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ABSTRACT

technigque for eigenmode selection is not optimum since tmid
nant eigenmodes for different users could be highly comedlare-

We consider the MIMO broadcast channel (MIMO-BC) where ansulting in poor performance under ZF. In constrast to [6],make

array equipped with\/ antennas transmits distinct information to
K users, each equipped wifti antennas. We propose a linear pre-
coding technique, called multiuser eigenmode transmMis@iET),
based on the block diagonalization precoding technique.T M
dresses the shortcomings of previous ZF-based beamfoby&ens-

full use of each user’s multiple antennas. Our proposal agest
eigenmode-user selection scheme where the set of active aise
active eigenmodes is selected in a greedy manner to maximze
sum-rate of the system. It is a generalization of the greégtyrithm
proposed for the cas®¥ = 1 [8] and is not restricted in the number

mitting to each user on one or more eigenmodes chosen usingdt users K can be larger thaid) nor in the assignment of dominant

greedy algorithm. We consider both the typical sum-power-co
straint (SPC), and a per-antenna power constraint (PAP @yaed

by array architectures where antennas are powered by $e@ana
plifiers and are either co-located or spatially separatedmétical
results show that the proposed MET technique outperforegqus
linear techniques with both SPC and PAPC. Asymptoticallyhas
number of uselk increases without bound, we show that block di-
agonalization with receive antenna selection under PARCS®#C
are asymptotically optimal.

Index Terms— Array signal processing, MIMO systems.

1. INTRODUCTION

We consider the multiple-input multiple-output broadcelsannel
(MIMO-BC) where the transmitter equipped wilf antennas sends
distinct information toK users, each equipped wiffi antennas. It
has recently been shown [1] that the capacity region of thel®OH
BC can be achieved by means of a nonlinear transmissionitgehn
known as “dirty paper coding” (DPC) . Linear precoding (beam
forming) techniques with lower complexity have also beesppsed
in which the transmitted signal is a linear combination & tisers’
data signals. One class of beamforming techniques for the aba
single-antenna receiveN( = 1) is based on zero-forcing [2] where
each user receives only its desired signal with no intenfsge The
most straightforward extensions of the zero-forcing témpha to the
case ofN > 1 appear in [3], [4], [5], where multiple spatial streams
(or eigenmodes) are transmitted to each user with no irgerter-
ference, resulting in a block diagonal (BD) covariance maffur-
ther improvements of the original schemes have been prdpose
[6, 7]. In this paper, we propose a linear transmission tiegtn
based on the BD technique using joint coordinated transsgitive
processing; as in [4] we use a receiver beamformer to selsgba
set of the eigenmodes of a given user, and a transmitter loean@f
in order to guarantee the orthogonality between the diffessers.
Reference [4] does not address the casdSof> M, and it sug-
gests transmitting on the dominant eigenmodes for each Uibés
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eigenmodes.

We consider both the classic case of sum power constrai@)SP
on the antennas and the case of per-antenna power congaR(T)
as [9] (see also reference therein). We emphasize that PARDIi-
cable in systems where each antenna is powered by its owrifi@mpl
and is limited by the linearity of that amplifier. PAPC is fuer moti-
vated by future wireless networks where base stations \pikialy
separated antennas transmit in a coordinated fashion tmofde
users.

We show that the the sum rate of the of BD algorithm with an-
tenna selection grows at the same rate as the optimum DPC sum
rate, with both SPC and PAPC, when the number of ugérs-
creases asymptotically. Moreover, we give numerical teshiat
show how the proposals achieve a significant fraction of tRe€D
sum rate for practical systems with finit€, and outperform previ-
ous BD schemes [3, 4, 5, 6]

2. SYSTEM MODEL

We consider a narrowband multiantenna downlink channeletead
as a MIMO-BC with flat fading, wher& users, each equipped with
N receive antennas, request service from the transmitterhatras
M antennas. The discrete-time complex baseband receivedl sig
by thekth user is

k=1,....K 1)

whereH,;, € CV*M js thekth user's channel matrixx € CM*?!

