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Abstract— For a multiple-input single-output (MISO) down-
link channel with M transmit antennas, it has been recently
proved that zero-forcing beamforming (ZFBF) to a subset of
(at most) M “semi-orthogonal” usersis optimal in terms of the
sum-rate, asymptotically with the number of users. However,
determining the subsetof users for transmission is a complex
optimization problem. Adopting the ZFBF schemein a cooper
ative multi-cell scenariorendersthe selectionprocesseven more
difficult sincemore usersare involved. In this paper, we consider
a multi-cell cooperative ZFBF schemecombined with a simple
sub-optimal users selection procedure for the Wyner downlink
channel setup. According to this sub-optimal procedure, the user
with the “best” local channel is selectedfor transmission in
each cell. It is showvn that under an overall power constraint,
a distrib uted multi-cell ZFBF to this sub-optimal subsetof users
achieves the same sum-rate growth rate as an optimal scheme
deploying joint multi-cell dirty-paper coding (DPC) techniques,
asymptotically with the number of users per cell. Mor eover, the
overall power constraint is showvn to ensure in probability, equal
per-cell power constraints when the number of users per-cell
increases.

I. INTRODUCTION

The growing demandor ubiquitousaccesgo high-datarate
services,has produceda huge amountof researchanalyzing
the performancef wirelesscommunicationsystemsCellular
systemsaare of majorinterestasthe mostcommonmethodfor
providing continuousservicesto mobile users,in both indoor
andoutdoorervironments.n particulay the useof joint multi-
cell processinghasbeenidentifiedasa key tool for enhancing
systemperformancgsee[1] andreferenceshereinfor a short
suney of recentresultson multi-cell processing).

Most of the works on the downlink channelof cellular
systemglealwith a single-cellsetup.Referenceshat consider
multi-cell scenarios(e.g. [2][3][4]) tend to adopt comple
multi-cell systemmodelswhich render analytical treatment
extremelyhard(if not,impossible)Indeed mostof theresults
reportedin theseworks are derived via intensve numerical
calculationswvhich provide little insightinto thebehaior of the
systemperformanceas a function of variouskey parameters.
The main goal of this paperis to presentandanalyzeefficient,
sub-optimalschedulingschemedor the downlink channelof
multi-cell systemsAn emphasidgs put on derving analytical
resultswhich provide insight into the role of key parameters
on systemperformanceTo achieve this goal a simple cellular
model based on a model presentedby Wyner in [5] is
considered According to this model (depictedin Fig. 1 with
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Fig. 1. Wyner’s circular array systemmodel.

four cells) the cells are placedon a circle and each users
“sees”only threecell-site antennasin addition,the pathloss
is modelledby a single parameteta € [0, 1]. Although this
modelis hardlyrealisticit encompassebe essencef real-life
systemparametersuchasfadingandinter-cell interference.

The downlink channelof a similar modelwasfirst adopted
in [6] wereLQ factorization(forcing an arbitrary sub-optimal
encoding order) combinedwith joint multi-cell dirty-paper
coding (DPC) is deployed. The attainablesum-ratesunder
an overall power constraintand in the presenceof Rayleigh
flat fading, are shavn via numericalcalculationsto approach
those of the optimal DPC scheme(with optimal encoding
order) at the high SNR region. Recently boundsto the sum-
ratecapacitysupportedy thedownlink of this modelhasbeen
reportedin [7] underequal percell powver constraintsin the
presencef Rayleighflat fading.To achieve thesegates,DPC
techniquesaredeploy/ed[8]. Unfortunately DPCis difficult to
implementin practicalsystemsdueto the high computational
burdenof the successie encodinginvolved,in particularwhen
the number of usersis large. Therefore,a searchfor sub-
optimal broadcasschemess the focal point of mary works.
It is evident that for multi-cell processingwhen more users
areinvolved this problemaggraates.Recentlya zero-forcing
beamformingZFBF) scheméhasbeenconsideredn [9] for an
M antennasISO downlink setupundersumpower constraint
(seealso[10Q]). In this sub-optimalschemethe setof (at most)
M semi-orthogonalusersto be sened is selectedso as to
maximizethe sum-rate,and independentoding is employed
for each selecteduser However, determiningthe subsetof
usersfor transmissioris a comple optimizationproblem.

