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ABSTRACT different adaptive beamforming techniques are formulated

This paper evaluates and compares different a dapt{fké multicast services. Section Il presents a strategy for

antenna techniques applied in the context of multicasespatlal multiplexing of unicast and multicast userse Th

services and presents a methodology for performing t Srformanc_e evaluation results are pre_sented in section IV
. . ; . . inally, section V draws some conclusions.

spatial multiplexing of both unicast and multicast users.

It is seen that adaptive beamforming is able to provide

good results even for large groups of multicast users !l- ADAPTIVE BEAMFORMING FOR MULTICAST

and that the presence of line-of-sight is beneficial 18 muiti-user multi-carrier system is considered, which
the algorithms which focus on the performance of thgssumes flat-fading per sub-carrier and negligible
worst user. Additionally, grouping strategies that alltwé t jnter-symbol interference (ISI), so that the data symbols
allocation of the same resources to unicast and multicagh pe treated individually. The base station has an antenna
users, and which make use of the proposed spatiglay composed of elements and serves a group8f
multiplexing procedure, are shown to be more efficient thaghgle-antenna users. For the unicast case, considering a
allocating separate resources to unicast and multica&.usgectordle with N data symbols (each addressed to a
different user), which are modulated by a matiky; » v,
I. INTRODUCTION transmitted over the radio chann#ly s, subject to

. . .. additive white Gaussian noisey x1, and demodulated by
In the context of next-generation wireless systems, it |s

expected that services targeted at mass content dismibu‘Ji n;z::ﬁzg ;;vr;]gho(?éV r’r? ;;/N S gr\:\ll(rﬁ,;“nm;;edml of the.V
become widely popular, especially considering the 3G E‘

standardization activities for their implementation \rith
GSM/EDGE and WCDMA networks [1]. Examples of such
services are audio/video streaming, mobile TV, messaging;The multicast scenario can then be seen as a particular
news clips, localized services, download, among otheggse of a MIMO multiuser system [2], for which all users
Their common characteristic is that the same informati@ixpect the same symbols, i.el,= s1, wherely; is a

has to be transmitted to a group (multicast) or to all useygctor of ones and is the data symbol. Equation (1) may

d = DHMJd + Dn. (1)

(broadcast) within a certain coverage area. then be rewritten as
The implementation of such services in mobile cellular
networks raises some issues concerning their feasibiliy a d = DHws + Dn, 2)

efficiency within the different layers of the transmission
chain [1]. The scope of this article lies on the radio linkvherew,;1 = M1 is the resulting weight vector, which
between the mobile and base stations, for which one isfthe sum of the weight vectors of the individual users
the main issues concerns the optimization of the use of t@ntained withinVI.
radio resources for multicast services. The objective of the algorithms within this section is
This paper focuses on the application of adapti® perform multicast transmit processing, i.e., to properl
antenna arrays to multicast services and also on tf@termine the transmit weight vecter in (2). However,
spatial multiplexing of groups containing both unicast angince the number of users within a multicast group may well
multicast users. First it is assumed that only multicagkceed the number of transmit antennas, it is not possible
users share the same resource, for which adequate adapfiv@ich cases to guarantee that the received symbols will
beamforming techniques are presented and evaluaté@.in-phase with the actual symbols through pure transmit
Then, it is considered that unicast users are allowed REcessing. The following diagonal demodulation matrix is
share the same resource with the multicast users. A spalti@refore considered
multiplexing procedure is therefore proposed for allowing

the coexistence of unicast and multicast. It consists of D = diag((Hiw|,...,[Hyw|)™" diag(Hw)",  (3)
the following three steps: block diagonalization, mulsica .
beamforming, and power loading. whereH; 1 s corresponds to the channel of usgire., the

The paper is organized as follows. In section If; oW Of matrixH, diag(.) is a diagonal matrix with the
arguments on the diagonal ag” denotes the conjugate