is the transmitted signal vector, amd, ~ CN(0, 1) is the com-
plex additive white Gaussian noise at thif user. We assume that
H,,...,Hg are known to the transmitter. On a given symbol pe-
riod, the base serves a subset of users {1,...,K}. Under a
per-antenna average power constraint, the transmittetalsigust
satisfy

Yi = Hgx + ng,

E[|lzm]’] € Pn. m=1,....M 2)
where P, is the power constraint for theith antenna. The sum-
power constraint can be written as

E [tr [xc]] < EM: Py =P. 3)

m=1



3. THE MULTIUSER EIGENMODE TRANSMISSION
(MET) METHOD

We fix the set of served use&and assign indices = 1,...,|S|.
For thekth user, we fix the set of transmitted eigenmodgsand
assume they are indexed from 1|t|. We note that if we trans-
mit to a single user, the number of eigenmodes is limitebtd <

whereas in the block diagonalization scheme with receitersma
selection [6] the constraints become less restrictive

> N <M Vkes
JES,j#k

(12)

where N;, < N is the number of receive antennas selected for the

min(M, N). The transmitted signal after precoding can be writtenkth user. We note that (9) is similar to (12) except that irctefa

as
|S|

X = Z dek,
k=1

whereG,, € CM*I51 is the precoding matrix for usérandd, =
[di1 .. .dy,s,]" is the|Sk|-dimensional vector of symbols.

4)

The channel of théth user can be decomposed using the sin-

gular value decomposition (SVD) &, = U,X,V, where the

eigenvalues irE,, are arranged so that the ones associated with th

allocated setS;, appear in the leftmostS;| columns. We denote
these eigenvalues a%. 1, ..., X, s, | The kth user’s receiver is a
linear detector given by the Hermitian transposition of fefémost
|Sk| columns ofU which we denote aix 1 ... uy, g, |. Likewise,
we denote the leftmo$5; | columns of the right eigenvector matrix

Vi asvy1... vy g, - The signal for theith user after this detector
can be written as
H
T = [u;%l . uk"sk‘] Y& (5)
= I'yGrdr + T Z G;d; + n;c (6)

JES, j#k

whereyy, is the received signal given by (1, is the processed
noise, and'y = [k, 1V,1 - - - Sk, 15, Vi, 5] 1S @lSk| x M ma-
trix. By defining

~ H

H, = [F{I...rgf,l rfﬂ...rfg‘] , @)
our zero-forcing constraint requires th@4. lie in the null space of
Hj. HenceG,, can be found by considering the SVDH:

~ - o~ - - H
H, = U3, [VS) Vlio)] 7 o)

where vV{?
the null modes. From the relation between the dimensioneohthl

space and rank 6% %), the following constraint has to be satisfied

in order to build the set of precoding matrices for the seléctsers

S:
> ISI<M VkeS. (9)
JES,j#k
The number of modes allocated to thi user satisfies
1Skl <M — Y |8, (10)

JES j#k

It follows that the number of allocated modes is upperbodniole
the number of transmit antennds;, _ 5 |Sk| < M. We note that it
is possible to allocate all the modes if the channels aresttatly
independent.

We recall that in the block diagonalization scheme [3, 4hg] t
following constraints have to be satisfied in the constamctf the
precoding matrices

> N=N(S|-1)<M

JE€S,jF#k

(11)

corresponds to the right eigenvectors associated witubject to

using a subset of receive antennas we use a subset of eigesamod
Thekth user's precoder matrix is given 6§, = V?Cy,, where

Ci, € CM~Ejes 21 15iDxI5kl s determined later. Note that since
H, V" = oforallk € S, itfollows thatl', G, = I+ V{"'C; = 0

for j ;é k and any choice o€;. Therefore from (6), the recelved
signal for thekth user after combining contains no interference:

rp, = I'hvGrdi + Il;C. (13)

fve perform an SVD
I,V =T, [S) 0] [va“”] : (14)

whereX;, is the |Sk| x |Sk| diagonal matrix of eigenvalues, and
assignCy, = V,(Cl). From (13), the resulting weighted rate for the

kth user is
ar 3 log (1 +7 0 “‘)) (15)
JESkK
whereaik) is the jth diagonal element ofi (j € Sk), Wy is the

|Sk| x |Sk| diagonal matrix of powers allocated to the eigenmodes,
andw]@ is the jth diagonal element. Therefore the total transmit-
ted power for this user isr (G, WG] = trW, and themth

antenna transmitted power for this usepis®"| ) |?

