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MainPoints

•Animportantprobleminthemanagementofcommunicationnetworks:resource

allocation

•Frequency,transmittingpower;Goal:highdatarate,lowbiterrorrate

•Transmitter+receiverformulti-userhighspeedbroadbandDigitalSubscribeLine

application

•Directformulationisnonconvex;equivalentformulationisSDP(thusconvex);

•FurthersimplificationtoSOC,andtocombinatorialpolynomialtimealgorithm

•Valuableguidelinesandinsightsforoptimalpracticaltransceiverdesign
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Content

•Elementsofdatacommunication:OFDM,subcarriers,powerloading,

precoding/equalization.

•Lineartransceiver(Transmitter+Receiver)designforthetwousercase:

–SDPformulation

–SOCformulation

–O(n
3
)stronglypolynomialalgorithm

•Generalmulti-usercase

•Otherformulations:

–Sum-ratetransmitterdesignformulti-accesschannel

–Sum-ratetransmitterdesignbroadcastchannel

–Lineartransceiverdesignwithzero-forcingequalizer
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SingleUserSISOCommunicationSystem

Single  Input Single Output Communication System

s g
x

received signal

+

Receiver Filter Noisen

h

Channel (FIR)

f s

Transmitter Filter

•sisinputsignal(assumedstatisticallywhite)

•h∈<
k
isalinear,time-invariantchannel(assumedknown)

•f,garetransmitterfilterandequalizerfilterrespectively

•nistheadditive(Gaussian)noise

3



StanfordUniversityEE392oZ.Q.Luo

AnEquivalentMIMOSystem

*

Multi−Input Multi−Output Communication System

Noisen

+s H F S/P s
GP/S

Parallel−Serial Converter

Receiver matrix  Filter
(equalizer)

Channel (FIR)
(precoder)

Transmitter Matrix Filter

Serial−Parallel Converter

x
received signal

•S/P:serial-parallelconverter(withcyclicprefixing);P/S:parallel-serial

•F:n×`transmittermatrixfilter(orprecoder),obtainedfromf;datarate=`/n

•G:`×nreceiverequalizermatrix(obtainedfromg)

•H:channelmatrix(obtainedfromh);n:noise

•x=H
∗
Fs+n,H

∗
iscirculant.
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*

s g
x

received signal

+

Receiver Filter Noisen

h

Channel (FIR)

f s

Transmitter Filter

Single  Input Single Output Communication System

Multi−Input Multi−Output Communication System

ss

x
+

Serial−Parallel ConverterParallel−Serial Converter

H S/PP/S

Noisen

H  is a circulant matrix

Channel

FG

(precoder)

Transmitter Matrix Filter
(equalizer)

Receiver matrix  Filter

received signal

*
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OFDMSystem

•ThecirculantchannelmatrixH
∗
canbediagonalizedviaIFFT/FFT:H

∗
=D

†
HD,

whereDisthestandarddiscreteFouriertransformmatrix,Hisdiagonal

•Thediagonalizedchannelbecomesasetofindependentsubchannels

•Eachsubchannelcorrespondstoasubcarrierwithaparticularfrequency(fromFFT)

•Thisdiagonalizationisnotchanneldependent

•OrthogonalFrequencyDivisionMultiplexingSystememploysIFFT/FFTtodecompose

thechannelH
∗
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Noisen

Serial−Parallel ConverterParallel−Serial Converter

S/P sH+x
received signal

P/S
s

Channel (FIR)

Multi−Input Multi−Output Communication System

+
+
+
+

Channel (FIR)Noisen

h(2)

h(3)

h(4)

h(1)

received signal
x

Receiver Filter

Transmitter Filter

Subcarriers

FIFFTFFTG

FIFFT
(precoder)

Transmitter Matrix Filter

FFTG
(equalizer)

Receiver matrix  Filter

Equivalent to a Diagonal Channel Matrix
(a set of independent parallel subchannels)

Orthogonal Frequence Division Multiplexing (OFDM) System

H*
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LinearlyPrecoded/PowerLoadedOFDM

•TheprecoderFcanbeageneraln×nmatrix,subjecttopowerconstrainttr(FF
†
)≤

p.

•TheoptimizeddesignFwillhavearank`≤n,resultinginanoptimaldatarate`/n.