*Yuri C. B. Silva is scholarship supported by CAPES-Brazil. transpose of a matrix.
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In the following subsections, the herein investigate@. User selective matched filter

m_ulticast transmit processing algorithms are formulateg, this paper we propose a heuristic algorithm called User
Since the multicast users expect the same symbaigiective Matched Filter (USMF), which does not claim to
algorithms which try to suppress intracell interferencefs e the optimum for (6), but which tries to improve the
as zero—forcmg and Tomlinson-Harashima precoding, aﬁ@rformance of the matched filter in a multicast scenario.
no_trﬁonsmerﬁda flter i q i beina foll If it were assumed that there is a point-to-point
€ matc_ ed filter 1S preser_1te Irst, being 1o c)V\'egonnection for each usér the ideal solution in the sense
by the multicast-specific algorithms, which aim at th f maximizing the SNR would be to employ a transmit
maximization of the lowest signal-to-noise ratio (SNR atched filter. ie.w — HZ The idea of USME is to
among the multicast F:onnections .[3'5]’ and finally, the USEfack these individual weigF\t vectors within a mat#k/(),
Selective Matched Filter (USMF) is proposed. but disregarding the weight vectors within it that do not
positively contribute to the goal of maximizing the lowest

A. Matched filter : .
. L _ SNR. The algorithm may be written as
The matched filter optimization for a single user scenario

consists of finding the weight vector which maximizes the
SNR perceived at the receiver. In the case of multicast,
equivalently, it can be expressed as the maximization of 3= \/(Etr/di) tr(PTHH?P117),
the sum, or average, SNR perceived by the users within the

mqlticast group [6]. The optimization problem may thus b&herep . v is a non-zero diagonal matrix, with elements
written as p,; € {0,1},fori = 1,...,N. Since there ar&V users,
E{IH 2 and the diagonal elements &f are restricted to binary
_ {|Hws|[*} . g,
Wopt = argmax 5 values, there exists a total 2 — 1 possibilities.
v EAlnf} (4) For small group si Il iblB matri
_ ) group sizes, all possi matrices can
subject tof|ws||” < Ey,, be evaluated, from which the one providing the highest
) . ) ) minimum SNR can be chosen. However, complexity grows
where w,,; is the optimal weight vectork. is the exponentially with an increasing number of users. An
available transmit energy;{-} is the expectation operator,ajternative for making it computationally efficient would
and || - || is the Euclidean norm of a vector. Thisye to evaluate only a limited number of possibilities, which
optimization leads to an eigenvalue problem, with solutiopoy|d for example be selected through randomization.

Wopt = (3 - (principal eigenvector oHH),

5) 1. SPATIAL MULTIPLEXING
ﬁ =V Et?'/ag7

The previous section has dealt with transmit processing
techniques adequate for the provision of multicast sesvice
In practice, however, such services will coexist with

traditional unicast point-to-point connections. In order

The quality per_c_elved by the Users within a mUIt'_CaStgro%pport both services efficiently, assuming that multiple
may vary significantly, depending on their radio chann tennas are available at the base station, spatial

conditions. Fairness among the users could thereforemﬁm lexing techniaues mav be emploved to improve
introduced by the following optimization procedure,whicfgyste?n cap?acity q y POy P

tries to maximize the minimum SNR within the group:

Wysmr = - HHPL

()

whereo? is the average symbol energy [6].

B. Max-min algorithms

Space division multiple access (SDMA) techniques have

Wopt = argmaxmin{ SN R;} already been extensivel_y studied for multi-antenna umi_cas
w scenarios [7, 8]. The intra-cell interference that arises
with SNR; = [Hyws|?/o>, i=1,...,N (6) from the simultaneous use of the radio resources by

multiple users can be mitigated through algorithms such
as zero-forcing, Tomlinson-Harashima precoding, block
whereo? is the noise power. diagonalization, among others [9-11].

This optimization problem is a quadratically constrained When both unicast and multicast users build an SDMA
guadratic programming problem and does not havegaoup, such interference suppression techniques do also
closed-form solution. In [3] the problem is solved usingpply. The difference is that there is no need to suppress
sequential quadratic programming, while other articles [the interference among the multicast users, which expect
5] have presented different approaches for simplifyinthe same data stream, i.e., only the interference between
the problem and finding more computationally efficieninicast and multicast, and interference among the unicast
solutions. In [4], for example, the problem is relaxedsers has to be mitigated. Such constraints lead to a block
by removing one of the constraints of an equivalemliagonal structure, similar to that presented in [11] for
optimization problem, which can then be solved efficientlylIMO unicast users, but with a large block composed of
by semidefinite programming methods. the multicast users and small individual unicast blocks.