In this paper we considerZFBF for the downlink of a



Wyner circular setup,with simple scheduling.According to

this scheme,in each cell the user with the “best” local

channel(the channelfrom the local cell-site) is scheduledor

transmissiorby meansof cooperatre multi-cell beamforming.
The main resultsreportedin this work include a closedform

expressionfor the percell sum-rateof the proposedscheme
in the absencef fading.It is proved thatthis rateis achieved

under both overall, and equal percell power constraints.In

addition, it is shovn that ZFBF schemeis superiorto a

simpleinter-cell time sharing(ICTS) schemenvhenthe SNRis

above a certainthreshold,which decreasesvith the inter-cell

interferencen. IntroducingRayleighfading,the percell sum-
rate of ZFBF is proved to experiencethe samegrowth rate
as the optimal DPC schemeasymptoticallywith the number
of userspercell K under sum-paver constraint.Finally, it

is verified that the schemesatisfiesin probability the more
suitableequal per-cell power constraints asymptoticallywith

increasingk.

Il. SYSTEM MODEL

Considera circular variant of the infinite linear Wyner
model [5] depictedin Fig. 1, in which M > 2 cells with K
userseach,arearrangedon a circle. Assuminga synchronous
intra-cell TDMA schemeaccordingto which only oneuseris
selectedor transmissiorpercell, the M x 1 vectorbaseband
representatiomnf the signalsreceved by the selected usersis
given for an arbitrarytime index by

y=HBu+ z , Q)

where u is the M x 1 compl Gaussiansymbols vector
u ~ CN(0,I), B is the beamformingM x M matrix,
z is the M x 1 complex Gaussianadditive noise vector
z ~ CN(0,1I,), and H is the M x M channeltransfer
matrix, given by

ag acg 0 .- 0 abg
aby ai ac; O . 0
0 aby  as  acs :
H = : 0 abg . 0 ;
0 : . am—2 acp-o
acpyy—1 0 oo 0 aby-1 am—1

2)
where o € [0,1] is the inter-cell interferencefactor rep-
resentingthe geometricalpath losses.In addition, a,,, b,
and ¢, are the independemﬂatﬁ@g coeficient/s&f the
signalstransmittedby the m’th, (m — 1)’th* and (m + 1)'th
cell-sitesrespectrely, and receved by the selected user of
the m’th cell. Ergodic block fading processesare assumed
wherethe fadevaluesremainconstantduring the TDMA slot
duration.Eachof the M K users,perfectly measurests own
fadecoeficients{am k., bm.k, ¢m k }» Which arefed backto the
multi-cell transmittervia an ideal delaylessfeedbackchannel.
Moreover, no usercooperations allowed.

1% £ [n mod M].

A joint multi-cell ZFBF schemeis utilized, whosebeam-
forming matrix for an arbitrary TDMA slot is given by

®3)

where M P is the overall averagetransmitpower constraint,
which is ensuredby definitior?. Substituting(3) into (1), the
receved signal vectorreduceso

MP

tr ((HHT)*l) @

y= u+tz,

and single user encoding-decodingchemeswith long code
words lasting over mary symbols(and mary fading blocks)
areused.Since(4) canbe interpretedasa setof M identical
independenparallel single userchannelsjts ergodic achiev-
able sum-rateperchannel(or cell) is given by®

MP
tr ((HHT)*l)

wherethe expectationis taken over the entriesof H.

Althougha sum-paver constrainis assumedamorenatural
choice for a cellular systemis to maintain percell power
constraintsHence,we areinterestedn the transmittedpower
of an arbitrary cell, which is averagedover the TDMA
time slot duration (mary symbols)and is a function of the
realizationof H,

Ropps = E log [ 1+ (5)

MP {(HHT)*}

m,m

Pm = [BBT}m,m - (6)

tr ((HHT)—l)
The above discussionholds for ary ZFBF schemewith:
sum-paver constraint,no further power allocationvia “water
filling”, and an arbitrary selectionof M users(onein each
cell). Next, we presentsimple schedulingfor both non-fading
and Rayleighfading setups.The next Sectionprovides some
backgroundregarding related results derived for the Wyner
downlink channel.Thesesresultsare usedas a referencefor
evaluatingthe performanceof the proposedZFBF scheme.