•Aspecial,andpopular,linearprecoderisthesocalledpowerloadingprecoder:Fis

diagonal.
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LinearlyPrecoded/PowerLoadedOFDM

FFT

+
+
+
+

Transmitter FilterChannel (FIR)Noisen

h(2)

h(3)

h(4)

h(1)

received signal
x

Receiver Filter

+
+
+
+

Transmitter FilterChannel (FIR)Noisen

h(2)

h(3)

h(4)

h(1)

received signal
x

Receiver Filter

General Linearly Precoded OFDM System

Power−Loaded OFDM System

f(1)

f(2)

f(3)

f(4)

IFFT

g(1)

g(2)

g(3)

g(4)

FFT

FIFFTG
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Two-UserMulti-AccessCommunicationChannel

s

H

2

1

H

F

F2

1

+

Noise n

Diagram of Two−user Communication System

x

G

G

1

2

ss

s

1

2

1

2

received 
signal

TransmittersChannel MatricesReceivers

Mathematicalmodel:x=H1F1s1+H2F2s2+ρn,ρ>0.

Lineardetection:si=sign(Gix),i=1,2.

Goal:Giventhechannelmatrices,H1,H2,designtransceiversF1,F2,G1,G2.
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ApplicationsandPreviousWork

•ApplicationsincludethecurrentandfuturesystemsofDSL,DAB,DVB.

•Equalizer(orreceiver)designforafixedtransmitterhasbeenresearchedextensivelyin

thelastdecade.

•Thejointtransmitterandreceiver(transceiver)designwasconsideredrecently,butonly

forthesingleusercase

•Inthesingleusertransceiverdesignwork,thedesigncriteriausedinclude:

–MinimumMeanSquareError,

–maximuminformationrate,

–channelcapacity

•Thelasttworequirecomplexreceiverstructures.
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MeanSquareError

•Thedetectionwithreceiver(equalizer)Gi:ŝi=sign(Gix).

•Leteidenotetheerrorvector(beforemakingtheharddecision)foruseri,i=1,2.

Then

e1=G1x−s1=G1(H1F1s1+H2F2s2+ρn)−s1

=(G1H1F1−I)s1+G1H2F2s2+ρG1n.

•Thisfurtherimplies

E(e1e
†
1)=(G1H1F1−I)(G1H1F1−I)

†
+(G1H2F2)(G1H2F2)

†
+ρ

2
G1G

†
1

•Similarly,wehave

E(e2e
†
2)=(G2H2F2−I)(G2H2F2−I)

†
+(G2H1F1)(G2H1F1)

†
+ρ

2
G2G

†
2.
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Formulation:MMSEEqualizerCase

•OurgoalistodesignasetoftransmittingmatrixfiltersFiandasetofmatrixequalizers

Gisuchthatthetotalmeansquarederror

MSE=tr(E(e1e
†
1))+tr(E(e2e

†
2))

isminimized.

•Asisalwaysthecaseinpractice,therearepowerconstraintsonthetransmittingmatrix

filters:

tr(F1F
†
1)≤p1,tr(F2F

†
2)≤p2

•Theaboveisnonconvex.

•WefirsteliminatethevariablesG1,G2:theMMSEequalizers.
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Formulation:MMSEEqualizerCase

•ByminimizingE(e1e
†
1)withrespecttoG1,weobtainthefollowingMMSEequalizer

foruser1:G1=F
†
1H

†
1W,where

W=
(

H1F1F
†
1H

†
1+H2F2F

†
2H

†
2+ρ

2
I

)

−1

.

•SubstitutingthisintoE(e1e
†
1)gives:

E(e1e
†
1)=−F

†
1H

†
1WH1F1+I.

•Similarly,theMMSEequalizerG2foruser2isgivenbyG2=F
†
2H

†
2Wandresulting

minimized(withrespecttoG2)meansquareerrorforuser2isgivenby:

E(e2e
†
2)=−F

†
2H

†
2WH2F2+I.
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TotalMSE

Substitutingintotheaboveexpressiongivesriseto

MSE=tr(E(e1e
†
1))+tr(E(e2e

†
2))

=−tr
(

F
†
1H

†
1WH1F1

)

−tr
(

F
†
2H

†
2WH2F2

)

+2n

=−tr
(

WH1F1F
†
1H

†
1

)

−tr
(

WH2F2F
†
2H

†
2

)

+2n

=−tr
(

W(H1F1F
†
1H

†
1+H2F2F

†
2H

†
2)
)

+2n

=ρ
2
tr(W)+n,

wherethelaststepfollowsfromthedefinitionofW.
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Formulation:MMSEEqualizerCase

•Introducematrixvariables:U1=F1F
†
1,U2=F2F

†
2.