subject toj|ws||> < E;,,
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This block diagonal approach for unicast/multicast has Beamforming

been first suggested in [12]. Such structure allows that_tﬂ‘ﬁer the diagonalization is performed and the users are

bIOCk.S be individually_ proce_ssed, e, the_beamform! parated in blocks, additional transmit processing may be
algorithms presented in section Il may be directly applie ne for theN,,. x N,.. multicast block(HN) The

to the multicast group. multicast beamforming algorithms presented in section |l

For that purpose we propose that the spatial multiplexirp]g : . :
X : L . ay be applied to improve the group performance, resultin
of a unicast/multicast SDMA group be divided into thre a)r/1N pr bea?nforming?natrrig The complete 9

steps: diagonalization, beamforming, and power Ioadinrgratrix is block diagonal and can be written as
They are represented, respectively, by matrideg x v,

By« n, andI' v« v, with N denoting the total number of T
users (V,,. multicast plusV,. unicast users). The system B= [ Bpe 0 ] , (23)
equation in (1), when defininyI = 3NBT', becomes 0 Iy
A wherel y,, . denotes aV,,. x N, identity matrix, and is
d = DH(GNBI')d + Dn, ®) anN,. x N,.. matrix with zeros.
whered, d, D, andn preserve the dimensions defined in
section Il. The normalization factgris introduced in order

. : . C. Power loadin
to satisfy the transmit energy constraififyNBI'd||? = g

E,,, and is given by The last step of the spatial multiplexing consists of the
distribution of the available transmit power among the
B = \/Et,-/tr{(NBI‘)H(NBI‘)Rd} (9) different blocks. The allocation strategies known for the

) ) ) ) unicast case, e.g., waterfilling, equal power load, and
whereR, is the covariance matrix of the signal vectbr  equal received power [2], can also be applied to the
The procedure for determining the spatial multiplexingnjcast/multicast scenario with some minor modifications.
matrices, as well as the discussion on possible groupingry, o application of waterfiling results in the
strategies for unicast/multicast, are approached in the . ini-ation of the sum capacity, but on the other
following subsections. Note that the existence of only ong, 4 it may lead to users with Ia,rgely varied quality
m_ult|cast group IS assumed, but the procedure can Hﬁ)files. The allocation of the same amount of power to
directly extended to any given number of groups. the users is the simplest procedure, but may also lead to
A. Diagonalization an uneven quallty_dlstrlbutlon, due to the d_|fferent chdnne
attenuation associated to each user. A fair scheme for the

The block diagonalization algorithm presented in [11] Cagher distribution among the blocks is here proposed,
be applied to the combination of unicast and multicast yhich tries to guarantee that the unicast users will receive

considering one multicast block of Sizg = Ny andNue  the same signal power as the worst user within the multicast
unicast blocks of sizé3; = 1 (single-antenna termlnals),group_

with B; denoting the size of block The total numbefV,, The power loading matrik is a diagonal and real matrix.

. N,
of blocks is therefore equal .. +1and)_;"; B; = N. The elements associated to the same diagonalization block
The matrle.]- B;x M corresponds to the channel matrigre sajd to be identical, i.e., the division of the power agion
of block j, while H; (v_p,). denotes the composedte users of the multicast group is assumed to have already
channel matrix of all other blocks: been done by the multicast beamforming algorithm. The
W matrix can be expressed as

Hy=[H{ ...H], H,.. HJ]"  (10) P
According to the block diagonalization algorithm, the

. . . . . ’leBl e 0
diagonalization matrifN can be written as I i ] (14)
5 (0) 5 (0) ) |
N=[(Vy Vi) (U, VRN @) 0 v Isy,
Where\7§.0) corresponds to the null spacetéf andV§.1) is  with eachry; given by
the signal space df[j\N/g»O).
The equivalent channel matrix after the diagonalization, o 1
if we consider as an example a system with,. = V= Zlfc\fjl Br(X,/X1)’ (15)
N,. = 2 users, should have the following structure, with - 9
x representing non-zero matrix entries, Xj = min ([((HNBA);,n[%),
z z 00 where(HNBd); is aB; x 1 vector, corresponding to the
_ |z 00 2) signal that is estimated to be received by each user within
HN (12)
8 8 (3; 0 blockj, and(HNBd); , is the signal of the'" user within
X

the same block.
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Figure 1: BER performance of multicast beamforminfigure 2: Impact of the group size on the minimum SNR
algorithms with four-element antenna array. for an input SNR of 10dB.
D. Grouping LOS component. Note that the effects of path-loss and