I11. BACKGROUND
For a similar modelbut with capacityachiesing joint multi-
cell DPC schemethe downlink ergodic sum-ratecapacityper
cell with a percell equal pover constraint P, was recently
provedin [7] for a non fadingsetup,to be

1
Copt—nf = = / log (14 P(1 4 2acos(2r6))?) d6 , (7)
0

M — o0
and for a Rayleigh fading setup with mary users percell
(K > 1) to be boundedby

1+ 2a2
log (1 + %P((l —€)logK + 3)> <
Copt < log (1 + (1 4+ 2a?)Plog K) , (8)

2Lateronit is arguedthat undercertainconditionsthis schemesatisfiesan
equalpercell averagepower constraintsaswell.
3A naturallogarithmic baseis usedthroughoutthis work.



for somee — 0.

As a refégn%eand assumingthe systemincludesan even
numberof cells, an inter-cell time sharing (ICTS) schedul-
ing, accordingto which odd and even cells are transmitting
alternatelyin time, is used.This simple scheme(presentedn
[11] for the uplink channel)requiresonly limited cooperation
between cells, and deploys single-userencoding decoding
schemesSince for eachtime slot only odd or even indexed
cells are transmitting, and the model assumesinterference
from the two adjacentcells only, inter-cell interferenceis
avoided and the schemedemonstratesa non interference
limited behavior. It is easilyverifiedthattheachievableergodic
sum-ratepercell for a non-fading setupis given by

9)

and for a Raleigh fading setupis well approximated(for a
large numberof userspercell K > 1) by

1
Rictsfnf = § log(l =+ 2P) .

1
Ricts = B log(1+2PlogK) . (10)

The latter rate is achieved by schedulingin eachactie cell,
the userwith the “best” channelfor transmission.

IV. SUM-RATE ANALYSIS
A. Non-Fading Setup

For non-fading channels,a round-robin schedulingis de-
ployed and thereis no needto feed back the channelcoefi-
cientssincea,, , = by x = cm,x = 1,VYm, k. Hence for each
time slot, the channeltransfermatrix (2) becomescirculant
with (1, «, 0, ... 0, «) asfirst row, and the following
propositionholds.

Proposition 1 The average per-cell sumrate of the ZFBF
scheme is given for, o < 1/2, by

R, tpt—nf Juioo log (1 + .7:(04) P) (11)

where
1

fol (1 + 2acos(2r0)) 2 db

This rate holds for an overall power constraint M P, and for
an equal per-cell power constraints P.

Fla) = (12)

Proof: SeeAppendixA. ]

It is easily verified that 0 < F(a) < 1 andthatit is a

decreasindunction of the interferencefactor o. Comparing
(9) to (12), it is clearthatthe ZFBF schemes superiorto the
ICTS schemewhenthe SNR P is above a certainthreshold

2(1 - F(a))
(F(a))?

which is anincreasingfunction of «. It is notedthatfor o =
1/2 the circulant channeltransfermatrix H is singularand
channelinversion methodssuchas ZFBF are not applicable.
Moreover, H is not guaranteedio be non-singularfor « > 0.5
andary finite numberof cells M. Thecaseof finite andinfinite
M for a > 0.5 is treatedin [12].

Py(a) = (13)

B. Rayleigh Fading Setup

For the Rayleigh fading setup, for eachfading block (or
TDMA slot) the multi-cell processoselectsthe userwith the
“best” local channelfor transmissionin eachcell. In other
words, the selecteduserin the m/’th cell is

l;(m) = argmax{\am,k|2} , (14)
k

where {am,k}szl are the fading coeficients of the m/'th cell

transmittedsignalsasthey arereceied by the m’th cell users.