•ThentheMMSEtransceiverdesignproblembecomes

minimizeU1,U2tr
(

(H1U1H
†
1+H2U2H

†
2+ρ

2
I)

−1
)

subjecttotr(U1)≤p1,tr(U2)≤p2,

U1º0,U2º0.

•ReformulateusingtheauxiliarymatrixvariableW:

minimizeW,U1,U2tr(W)

subjecttotr(U1)≤p1,tr(U2)≤p2,

Wº(H1U1H
†
1+H2U2H

†
2+ρ

2
I)

−1

U1º0,U2º0.
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SDPFormulation

•TheconstraintWº(H1U1H
†
1+H2U2H

†
2+ρ

2
I)

−1
isequivalenttoLMI:

[

WI

IH1U1H
†
1+H2U2H

†
2+ρ

2
I

]

º0.(3)

•WeobtainanSDPformulation:

minimizeW,U1,U2tr(W)

subjecttotr(U1)≤p1,tr(U2)≤p2,

Wsatisfies(3),

U1º0,U2º0.

•InteriorpointmethodwitharithmeticcomplexityO(n
6.5

log(1/ε)),ε>0isthe

solutionaccuracy.
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OFDM:DiagonalDesignsareOptimal!

Result

IfH1andH2arediagonal,asintheOFDMsystems,

thentheoptimaltransmittersarealsodiagonal.

Implication

TheMMSEtransceiversforanmulti-userOFDMsystem

canbeimplementedbyoptimallysettingthedataratesand

allocatingpowertoeachsubcarrierforalltheusers.
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LinearlyPrecoded/PowerLoadedOFDM

FFT

+
+
+
+

Transmitter FilterChannel (FIR)Noisen

h(2)

h(3)

h(4)

h(1)

received signal
x

Receiver Filter

+
+
+
+

Transmitter FilterChannel (FIR)Noisen

h(2)

h(3)

h(4)

h(1)

received signal
x

Receiver Filter

General Linearly Precoded OFDM System

Power−Loaded OFDM System

f(1)

f(2)

f(3)

f(4)

IFFT

g(1)

g(2)

g(3)

g(4)

FFT

FIFFTG
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FromSDPtoSOCFormulation

•Restrictingtodiagonaldesigns,theSDPbecomesSOC:

minimizew,u1,u2

n∑

i=1

wi

subjectto

n∑

i=1

u1(i)≤p1,
n∑

i=1

u2(i)≤p2,

wi

(

|h1(i)|
2
u1(i)+|h2(i)|

2
u2(i)+ρ

2
)

≥1,

u1(i)≥0,u2(i)≥0,i=1,2,...,n.

•Thereexisthighlyefficient(generalpurpose)interiorpointmethodstosolvetheabove

secondorderconeprogram.

•ArithmeticcomplexityO(n
3.5

log(1/ε)),ε>0istheaccuracy.
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PropertiesofOptimalMMSETransceiver

•Letu
∗
1≥0,u

∗
2≥0betheoptimaltransceivers.Define:

{

I1={i|u
∗
1(i)>0,u

∗
2(i)=0},I2={i|u

∗
1(i)=0,u

∗
2(i)>0},

Is={i|u
∗
1(i)>0,u

∗
2(i)>0},Iu={i|u

∗
1(i)=0,u

∗
2(i)=0}.

•I1,I2:subcarriersallocatedtouser1anduser2;

IsandIu:subcarrierssharedandunused;

datarates:(|I1|+|Is|)/n,(|I2|+|Is|)/n

•–Foreachi∈I1andj∈I2,wehave
|h1(i)|2

|h2(i)|2≥
|h1(j)|2

|h2(j)|2.

–Foralli,j∈Is,wehave
|h1(i)|2

|h2(i)|2=
|h1(j)|2

|h2(j)|2.