The size of a spatial multiplexing group containing botlog-normal fading are assumed to be compensated by power
unicast and multicast users, similar to a unicast-only,dasecontrol.
upper-limited by the number of transmit antennas availablelnitially, the multicast-only case is considered. The
at the base station. If more users need to be served, themmforming algorithms are implemented according to
other multiplexing dimensions (time or frequency) have teection Il. The "Max-min opt.” algorithm refers to the
be taken into account. optimization problem in (6) solved through numerical
A simple grouping approach consists of separating tlgtimization, and the LOS and NLOS scenarios correspond
users according to their type of service, i.e., unicast at@lX — co andK = 0in (16), respectively.
multicast users are allocated to different time or freqyenc Fig. 1 shows the average bit error rate (BER)
resources. This would mean that traditional unicast SDMperformance of the different algorithms from section l1dor
and multicast beamforming could be employed separatehulticast group composed of four users in NLOS and LOS
on their respective resources. scenarios, respectively. The BER is depicted as a function
However, an allocation scheme which allows botbf the E;/Ny, which represents the ratio of the symbol
unicast and multicast users to share the same resoumesrgy to the spectral noise density. It can be seen that the
might be more efficient than simply isolating both servicesolution of the max-min problem in (6) presents the lowest
In order to implement such a scheme, the previoudiyt error rates, being followed by the USMF algorithm,
presented multiplexing procedure is therefore required. which for the LOS scenario requires approximately an extra
In order to have an upper bound of the performan@5dB in order to provide a BER 6f- 1073,
gains that an efficient grouping might provide, it is When we compare the results obtained for a rich
here considered that, among all possible groupings, theattering scenario to those obtained for a purely
one providing the highest minimum user capacity ine-of-sight situation, it becomes clear that the channel
selected. The simulation results presented next considerpgofile has a considerable impact on the performance of the
exhaustive group search, but other more computationadligorithms. The USMF gets much closer to the optimal

efficient schemes [8] could be employed instead. solution in the presence of LOS. The increased spatial
correlation of this scenario has a positive effect on USMF,
IV. PERFORMANCE EVALUATION which can be explained due to the fact that it increases the

prability that the rows oHH* be correlated, resulting in

The simulation scenario consists of a single cell equipp8 ; o . . .
g quipp ore zero entries withi® in (7), which brings it closer to

with a four-element uniform linear antenna array, singrﬁ nal b formi
antenna mobile terminals, and QPSK modulation. Tﬁ (_erﬁlng_ e-user heamhormln?.case. e h h
implemented channel model regards both line-of-sight e Impact that the multicast group size has on the

LOS) and non-line-of-sight (NLOS) components [2], an erformance of the algorithms can be seen in Fig. 2, for
(can b)e written as ght( ) P (21 Eoth the NLOS and LOS scenarios. An inpllt /N, of

10dB is assumed and the results are presented in terms
H=+/K/1+KH+1/1+K)H,, (16) of.theloth percentille of the cgmulative distrit_)uFior? of the
minimum SNR within the multicast group. This indicates a
where K is the Ricean factor which determines the rati®0% probability that the SNR perceived by the worst user
of deterministic-to-scattered powé,,, y x 1s iS composed within the group is higher than the given value.
of zero mean circularly symmetric complex Gaussian For all algorithms it can be seen that the more users
random variables with unit variance, aidl models the there are within a group, the lower the SNR that can be
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2 ; : : V. CONCLUSIONS
18 O~ Separate services The application of adaptive antennas to multicast presents
16} ] some peculiarities when compared to the unicast case, since
Lal ] the users of a multicast group share the same resources and

yet are subject to different radio channel conditions.

Different beamforming algorithms which can be applied
to this problem have been presented and evaluated,
08f 1 including the matched filter, the max-min algorithm,
06l ] and the user-selective matched filter (USMF). The first
04l ; ] maximizes the average SNR while the others try to provide
fairness among the users.

It has been shown that beamforming is able to provide
9 good results even for large groups of multicast users. The

Number of unicast users USMF algorithm provides a reasonable approximation with

Figure 3: Comparison of different grouping strategies ifpgard to the optimal solution of the max-min problem,
terms of user capacity (8-antenna array, 4 multicast usergkpecially for scenarios with a stronger LOS. The matched

guaranteed. Up to a certain number of users (roughly 4iier has exactly the opposite behavior, presenting a much

for most algorithms) the descent is steeper, but then itteritforse performance in the presence of line of sight.

to slowly saturate for larger group sizes. A spatial multiplexing scheme for the coexistence of both
The relative behavior among the algorithms, for botH_nicaSt and_ multicast .services has _been presented, which