The resulting channeltransfer matrix of this sub-optimal
scheduling H definedin (1), consistsof diagonal entries
Um = Gy, T () whoseamplitudesare the maximum of K i.i.d.
chi-squaredistributed randomvariableswith two degreesof
freedom.The othertwo diagonalsentriesof H arechi-square
distributed random variables with two degreesof freedom
timesa.

In caseH is ill conditioned the joint beamformercanstart
replacingthe “best” usersby their second'best” usersuntil the
resulting H is well behaed. Sincewe assumethat K > 1,
the overall statisticsis not expectedto changeby this user
replacingprocedure.

The specialstructureof the channeltransfermatrix H re-
sulting from the setuptopologyandthe schedulingprocedure,
playsakey role in understandinghe asymptoticscalinglaw of
the schemes percell sum-rateR, ¢ (expression(s)), which
is statedin the following proposition.

Proposition 2 The scaling law of R,g,; is asymptotically
optimal with increasing number of users per-cell. Hence,

Rt

— — 1. 15

Copt K—oo ( )
Proof: SeeAppendixB. [ |

This results, can be intuitively explained by the fact that
dueto the schedulingprocess,(HHT) “becomes”diagonal
(log KI,) when K increases.Accordingly for large K,
(HH'") ! “behaes”like (I;/log K), and Rz, (expression
(5)) is well approximatedoy

R, = log(l+ PlogK) . (16)

It is alsoconcludedhatthe ZFBF schemeprovidesa two fold
scalinglaw thanthatof the ICTS schemg10), in the presence
of Rayleighfading. Moreover, by definition, the sum-rateof
the ZFBF schemeensures non-interferencdimited behaior
for ary numberof usersK (not necessariljtarge).

Finally, we considerthe power constraintissueasymptoti-
cally with increasingnumberof userspercell.

Proposition 3 The considered ZFBF scheme, that maintains
an overall power constraint of A P, ensures in probability
an equal per-cell power constraint of P, asymptotically with
increasing number of users per-cell.

Proof: SeeAppendixC. ]
As mentionecearliet for cellularsystemsanindividual per
cell power constraintis a morereasonablehoicethana sum-
power constraintwhich is more suitablefor compactantenna
arrays.
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V. NUMERICAL RESULTS

At first, the non-fading setupis consideredunderthe as-
sumptionthat the numberof cells is large M > 1. In Fig.
2 the spectralefficiencie$ percell of the optimal, ICTS, and
ZFBF schemeg(expressions(7), (9), and (11) respectiely)
are plotted as a function of the transmittedE; /Ny, for oo =
0.4. It is obsened that the ZFBF schemeoutperformsthe
ICTS schemeabore a certainpower threshold.The threshold
P,(«) (13) is shavn in Fig. 3 asa function of the inter-cell
interferencdactorq; theICTS schemas superiorin theregion
belaw this curve (which is amonotonicallyincreasingunction
of the o), while the ZFBF schemeprevails in the region above
the cunve.

Turning to the Rayleighfading setup,the spectralefficien-
cies percell (calculatedby Monte-Carlosimulations)of the
ICTS andZFBF (expression(5)) schemesandthe asymptotic
upperboundof the optimalschemgexpression8)) areplotted
in Fig. 4 asa function of the transmittedE, /Ny, for a = 0.4,

4The spectral efficieney C(Ep/No) is defined through the following
relations:C(E;/No) = C(SNR) andSNR = C(SNR) E}, /No.
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Fig. 4. Spectralefficienciespercell in the presenceof Rayleighfadingvs.
E}/No for a = 0.4 and M = 30.
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Fig. 5. Sum-ratepercell in the presencef Rayleighfadingvs. the number
of userspercell K for P =10 [dB], a = 0.4 and M = 30.

