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Abstract— This paper evaluates and compares
different adaptive antenna techniques applied in
the context of multicast services. Traditional unicast
algorithms, such as the matched filter, zero-forcing,
Tomlinson-Harashima precoding, and switched
fixed beams are formulated for the multicast case.
Algorithms which try to improve the performance
of the worst user within the multicast group are
also analyzed and a new algorithm called USMF is
proposed. It is seen that the techniques which treat all
the users alike do not perform well when compared
to those which focus on the worst user. The spatial
correlation of the channel is shown to have a significant
impact on the results. The presence of line-of-sight
is verified to be beneficial to the performance of
the proposed algorithm and the switched fixed
beams. Other aspects, such as the transmitter/receiver
design and the impact of the multicast group size, are
investigated as well.

|. INTRODUCTION
In the context of next-generation wireless system

S :
it is expected that services targeted at mass content?Mong these RRM  techniques,

stations, for which one of the main issues concerns
the optimization of the use of the radio resources for
multicast services.

Radio resource management (RRM) techniques,
such as channel allocation, power control, link
adaptation, adaptive antennas, among others, need to
be adjusted in order to cope with the introduction
of multicast services. Multicasting assumes that
there exists a group of users expecting the same
information, therefore the more users that can be
allocated to the same radio resource the more
spectrally efficient the system will be. Such sharing
of resources leads, however, to a higher complexity
of the RRM algorithms, because instead of dealing
with a single user per resource, all users of the
multicast group have to be considered. Each RRM
technique needs, therefore, to determine which
resource (which channel, which transmit power,
which modulation/coding scheme, which weight
vector) is more adequate to the group as a whole.

this paper

distribution become widely popular, especiallyfocuses on the application of adaptive antenna
considering the 3GPP standardization activitie§’ays to multicast services. Different transmit

for their implementation within GSM/EDGE and

processing algorithms are formulated and evaluated

WCDMA networks [1]. Examples of such servicesn @ multicast context, taking into account those
are audio/video streaming, mobile TV, messagingriginally prp_posed for_unicast service;, as well as
news clips, localized services, download, amon§ome specifically designed for multicast groups.

others.

Their common characteristic is that thédditionally, lower-complexity adaptive techniques,

same information has to be transmitted to a grouptch as switched fixed beams, are also considered
(multicast) or to all users (broadcast) within a certaivithin a multicast context.

coverage area.

This paper is organized as follows. In section I, the

The implementation of such services in mobildifferent adaptive antenna techniques are formulated,
cellular networks raises some issues concerning theind a simple sub-optimum algorithm for multicast

feasibility and efficiency within the different layers

(USMF - User Selective Matched Filter) is proposed.

of the transmission chain [1]. From a higher layeThe evaluation of the algorithms is presented in

perspective, there are for example questions regardisgction Ill, considering their relative performance as

how best to distribute the data generated by theell as the impact of the multicast group size and

content providers among the different elements dhe spatial correlation of the channel. Finally, section

the core network. However, the scope of this articlévV draws some conclusions and indicates perspectives
lies on the radio link between the mobile and bastor further studies.
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Il. ADAPTIVE BEAMFORMING FOR MULTICAST where D;; denotes thei" element of the main

A multi-user multi-carrier system is considereddiagonal ofD, H;1, s corresponds to the channel of
which assumes flat-fading per sub-carrier anHSeri i.e., thei’ row of matrixH, | -| is the absolute
negligible inter-symbol interference (ISI), so that the/alue of a scalar, an@im{-} is the imaginary part of
data symbols can be treated individually. The bad@e argument. Note that it is assumed that the users
station has an antenna array composet/aflements have knowledge of their equivalent chanhiiv.
and serves a group 6f single-antenna users. For the The solution of the problem for each user and the
unicast case, considering a vecthy,; with N data corresponding matrix form are expressed as
symbols (each addressed to a different user), which
are modulated by a matrid /v, transmitted over  Dii.opt = [Hw| ™" (Hiw)*,
the radio channeH y s, subject to additive white Dopt = diag(|Hiw|, ..., \HNW\)‘l dz‘ag(Hw)H,
Gaussian noisay1, and demodu[ated by a matrix (5)
Dyxn, the N downlink estimateddyy; of the N
transmitted symbold may be written as wherediag(-) is a diagonal matrix with the arguments

on the diagonal and-)” denotes the conjugate
d = DHMd + Dn. (1) transpose of a matrix.

The multicast scenario can then be seen as all the following —subsections, the herein
particular case of a MIMO multiuser system [2], forinvestigated transmit processing algorithms are

which all users expect the same symbols, des, s1, formulated. Among the techniques already known
where 1y, is a vector of ones and is the data from unicast optimization are the matched filter

symbol. Equation (1) may then be rewritten as (MF), zero-forcing (ZF), and Tomlinson-Harashima
precoding (THP) [3-6]. The multicast-specific
d = DHws -+ Dn, (2) @algorithms, which aim at the maximization of

h i< th " ioh the lowest signal-to-noise ratio (SNR) among the
wherew,,; = ML is the resulting weight Vector, . iicast connections [7-9], are presented next,

which is the sum of the weight vectors of thefoIIOWed by the switched fixed beams [10].
individual users contained withid .