NLOS and LOS scenarios, is very similar to that verifielj'€s 10 prowd_e a certain degree of faimess among the Users

through the BER evaluation. The performance of t both services. The results have shown that grouping

USMF improves for the LOS channel, getting closer tstrategies that allow the allocation of the same resources
the optimum, while the matched filter is severely degrad&® unicast and multicast users, and which make use of the
as the number of users increases in a channel wRFPPOsed spatial multiplexing procedure, are more efftcien

line-of-sight. The poor performance of the matched filrdpan separating them through different resources.

for the LOS channel is due to the fact that this scenario
leads to an ill-conditioneBI” H matrix, which means that
more energy is concentrated on the principal eigenmodgl] 3GPP, “Multimedia Broadcast/Multicast ~service (MBMS)
This has a positive effect on the average SNR, but leads to architectu're and functional description,” TS 23.246, 2005 .
a more uneven energy distribution within the group. [2] A. Paulraj, R. Nabar, and D. Gordntroduction to space-time

) ) . wireless communications Cambridge University Press, 2003.
Fig. 3 shows a comparison between the QVOUP'n%] Y. Sun and K. J. R. Liu, “Transmit diversity techniquesr fo
strategies discussed in section Il for unicast and mudtica  multicasting over wireless networksfEEE WCNG vol. 1, pp.
services. The capacity of the worst user, among both unicast 593-598, March 2004.
and multicast services, assuming Gaussian signalling artftl NH r?ﬁ fi?irfpﬁ]l;g; ?i”f:] ST~nN0-r zfrVidSOnnd '\;Blft?idcr;’fﬁlngi Wr\]/itl
an input SNR_of 10dB, is pre.sented as a function of the ;rgcessisgav?/orkshonip?48§—:93,Jule;/y2?304. e =
numb?r Qf unicast users, Whlle the number Of.mUItlca. J. Zhanget al., “Optimal space-time transceiver design for selective
users is fixed to 4. Users within a group are multiplexed in * wireless broadcast with channel state informatioBEE Trans. on
space, and the groups are multiplexed in time (a maximum Wireless Communicationsol. 3, pp. 2040-2050, Nov. 2004.
of two groups is assumed). Note that the capacity il A.Narula, M. J. Lopez, M. D. Trott, and G. W. Wornell, “Edfent

normalized by the number of groups in order to capture the Ys€ of side information in multiple-antenna data transimissver
effect of the tiyme muItipIexingg P p fading channels,IJEEE JSACvol. 16, pp. 1423-1436, Oct. 1998.

o ] . [7] C. Farsakh and J. A. Nossek, “A real time downlink channel
The joint strategy refers to the case in which users of  allocation scheme for an SDMA mobile radio systerRIMRC,

different services may be grouped together, and the optimal vol. 3, pp. 1216-1220, October 1996.

grouping is found through exhaustive search, while for thél M'hF;CPS' ? theildofh agd 'VII-_ ';a?fslto ;;I“IJOOVEI ir%-kt);_sed
separate strategy the unicast and multicast users aresalway ;:: se;r:}grf‘n?:g”’,‘ CmASOSrI?v?)I. g‘”;p'” 1 1021_112 . Mafé’rf ;"8‘055. !

in dlﬁgrent groups. It can be_ seen t_hat, as expected, t & W. Qiu, “Transmit power reduction in MIMO multi-user mis®
capacity decreases with an increasing number of USers. radio downlinks by the rationale receiver orientation,” .[Ph
The joint strategy presents better capacity results than th  dissertation, TU Kaiserslautern, 2005.

isolated one, especially for higher number of users. In thi@] M. Joham, “Optimization of linear and nonlinear trarisisignal
case of unicast, when the number of users gets closer tg Processing,” Ph.D. dissertation, TU Miinchen, 2004.

; o ] Q. H. Spencer, A. L. Swindlehurst, and M. Haardt, “Zéoosing
the number of antenna elements, it becomes more dlﬁld}ﬂ methods for downlink spatial multiplexing in MU-MIMO chaels,”

to diagonaliz_e them, and the capacity i_s thus significantl_y IEEE Trans. on Signal Processingol. 52, pp. 461-471, Feb. 2004.
affected, which is not the case for multicast. Therefore 2] M. J. Lopez, “Multiplexing, scheduling, and multicass strategies

is more efficient, in terms of fairness, to group the users so for antenna arrays in wireless networks,” Ph.D. dissentati
that both services can be multiplexed in space. Massachusetts Institute of Technology, 2002.
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