K = 100, andfinite dimensionalsystemof A/ = 30 cells. It
is obsenred that for this setof parametergshe ZFBF scheme
losesonly a fraction of a bit/sec/Hzwhen comparedto the
upper bound of the optimal schemealready for a modest
number of userspercell (it is noted that the upper bound
is valid for K > 1 andit might not be accuratefor small
valuesof K). The gap betweenthe ZFBF curve andthe sum-
rate capacityupperboundis clearly explainedby the factthat
the ZFBF schemedoesnot usethe antennaarray to enhance
the receptionpower but to eliminate inter-cell interferences.
Hence the additionalarray power gain of (1 +2a?) predicted
by the upperbound cannotbe achiezed. Moreover, for large
values of E;/Ny, the ZFBF provides approximatelytwice
bits/sec/Hzthan the ICTS scheme,which can be explained
by the 0.5 pre-logterm of the ICTS sum-rateexpression(10).
In Fig. 5 the sum-ratespercell of the ICTS and ZFBF
schemes(Monte-Carlo simulations, and asymptotic expres-
sions (16) and (10)), and the upper bound of the optimal
schemeare plotted as a function of the numberof usersper

5t is notedthat a circular setupof M = 30, may be consideredor ary
practicalpurposeas an infinite array[7].



cell for P = 10 [dB], « = 0.4 and M = 30. Examining

the curves,the obsenationsmadefor Fig. 4 are strengthened,

since the small loss suffered by the ZFBF schemewhen
comparedo the upperboundis demonstratedo hold over a
wide rangeof K values.A good match betweenthe ZFBF
Monte-Carlo simulation results to its asymptotic cune is
obsered as well, alreadyfor a modestnumberof usersper
cell.

Additional numerical results (not presentedhere due to
spacelimitations, see[12]) shov that for a fixed K the gap
betweerthe percell sum-ratecurvesof the optimalandZFBF
schemesncreasesvith «. Moreover, by increasinghe number
of userspercell, the standarddeviation of an arbitrary cell
transmitpower decreasesgsanticipatedby Proposition3; the
normalizedstandarddeviation reducesby 6 [dB] while the
numberof usersincreasesrom K = 10 to K = 1000.

V1. CONCLUDING REMARKS

In thiswork a ZFBF schemédor thedownlink of thecircular
Wyner model is consideredin the absenceand presenceof
Rayleighfading.For the nofadingsetup,a closedform expres-
sionfor the percell sum-rateandround-robinscheduling(un-
derboth, overall andequalpercell power constraintsfdemon-
stratessuperiorperformanceover the ICTS schemewhenthe
SNR crossesa certainthresholdwhich is an increasingfunc-
tion of a. IntroducingRayleighfading,and utilizing a simple
schedulingbasedon “best” local channeluser selection,the
percell sum-rateof the schemedemonstratethe samegrowth
rate of log log K asthe optimal DPC schemeasymptotically
with increasingnumberof userspercell K, while satisfying
(in probability) equalpercell power constraintsFurthermore,
numerical results derived by Monte-Carlo simulationsshowv
a good matchto the resultspredictedby the variousanalyses
includedalreadyfor a modesthumberof userst is notedthat
sinceZFBFis utilized, non-interferencéehaior is guaranteed
for ary numberof userspercell K (not necessaryarge).

Finally, it is notedthat the resultspresentechere, can be
expandedto include other setupssuch as planner cellular
models,and MIMO downlink channelsOtherissuessuchas
extremeSNR analysisanddetailedproofsarereportedn [12].

APPENDIX

A. Proof of Proposition 1

Thesum-ratepercell of thenon-fadingsetupis immediately
derived from (5) by omitting the expectation since H is
deterministic.Hence,

MP

tr ((HHT)*l)
To evaluatethe inner log term of (17), the following set of
equalitiesare useful

Ros—ns = log | 1+ (17)

M-1
tr ((HHT)*) 3 /\2
m=0 /\ (HHT) m= m (18)
M-1 1 2
:mz_o<1+2acos(2M)> ’

where \,,,(-) is the m’th eigemvalue of an arbitrary matrix,
and the last equality is derived following [13]. Substituting
(18) into (17), andtaking M to infinity yields (11).