Even though this paper focuses on the investigation _
of adaptive algorithms to be implemented orf\- Matched filter

the transmitter side of a multicast system, some The matched filter optimization for a single user
comments need to be made regarding the structusgenario consists of finding the weight vector which
of the receivers. Since the number of users withimaximizes the SNR perceived at the receiver. In
a multicast group may well exceed the numbethe case of multicast, it can be expressed as the
of transmit antennas, it is not possible in suchnaximization of the sum/average SNR perceived
cases to guarantee that the received symbols Wil the users within the multicast group [3]. The

be in-phase with the actual symbols through purgptimization problem may thus be written as

transmit processing.
Note that in the case of multicast the demodulation E{||Hws||?}

matrix D is diagonal, since independent single opt — gW E{||n[|?} (6)

antenna users are considered. Therefore, the system

: , subject tof|ws||> < Ey,,
equation can be expressed for each user

d; = Dy;H;ws + Dy, 3) Wherew,,, is the optimal weight vectorf, is the
o . available transmit energyE{-} is the expectation
and the optimization problem for determining eachy,era10r and| - || is the Euclidean norm of a vector.
element of D, such that the SNR is maximized, t,g optimization leads to an eigenvalue problem,
becomes with solution

Dii,opt = argmax

, Wopt = [ - (principal eigenvector ofi7H),
O Do} opt = 3 - (principal eig )

(4) B =+ Ey/o3,

whereo? is the average symbol energy [3].

(7)
. Im{D;H,w} =0
subject to: m{2 wHw}
|Diil* =1
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B. Zero-forcing

The optimization problem for a zero-forcing THP

It has been shown in [5] that the transmitilter is similar to that in (8), with the additional
zero-forcing filter minimizes the mean square errofonstraint that has to be spatially causal, i.e., itis a
(MSE) subject to certain constraints. For a multicadPWer triangular matrix with zero main diagonal [5].
scenario, the MSE relates to the difference betweek1e solution is

the symbols estimated at the receiveéend the actual
data symbok. The zero-forcing optimization can be
written as

W, = argminE{||d — s1]%}
w

. Iws|[? < B, (8)
subject tox .. )
d‘n:O — Sl

Mopt _ ﬁ . HH(LH)flL(;l’

F=1-LL;",
(11)
8= L_Q’
tr(Rde )

whereL n .y comes from the Cholesky factorization
of the channelfiHY = LL ), L ; v« is a diagonal
matrix containing the elements of the main diagonal

where the second constraint corresponds to thg | gng R, v« IS the covariance matrix of the
zero-forcing constraint, which means that in th‘?)recoded data vecter

absence of noise there should be no difference |n the case of multicast, even though the same
between the estimated and the actual data symbolgmpol is transmitted to all users, the precoded data

In the case of multicast, it leads tdw = 1. The
multicast zero-forcing solution is

Wopt = - HE(HHH) =11,

- Ey, 9)
o2 tr(HHT) 1217

wheretr(-) denotes the trace ar{d)” the transpose
of a matrix or vector.

Due to the channel inversion in (9), this algorithm
has the limitation that the number of users cannot

exceed the number of transmit antennas. Anoth

constraint forces the received signals to be in-pha
with those transmitted, thus not requiring, accordin

vector will contain different elements, due to the
different channel profiles perceived by each user.
Therefore, the THP procedure presented here is the
same for both unicast and multicast.

Similarly to zero-forcing, the THP algorithm is
subject to the same limitation regarding the number
of users, and no further receive processing (besides
the modulo operation) is required, i.B,, = 1.

D. Max-min algorithms

The quality perceived by the users within a
multicast group may vary significantly, depending on

r. . " .
aspect worth mentioning is that the zero-forcinqihse'r radio channel conditions. Fairness among the

Se

ers could therefore be introduced by the following
optimization procedure, which tries to maximize the

to (5), the previously mentioned receiver structure%“mmum SNR within the group:

When substituting the weight vector given by (9) in Wope = argmaxmin{ SN R; }

(5), it results thaD,,; = I, wherel y y denotes the
identity matrix.

C. Tomlinson-Harashima precoding

W
with SNR; = |[Hyws|?/o2, i=1,...,N (12)
subject toj|ws||> < Ej,,

This precoding algorithm introduces a feedbackvherea?; is the noise power.

filter Fx« n at the transmitter and a modulo operator

This optimization problem is a quadratically

at both transmitter and receivers [5, 6]. The systeffonstrained quadratic programming problem and

equation, before the modulo operation at the receivet

then becomes

HMv +n,
=(-F)'(d+a),

where vy« is the precoded data vector amdis

d
(10)
v

oes not have a closed-form solution. In [7]
the problem is solved using sequential quadratic
programming, while other articles [8, 9] have
presented different approaches for simplifying the
problem and finding more computationally efficient
solutions. In [8], the problem is relaxed by removing

one of the constraints of an equivalent optimization

an auxiliary signal that models the modulo operatioproblem, which can then be solved efficiently by

within the feedback loop at the transmitter.