gmj
gfylfj) is the (m, j)th element ofG. For a given selection of users
and eigenmode¥, as determined b§ andSy, for k € S, the power

allocation problem under PAPC can be written as

max Z ag Z log (1 +_<k) ](k)) (16)

wydkesﬂeskkes €5,

w >0, keS,je S
(k)2 (k)
ZkES Zjesk |g | < Pm7

Problem (16) is a convex optimization problem and can beessblv
using an interior point method based algorithm. In the SPse che
M individual power constraints are replaced by a sum-powear co

straint

M M

D2 D lam Pl <37 Pa

m=1keS jeS m=1
and the resulting optimization can be solved using watiedgill Be-
cause the SPC is less restrictive, the weighted sum rate @RrIe
is equal or better than the PAPC performance for any givenratla
realization and user/eigenmode assignment.

We emphasize that the optimization (16) is performed fovaryi
user and eigenmode allocation. The allocation itself cdngcper-
formed in a brute-force manner by considering all possibls sf
up to M eigenmodes. Due to the high computational complexity
of the brute-force case (see [9]) we propose a generalizafithe
greedy allocation algorithm proposed in [8]. We defiheto be the
set of all K users’ eigenmodes. Assumidg < M, each user has
at mostN eigenmodes, and there are a totalloiV eigenmodes in

JW where

R(T) =

m=1,....,.M

an



set74. On thejth iteration, we let; be the candidate eigenmode considering not collaborating the receive antennas of eaeh The
chosen among any of the available eigenmodes from any user.  following theorem gives a lower bound for the sum-rate of Bz
initialization. Letj = 1,70 = 0, R(0) = 0, andDone = 0. scheme with the given set of usefs

while (j < min(K N, M)) and (notDone)

findt, — argmax R(T,_1 U {t}) Lemma 1 Let suppose that the conditions to apply the BD scheme

HETANT) 1 [4] on the setS and the conditions to apply the ZF-SPC scheme on
it R(T;_1U{t;}) < R(Tj_1) the setS’ are verified. Hence
Z =Tja Rpp(S) > Rzrspc(S) (20)
Done =1
else Proof >From [4] we know that the precoding matrix associated to
T, =T;-1U{t;} the kth user has to lie in the null space Hf,., where
J=3+1 . H
an H, = [Hfl,...,H,CH,I,HEH,...,H&] 1)
en
T="1T, Let apply the ZF-SPC precoder to the &2t Let! the index of the

virtual user corresponding to thth receive antenna of thgh user.
On the first iteration, the selected eigenmogdewiill be the glob- ~ The Ith column of Moore-Penrose pseudoinverse associated to the
ally dominant eigenmode. In other words, its eigenvalukédargest ~ selected set of user has to lie in the null spacHgf ;),
among all users’ modes. Note however that the chosef séll not ~ ~ H
necessarily contain the dominant eigenmodes of each uste.diso Hy = [HkH HY (T:é—1,a41: Ngl, :)] (22)
that not all eigenmodes will necessarily be active. Nunadréx-
amples in Section 5 show the distribution of allocated eigeties. ~ Where the used MATLAB notation. From (21) and (22), we not th
While this greedy algorithm is suboptimum, we feel that hiages N (H(k,i)) N (Hk) 23)

a good balance between performance and complexity. It istals

E‘;’}”y flexible in that it can handle any combination bf, K, and and therefore the BD algorithm has a number of degrees aldree
) for the design of the precoding matrices that is greater regipect

to the ZF-SPC schemeél

4. ASYMPTOTIC OPTIMALITY , o ,
Let’s consider now the original set @ users each witliV an-

In this section we study the asymptotic behavior of the Bleswln  tennas, and apply Theorem 1 to the virtual system composadiiy
[4] with SPC and PAPC in the limit of larg&’, when a receive an- single antenna users. In the limit of large