Since, for the non-fading setup, H is a circulant matrix,
then accordingto [13], (HH')~! is also circulant, and by
definition its diagonal entriesare equal. Hence,the average
transmitpower of the m’th cell site antennais given by
MP[(HH')™]

tr ((HHT)l)m’m

where B is the beamformingmatrix definedin (3). It is
concludedthat the overall power constraintof M P ensures
an equalpercell power constraintsof P.

— [BBT]mm -

B. Proof of Proposition 2

Examining(8) it is evidentthatthe optimal sum-ratescales
like loglog K asymptoticallywith K. Hence,it is suficient
to shaw that

Rt
—_— 1. 20
log log K Koo (20)
Next, the channeltransfermatrix H, resultingfrom the “best”
local channel selection procedure,is shovn to satisfy the
following Propositions(Proposition4 is not proved heredue
to spacelimitations and can be foundin [12]).

Proposition 4 The Frobenius norm of the matrix
(HH'/log K — I,/) converges in probability to O.
Hence,
HHHT/logKfIMH 2,9, 1)
F K—oo
where || - || is the Frobenius norm of a matrix.

Proposition 5 The eigenvalues of the matrix (HH'/log K)
converge in probability to 1. Hence,

An(HH")/log K 25 1 ,vm . (22)
K—oo
Proof: Sincethe Frobeniusnorm of an arbitrary rectan-
gular M x M Hermitianmatrix A may be expressedas

Al =/ tr (A1) = 4. @

thenaccordingto Proposition4, for ary finite M we get

HH'
-1 = I
log K MH M Z <logK M)
- _ (24)
M-1 t
_ L Z Am(HHT) 1 2,0,
M = log K K—o0
andthe proof is completedby noting that the last equality of
(24) holdsif andonly if (22) holds. ]
Now, let us definethe following event
A=A{w: | \n/log K — 1| <e,Vm} , (25)



where),, is them’'th eigevalueof (H H'). Next, we rewrite
the LHS of (20) as

Rt MP
—— =FE<1 14+ ——— log log K
loglog K {og( +Zm,\i>}/og %
MP
2E{1A10g<1+—1>}/10g10g1(
2om
(@) ' — '
g Pr(A)lOg(1+(1 €)Plog K)
loglog K

—~

b) Ao
log (1+ (1—¢€)PlogK)
log log K

1,
K—oo

(26)
where1l 4 is anindicatorfunction, e > 0 is an arbitrary small
constant,(a) is achiezed by noting that the definition of A
impliesthat \,,, > (1 —¢) log K, and(b) is achiezed by using
the following inequality

Py (ﬁ Bn>

where {B,,}Y_, is a setof arbitrary events.In addition, the
final limit of (26) is achieved by invoking Proposition5 and
taking K to infinity.

>> Pr(By)—(N-1), (27)

n=1

C. Proof of Proposition 3

The averagetransmitpower of the m’th cell site antenna
conditionedon the channeltransfermatrix H (expression(6))
satisfiesthe following setof inequalities

/ -1
. MP [(HH ) }

m,m

tr ((HHT)—l)

[(HHT)*} m’m) (mn%x Am(HHT)) 28)

m

<P (max

“Yp (mn%x )\m((HHT)’l)) (mﬂa}x )\m(HHT))
B Pmaxm )\m(HHT)

7 ming A (HH)

)

where (a) is achieved by recalling that the eigervalues of
an Hermitian matrix majorize its diagonal entries (Horn’s
Theorem[14]).

To prove the claim, it is enoughto showv that the random
variable P,,, satisfies

Pr(P,<P+¢ — 1,

— 00

(29)

for ary arbitrarily small e > 0.
Now, Let us define X £ max, A\ (HHT)/log K, A £
min,, A\, (HHT)/log K, and rewrite the LHS of (29) as

follows

@ /X
<P+e) zPrGgH%)

X _
z§1+%ﬂA—1|<61m|A—1|<61>
1

+ € € <
1761 §1+FHA—1|<61HA—1|<61>

= Pr |;\—1‘<€1ﬂ\g—1\<61)

> Pr(|A-1|<e)+Pr(A-1<e)-1 — 1,

where, (a) is achieed using (28), (b) is dueto the fact that
Pr(A) > Pr(An B) where A, B are arbitrary events, (c)
is achieved by increasingthe eigervalueratio, (d) is achieed
by settinge; < %¢/(2P + €), hence,ensuringthat the first
event hasprobability 1, and (e) is achieved by invoking (27).
Finally, the lastlimit is dueto Proposition5.