–Foranyi∈Iuandanyj∈I1∪Is,wehave|h1(i)|
2
<|h1(j)|

2
.Similarly,for

anyi∈Iuandanyj∈I2∪Is,wehave|h2(i)|
2
<|h2(j)|

2
.
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IntuitiveInterpretation

•x=H1F1s1+H2F2s2+ρn,withHi,Fidiagonal;x(i)=h1(i)f1(i)s1(i)+

h2(i)f2(i)s2(i)+ρ
2
n(i).

•Inafadingenvironment,thepathgains|h1(i)|
2
,|h2(i)|

2
arerandom,

⇒theprobabilityofhavingtwoequalpathgainsiszero.

⇒Isissingleton:atmostonesubcarriershouldbesharedbythetwousers.

•Theremainingsubcarriersareallocatedtothetwousersaccordingtothepathgain

ratios:subcarrieritouser1andsubcarrierjtouser2onlyif

|h1(i)|
2

|h2(i)|2≥
|h1(j)|

2

|h2(j)|2.

•ThesubcarriersinIuhavesmallpathgainsforbothusers(i.e.,both|h1(i)|
2
and

|h2(i)|
2
aresmall),andtheyshouldnotbeusedbyeitheruser,i.e.,theyareuseless

subcarriers!
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AStronglyPolynomialTimeAlgorithm

•ThepropertiesofoptimalMMSEtransceiverscanbeusedtodesignacombinatorial

algorithm.

•Assume
|h1(1)|

2

|h2(1)|2>
|h1(2)|

2

|h2(2)|2>···>
|h1(n−1)|

2

|h2(n−1)|2>
|h1(n)|

2

|h2(n)|2.

•ThenI1⊆{1,...,i}andI2⊆{i,...,n}forsomei.

•LeadstoanO(n
3
)stronglypolynomialtime(combinatorial)algorithm(vs.

O(n
3.5

log1/ε)interiorpointalgorithmforSOC).
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PracticalImplications
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+
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Generalm-UserCase

•Mathematicalmodel:

x=H1F1s1+H2F2s2+···+HmFmsm+ρn.

•LetGibethelinearMMSEmatrixequalizeratthei-threceiver.ThenthetotalMSE

isgivenby

ρ
2
tr
(

(H1F1F
†
1H

†
1+···+HiFiF

†
iH

†
i+ρ

2
I)

−1
)

+(m−1)n.

•LetUi=FiF
†
i.ThenthepowerconstrainedoptimalMMSEtransmitterdesign

problemcanbedescribedas:

minimizeU1,...,Umtr
(

(H1U1H
†
1+···+HmUmH

†
m+ρ

2
I)

−1
)

subjecttotr(Ui)≤pi,Uiº0,i=1,...,m.
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SDP/SOCFormulation

SDPformulation

minimizetr(W)

subjecttotr(Ui)≤pi,Uiº0,i=1,2,...,m,
[

WI

IH1U1H
†
1+···+HmUmH

†
m+ρ

2
I

]

º0.

SOCformulation

minimizew,u1,...,um

n∑

i=1

wi

subjectto

n∑

i=1

uj(i)≤pj,j=1,2,...,m,

wi

(

|h1(i)|
2
u1(i)+···+|hm(i)|

2
um(i)+ρ

2
)

≥1,

uj(i)≥0,i=1,2,...,n,j=1,2,...,m.
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SimulationScenario

•Uplinkwith16activeusersand160availablesubcarriers

•Eachuser“sees”itsownRayleighchannel(complex-valued)

•Threeschemes:

1.AMOUR–Nochannelknowledge;Eachuseruses10subcarriers,spreads8bitsover

thesecarriersusingaDFT-typespreading.

2.IndividuallyMMSEpower-loadedOFDM–SamesubcarrierallocationasAMOUR.

Eachusersends1bitpersubcarrier,i.e10bitsperblock;knowsitsallocated

channelsanddoesMMSEpowerloadingforthesebits.