tenna selection scheme similar to the one proposed in [63ésl.u

The main result is given in Theorem 2, Wr?erep we prov[g}that the E{Rzrspct ~ Mloglog NK (24)
BD scheme, with a particular receive antenna selectionnsehés  Let S,,: the set of virtual users selected with the greedy algorithm
asymptotically optimal in the sense that the ratio of theeexpd  proposed in [10]. Hence if the selected virtual users arecisted
sum-rate capacities between it and DPC approaches one.elo+ Th to different users, we apply the BD scheme by consideffg:|
rem 3 we extend the result to the PAPC case. We recall thetsesulusers each one using only one receive antenna, otherwisenwetp
obtained for the cas&/ = 1 in [10] for the SPC and in [9] for the collaboration between the receive antennas of a given sseciated
PAPC.We letRppc, Rzrspc andRzrpapc respectively denote  to the selected virtual-users. >From Lemma 1, in the limitaoje
the sum rate capacities achieved with DPC (under SPC), ZErund K

SPC, and ZF under PAPC. E{Rzrspc} < E{RBDps (25)
Theorem 1 In the limit of large K, the zero-forcing beamformer un- ﬁ\]r;tupper bound t&{R5p 45} can be obtained by considering
der both a sum power constraint and a per-antenna power cainst R <R 26)
can achieve an expected sum-rate equal to that of DPC _ o BDras = ftDPC
and in the limit of large [11]
P
E{Rzrsprc} ~ Mlog (1 + 57 log K) ~&{Rppc}. (18) E{Rppc} ~ Mloglog KN 27
o . From (25) and (27)

As generalization of Theorem 1 for the case> 1, we can give the
following result E{RBDpas} ~ Mloglog KN. (28)

Theorem 2 In the limit of large K, the BD scheme [4] under a sum U

power constraint can achieve an expected sum-rate equaktoof Theorem 2 can be extended to the PAPC case as follows
DPC, with a greedy receive antenna selection scheme.
Theorem 3 In the limit of large K, the BD scheme [4] under a per
E{RBDRas} ~ Mloglog NK ~ E{Rppc} (19)  antenna power constraint can achieve an expected sum-gata &

) ) that of DPC, with a greedy receive antenna selection scheme.
Proof We first obtain a lower bound to the expected sum-rate of

the BD scheme. Let consider a given set of uSezach one with E{RBDRas papc} ~ Mloglog NK ~ E{Rppc}  (29)

Ny antennas, and a séX of kze:SN » “virtual users” obtained by proof The proof is essentialy the same of the one used for Theo-
rem 2, with the difference that for the lower bound is useddiselt
1z ~ yindicates tha&{lim z(K)/y(K) = 1. obtained for the ZF-PAPC in [9]0




5. SIMULATION RESULTS SNRs where single-user spatial multiplexing is more efficid-or
larger M there may be more eigenmodes to choose from, and in this

We assume an independent and identically distributed eontphus-  case, the greedy algorithm sometimes transmits on modestbim
sian channelxm ~ CA (0, 1)) where the channel matril;, is  the first. For example in Figure 2, we can see that¥br= 12,
assumed to be perfectly known both at the transmitter anteat t the eigenmodeg, 3 and4 can be chosen without the allocation of
kth receiver. For BD we assume that a greedy user selectiosGU the eigenmodé. Moreover, when the number of users increases, the
algorithm is used [12]. We consider two types of BD: one whereprobability that more than one mode is used for a given ussmaill,
each selected user employs aAllantennas (BD-GUS) and another for both low and high SNR. Therefore in a multiuser scenaaiim-
with receive antenna selection (BD-RAS). For BD-RAS we use aating the dominant eigenmodes as done in [4] and [7] or Setpc
modified version of GUS where each candidate user selectetite the users without considering the problem of the eigenmddeaa
subset ofV receive antennas. For BD-GUS, BD-RAS, and DPC, wetion [12] are suboptimum policies whé¥f is large.
assume a sum-power constraint. For MET, we consider bottCPAP
and SPC. In Figure 1 we compare the average sum-rate verdrs SN
of the aforementioned structures, fof = 4, N = 4 and K = 20.
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