REFERENCES

S. Shamai(Shitz), O. Somekh,and B. M. Zaidel, “Multi-cell commu-
nications:An information theoreticperspectie; in Proceedings of the
Joint Workshop on Communications and Coding (JWCC'04), (Donnini,
Florence,ltaly), Oct.14-17,2004.

G. Foschini, H. C. Huang, K. Karakayali, R. A. Valenzuela,and
S. Venkatesan;The value of coherentbasestation coordinatiorf, in
Proceedings of the 2005 Conference on Information Sciences and
Systems (CISS 05), (JohnHopkins University, Baltimore, ML), Mar. 16
— 18, 2005.

H. Zhang,H. Dai, andQ. Zhou, “Base stationcooperatiorfor multiuser
MIMO: JointtransmissiorandBS selectiori, in Proceedings of the 2004
Conference on Information Sciences and Systems (CISS 04), (Princeton
University, Princeton,NJ), Mar. 17 — 19, 2004.

A. EkbalandJ. M. Cioffi, “Distributedtransmitbeamformingn cellular
networks; in Proceedings of the ICC 2005 Wireless Communications
Theory (ICC'05), (Seoul,Korea),May 16—20,2005.

[5] A. D. Wyner, “Shannon-theoreticapproachto a Gaussiancellular
multiple-accesschannel, |EEE Transactions on Information Theory,
vol. 40, pp. 1713-1727Nov. 1994.

S. Shamai(Shitz) and B. M. Zaidel, “Enhancingthe cellular downlink
capacityvia co-processingat the transmittingend; in Proceedings of
the IEEE 53rd \ehicular Technology Conference (VTC 2001 Spring),
vol. 3, (Rhodes,Greece) pp. 1745-1749May 6-9, 2001.

0. SomekhB. M. Zaidel,andS. ShamaiShitz),“Sum-ratecharacteriza-
tion of multi-cell processing,in Proceedings of the Canadian workshop
on information theory (CWI T’ 05), (McGill University, Montreal,Quibec,
Canada)Jun.5-8, 2005.

H. Weingarten, Y. Steinbeg, and S. Shamai (Shitz), “The capacity
region of the GaussiarMIMO broadcasthannel, in Proceedings of the
2004 |EEE International Symposium on Information Theory (IS T 04),
(Chicago,USA), p. 174, Jun.27 — Jul. 2, 2004.

T. Yoo and A. Goldsmith, “Optimality of zero-forcingbeamforming
with multiuser diversity” in Proceedings of the ICC 2005 Wireless
Communications Theory (ICC2005), (Seoul,Korea),May 16-20,2005.
G. Caire and S. Shamai (Shitz), “On the achievable throughput of
a multi-antennaGaussianbroadcastchannel, |EEE Transactions on
Information Theory, vol. 49, no. 7, pp. 1691-17062003.

S. Shamai(Shitz) and A. D. Wyner, “Information-theoreticconsidera-
tions for symmetric,cellular, multiple-accesgading channels- Partl,”
|EEE Transactions on Information Theory, vol. 43, pp. 1877—1894Nov.
1997.

0. SomekhO. SimeoneyY. Bar-Ness,A. M. Haimovich, andS. Shamai
(Shitz), “Distributed multi-cell zero-forcing beamformingin celullar
downlink channels. in preparation.

R. M. Gray, “On the asymptoticeigervalue distribution of Toeplitzma-
trices; |EEE Transactions on Information Theory, vol. IT-18, pp. 725—
730, Nov. 1972,

A. Horn, “Doubly stochasticmatricesand the diagonalof a rotation
matrix; American Journal of Mathematics, vol. 76, pp. 620—630,1954.

(1]

(2]

(3]

(4]

(6]

(7]

(8]

[

(20]

(11]

(12]

(13]

(14]