3.Multi-userMMSEpowerloadedOFDM–UsingtheSOCPformulation.Inthiscase

thesubcarrierallocationsandthenumberofbitsperblockvaryfromblocktoblock,

buttheaveragenumberofbitsperblockremains10.
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SimulationResults

−20−1001020304050
10

−4

10
−3

10
−2

10
−1

10
0

BlockSNR, dB

average B
E

R

16−user OFDM in a length 3 Rayleigh channel, 160 subcarriers, Coding gain smaller here

Multi−usr MSE power loading via SOCP, 10 bits/blk on ave                 
AMOUR, no channel knowledge, 8 bits/blk                                  
Single−usr MSE power loaded OFDM with AMOUR subcarrier alloc, 10 bits/blk
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EfficiencyoftheDesignApproach

OnaPIII600MhzPC,

•Twousers,2symbolsperblock,length3channel;

–SDP∼0.65secs

–SOCP∼0.13secs

•16users,10symbolsperblock,length3channel

–SOCP∼0.65secs
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Formulation:MaxSumRateCapacityforMAC

•LetΣkº0,pkdenotethecovariancematrixandthetransmitpowerofthek-thuser

signal.

•Thetotalsumrateofmulti-accesschannelis

logdet(I+

K∑

k=1

HkΣkH
H
k)

whichisachievablebysuccessivenullingandcancellationatBS.

•Themulti-usertransmitterdesignisthen

maximizelogdet(I+
∑

K
k=1HkΣkH

H
k)

subjecttotr(Σk)≤pk,Σk≥0,k=1,2,...,K.

•Aconvexproblem;canbesolvedbyinteriorpointmethods,iterativewater-filling.
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Formulation:MaxSumRateCapacityforBC

•LetΣkº0denotethecovariancematrixforthek-thusersignal,andletpdenote

thetotaltransmitpower.

•Byduality,totalsumrateofabroadcastchannelchannelis

logdet(I+

K∑

k=1

H
H
kΣ̄kHk)

whichisachievablebydirtypapercodingtechnique,whereΣ̄k(newvariables)depends

onΣklinearly.

•Themulti-usertransmitterdesignisthen

maximizelogdet(I+
∑

K
k=1HkΣ̄kH

H
k)

subjectto
∑

K
k=1tr(Σ̄k)≤p,Σ̄k≥0,k=1,2,...,K.

•Aconvexproblem;canbesolvedbyinteriorpointmethods(anditerativewater-filling?).
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Formulation:Zero-ForcingEqualizerCase

•Recalleidenotestheerrorvector(beforemakingtheharddecision)foruseri,i=1,2

and

e1=G1x−s1=G1(H1F1s1+H2F2s2+ρn)−s1

=(G1H1F1−I)s1+G1H2F2s2+ρG1n.

•Moreover,

E(e1e
†
1)=(G1H1F1−I)(G1H1F1−I)

†
+(G1H2F2)(G1H2F2)

†
+ρ

2
G1G

†
1

E(e2e
†
2)=(G2H2F2−I)(G2H2F2−I)

†
+(G2H1F1)(G2H1F1)

†
+ρ

2
G2G

†
2.

•Considerthezero-forcingequalizers:

G1=(H1F1)
−1
,G2=(H2F2)

−1
.
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Formulation:Zero-ForcingEqualizerCase

•SubstitutingtheZFconditionsintotheMSEexpressionsgives

MSE=tr
(

(G1H2F2)(G1H2F2)
†
)

+ρ
2
tr
(

G1G
†
1

)

+tr
(

(G2H1F1)(G2H1F1)
†
)

+ρ
2
tr
(

G2G
†
2

)

.

•Introducenewmatrixvariables

U1=F1F
†
1,U2=F2F

†
2,V1=G

†
1G1,V2=G

†
2G2.

•ThentheMSEcanberewrittenas

MSE=tr(V1H2U2H
†
2)+ρ

2
tr(V1)+tr(V2H1U1H

†
1)+ρ

2
tr(V2)

•Thepowerconstraintbecomestr(U1)≤p1,tr(U2)≤p2.

•TheZFconditionreducestoV
−1
1=H1U1H

†
1,V

−1
2=H2U2H

†
2.
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Formulation:Zero-ForcingCase

•TheMinimumMSEtransceiverdesignproblemcanbecastas

minimizeMSE=tr(V1H2U2H
†
2)+ρ

2
tr(V1)+tr(V2H1U1H

†
1)+ρ

2
tr(V2)

subjecttotr(U1)≤p1,tr(U2)≤p2,

V
−1
1=H1U1H

†
1,V

−1
2=H2U2H

†
2,

Viº0,Uiº0,i=1,2.

•Notetheconstraintsarenonlinear(duetothematrixinverse)

•Theobjectivefunctionisnonconvexquadratic,duetothecrosstermstr(V1H2U2H
†
2)

andtr(V2H1U1H
†
1).

