe optimum solution SIR,(,’p)t for the noise-
lesscase we will now investigatethe case whereall mobilesre-
quirethesameSINR v,,;». For notationakimplicity, theoptimum
power vectorfor givenu(” . .. u{Y will againbedenotedby p®.
Assuminge? # 0, it canbe shovn thatthereis a setof power
vectorsp € RE , which satisfy

Ymin < min SINR{"(p, 0?) < SIRY (13)

1<i<K

opt

Theorem 2 Assumehat v,,in < SIRf,lp)t, thenamongall possi-
ble solutionsof (13), there exists one solution pt*’, which mini-
mizesthe radiatedarray power This solutionis characterizedby
SINRY (p®, 6%) = Amin, 1 < i < K. It canbe obtainedby
solvinga setof linear equations:

-1
P(l)zaz[<1+71v)-1—\11(”] o I I 7
man
1

A similarscheméiasbeenproposedn [6], howeverit couldnotbe
assuredhatthe solutionof (14) is positive, i.e. p € RY . From
Theoreml and Theorem2, it canbe seen,that the existenceof
a valid solutiononly dependson the maximumeigervalue PYO

of the matrix ¥, which mustsatisfy A < (Ymin) ' + 1.

Clearly the goal shouldbeto minimize A%, in orderto support
largeymin -

Next, thereis an additional requirementthat the radiated
power of an individual usermust not exceed Pyq. |If SIRffgt
approaches,,i,, thenthe userpower tendsto infinity. This case
mustbe avoidedby introducinganadditionalconstraint

lg}caSXK Py ('Ymm,) < Ppge - (15)
Theorem 3 A necessarybut not suficient) conditionthat (15) is
fulfilled, is givenby

2 1 -1
(Pmaac SIR{Y,
In otherwords:if (16)is notfulfilled, then(15)is alsonotfulfilled.
In this case,ymi» Cannotbe provided by the given beamforming
scenariccharacterizedy ¥). Otherwise the power vectorp‘"
canbecomputeddy (14). NumericalsimulationgseeFig. 4) shav
thatevenin theworstcase(ymin = %), themaximumuserpower
only slightly exceedsP,,... Thus,for practicalapplicationsthe
resultingerroris controllable.

5. SUMMARY AND CONCLUSIONS

This paperhasaddressethe problemof open-looppover adjust-
mentfor decoupleddonnlink beamforming.Beamformingtrans-
missiondiffersfrom omnidirectionatransmissiotin thatthe SINR

cannotbe controlledby corventionalpower control. This is be-

causethe SINR is primarily determinedby the shapeof eachra-

diation pattern,ratherthan by the individual userpowers. Thus,
after computingthe steeringvectors,the userpowversmustbe ad-

justedsuchthatthe given SINR requirementsiresatisfied.In case
of equalSINR requirementsthis canbe accomplishedn a com-

putationallyefficientway:

1. estimatehechannekovariancematricesR; ... Rk,

2. computahebeampattermrientationwgl) . uﬁ? assolu-
tionsof (6), (7) or otherbeamformingschemes,

3. computeSIRY, by (12),

opt
4. checkif condition(16) is fulfilled, otherwisey,:, cannot
be supportedor the givenuserscenario,

5. computethe userpoNersPl(” e PI(}) by (14),

6. computethefinal antennaveightsw!"” = 1/ P{" - u{".

The optimizationhasbeenperformedfor a single-cellscenario.
Yet, inter-cell interferenceis minimized to a certainextend be-
causethe algorithm minimizes P; ... Px for given yn,:, and
MONO)

Futurework will have to analyzemultiple cell systemsmore
thoroughly It might not be feasibleto estimatethe userdistri-
bution of neighboringcells dueto the limited bandwidthof the
network signalingchannel.However, the assumptiorof spatially
coloreda priori distributionsseemgo beaninterestingalternatve
andcouldbe consideredvithin the proposediownlink beamform-
ing framework.

Finally, the caseof unequalSINR requirementshouldbe ad-
dressedExtensve simulationsarestill necessaryn orderto fully
exploit the potentialcapacitygainofferedby downlink beamform-
ing.
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Fig. 2. GSCwithout power adjustment

6. APPENDIX

Proof of Theorem 1

The proofis beyond the scopeof this paperandwill be published
in [9].

Proof of Theorem 2

Let p°?* denote the optimum SIR solution which satisfies
SIRE”(p"”t) = SIRf,Qt, Vi. Consideringan arbitrary scalar

A > 0,wehave
t
P’
K
> P (u))? Riuf!) + 02/
k=1

k#i
SINRY (p°%t, 02 /2)

SINRP (A - p*, 6?)

The function  min SINR{” (X - p°?*,52) is monotonicallyin-
creasingin A andboundedby the supremurTSIR(’)

opt- Fromthis
follows

SIRY

opt

lggi<nK SINRED (p,o”) <

for arbitrary p ando®. Thus, a valid solution can only exist if
Ymin < SIRf,Qt. Next, it is shovn thatin this casethereexists
exactly onesolution,whichis glven by (14).

The matrix C¥ = ((1 + 4,1 )I — ¥O) is regular, thus

(C®)~! exists. Using Taylor seriesexpansionwe have
Y= (C(”) 2, 1]T
Z (xp(”)r ,...,17.7)
n 0 ’Imzn

It canbe shavn that (17) is corvergentonly if ymin < SIRf,Qt.
The componentsf ¥ arepositive, thusthe componentsf p®
mustalsobepositive. Sincethereis only onesolution,thissolution

minimizesthetotal radiatedpower.
Proof of Theorem 3

Let ymin bethedesiredSINR. With (5) we canwrite

P; P; o2
I
Ymin SIRopt + ( ) ’

L.
AoD 4 [deg]

Fig. 3. GSCafterSIR equalization
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Fig. 4. GSCafterSINR equalization

where

I(i) =

ZukRuk

k=1
ki

It canbe shawvn thattheremustexist at leastone userwith index
10, Which satisfiesl/ (i0) < 0. Thuswe have

SIRopt

max Pk > 0' .
1<k<K

1 -1
STRop: :

Ymin
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