•Reformulationisnecessary.
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Reformulation:ZFCase

•UsemonotonicityandSchurcomplementtechnique,weobtainthefollowingequivalent

formulation:

minimizeMSE=tr(V1H2U2H
†
2)+ρ

2
tr(V1)+tr(V2H1U1H

†
1)+ρ

2
tr(V2)

subjecttotr(U1)≤p1,tr(U2)≤p2,Viº0,Uiº0,i=1,2
[

H1U1H
†
1I

IV1

]

º0,

[

H2U2H
†
2I

IV2

]

º0.

(1)

•Notethattheconstraintsarealllinearmatrixinequalities(LMIs),andinparticular

convex.

•Buttheobjectivefunctionisnonconvex.
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AlternatingDirectionMethod

•Fixingthedesignsforuser1(namely,U1,V1),theobjectivefunctionMSEislinearin

U2,V2,resultinginaSDP.Similarly,fixingU2andV2yieldsasemidefiniteprogram

inU1andV1.

•AlternatingDirectionMethod:

–Atiteration0,letU
(0)
i=V

(0)
i=I.Atiterationk≥1,

∗Solve(1)withU2,V2fixedtothevaluesofU
(k−1)
2,V

(k−1)
2.UpdateU

(k)
1and

V
(k)
1totheresultingoptimizedvaluesofU1andV1.

∗Solve(1)withU1,V1fixedtothevaluesofU
(k−1)
1,V

(k−1)
1.UpdateU

(k)
2and

V
(k)
2totheresultingoptimizedvaluesofU2andV2.

–Repeatwithk:=k+1.

•Convergence:boundediterates+theminimumprinciplenecessaryoptimalitycondition.
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Power-loadedOFDMOptimal?

•LetchannelmatricesH1,H2bediagonal.

•IfwefixU2,V2atsomepositivedefinitediagonalmatricesin(1)andoptimizewith

respecttoU1,V1,thentheresultingoptimizedmatricesU1,V1canalsobetakento

bepositivedefiniteanddiagonal.

•Theproofusesreductionandapropertyofbipartitematchingpolytope.

•Conjecture:theoptimalsolutionsof(1)arealwaysdiagonal.

•Implythepower-loadedOFDMisoptimal.
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DiagonalDesigns

•Restricttodiagonaldesigns(Ui,Vidiagonal)

•Theformulation(1)reducestoageometricprogram:

minimize

n∑

i=1

(

v
−1
1(i)v2(i)+v1(i)v

−1
2(i)

)

+ρ
2

n∑

i=1

(v1(i)+v2(i))

subjectto

n∑

i=1

h
−2
1(i)v

−1
1(i)≤p1,

n∑

i=1

h
−2
2(i)v

−1
2(i)≤p2,

vj(i)≥0,j=1,2,i=1,...,n.

(2)

•(2)canbeturnedintoaconvexprogrambyusingthestandardlogarithmic

transformation.

•Thedualof(2)isalinearlyconstrainedentropymaximizationproblem.
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TheDualProgram

maximize−

6n ∑

i=1

δilogδi−

2n ∑

i=1

ciδ4n+i+λ1logλ1+λ2logλ2

subjecttoδ2i−1−δ2i+ρ
2
δ2n+2i−1−δ4n+i=0,1≤i≤n,

−δ2i−1+δ2i+ρ
2
δ2n+2i−δ5n+i=0,1≤i≤n,

λ1=

5n ∑

i=4n+1

δi,λ2=

6n ∑

i=5n+1

δi,

4n ∑

i=1

δi=1,δi≥0,1≤i≤6n,

wherethecoefficientsciaredefinedas

ci=

{

log
(

p1h
2
1(i)
)

,1≤i≤n,

log
(

p2h
2
2(i)
)

,n+1≤i≤2n.
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Summary

•Sofarwehave

–PresentedvariousSDP/SOCformulationsandalgorithmsfortheoptimaltransceiver

designproblems

–Studiedthepropertiesoftheoptimaltransceiverdesigns.

–DemonstratedthepotentialofSDP/SOC/interiorpointmethodsindigital

communication.

–Resultsprovidevaluableguidelinesandinsightsforthepracticalsystemdesign.

•Futurework

–IncorporatingQoSandotherreceiverstructuresintheformulation.

–Extensiontothemulti-userdownlinkcase.
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