semidefinite programming methods.
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E. User selective matched filter Ill. PERFORMANCE EVALUATION

In this paper we propose a heuristic algorithm, The simulation scenario considered for the
called User Selective Matched Filter (USMF), whichperformance evaluation of multicast consists
does not claim to provide the optimum for (12),0f a single cell equipped with a four-element
but which tries to improve the performance of theuniform linear antenna array, single antenna mobile
matched filter in a multicast scenario. terminals, and QPSK modulation. The implemented

If it were assumed that there is a point-to-pointhannel model regards both line-of-sight (LOS) and
connection for each user the ideal solution in the non-line-of-sight (NLOS) components [11], and can
sense of maximizing the SNR would be to employe written as
a transmit matched filter, i.ew = H. The idea _
of USMF is to stack these individual weight vectors H = VE/(1+K)H +/1/(1+ K)Hy,, (14)

within a matrix H%), but disregarding the weight
vectors within it that do not positively contribute iy of deterministic-to-scattered POWEH  x' < 17

to the goal of maximizing the lowest SNR. Theis composed of zero mean circularly symmetric
algorithm may be written as complex Gaussian random variables with unit
variance, andd models the LOS component, which
has each row given by

5 Er | (13) H, = [1, ei2deos(®) (I2md(M=1)cos(0)]  (15)
o2 - tr(PTHHAP11T) T ’

where K is the Ricean factor which determines the

wWysvr = 3- HEPL,

whered is the antenna spacing in wavelengths and
0 is the direction of the user, which is assumed to be
uniformly distributed within0, 27 /3] (base station at

trf]e corner of the sectorized cell). Note that the effects
el path-loss and log-normal fading are not taken into

where Py« IS @ non-zero diagonal matrix, with
elements p € {0,1}, fori = 1,...,N. Since
there areN users, and the diagonal elementsPof
are restricted to binary values, there exists a total
2V — 1 possibilities.

. . . account.
Fot; smaIII grodupf S|zes,h.a:: ﬁOSS'b"@ maj[(rjl_ces h The beamforming algorithms are implemented
can be evaluated, from which the one providing t gccording to their description in section Il. For

highest minimum SNR can be cr_losen.. Howe_ve{he THP algorithm, the suboptimum stream ordering
complexity grows exponentially .W'th an IncrPT"’IS'n.gprocedure presented in [5] is assumed, the "Max-min
number _Of USETS. An alternative for making Itopt." algorithm refers to the optimization problem in
comp_utaﬂonally efficient W.°.”."?' be to _evaluate Only(12) solved through numerical optimization, and the
a limited number of possibilities, Whlch_ could for LOS and NLOS scenarios correspondo— oo and
example be selected through randomization. K = 0in (14), respectively.
_ _ Figs. 1 and 2 show the average bit error rate

F. Switched fixed beams (BER) performance of the different algorithms for a

Besides the fully-adaptive algorithms presented imulticast group composed of four users in NLOS and
the previous sections, another option for deployingOS scenarios, respectively. The BER is depicted as
antenna arrays in cellular networks is the use o function of theF, /Ny, which represents the ratio of
switched fixed beams. They represent a low-coshe symbol energy to the spectral noise density.
solution which can be implemented, among other In Fig. 1, the THP and zero-forcing algorithms
methods, through a Butler matrix [10]. The set opresent the worst performance, achieving results
weight vectors is selected so that beams spanning tbemparable to those of spatial multiplexing with
whole cell area are made available. multiple unicast streams [5], for which THP

In the case of unicast users, the beam providingutperforms zero-forcing for higher SNR values. The
the highest SNR, which can be identified througheason of their poor performance with regard to the
feedback on the uplink, is selected. For multicaspther algorithms is due to the fact that they spend
however, all users within the group need to be takea considerable amount of effort trying to suppress
into account. The solution herein considered is timterference among the data streams, which in the
activate all those beams which are currently beingase of multicast is not necessary.
requested by the users. The resultis then a normalizedStill in Fig. 1 it can be seen that the solution of
linear combination of the selected weight vectors. the max-min problem in (12) presents the lowest bit
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Fig. 1. BER performance of multicast beamforming algorishm Fig. 3. Impact of the group size on the minimum SNR for the
with four-element antenna array and NLOS channel. NLOS scenario and an input SNR of 10dB.
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Fig. 2. BER performance of multicast beamforming algorishm Fig. 4. Impact of the group size on the minimum SNR for the
with four-element antenna array and LOS channel. LOS scenario and an input SNR of 10dB.

error rates, being followed by the USMF algorithm beamforming case. For the switched beams the reason
which requires approximately an extra 2.5dB in ordeis similar, with an increased probability that less
to provide a BER of - 10~3. The matched filter and beams be requested by the users, and therefore
switched beams achieve an intermediate performanalowing more energy to be concentrated in certain
when compared to the others, approaching that directions.
THP for higher SNR. In Fig. 2, the THP and zero-forcing algorithms
When we compare the results obtained for a richave similar performance, with zero-forcing
scattering scenario in Fig. 1 to those obtained for presenting slightly lower bit error rates. The
purely line-of-sight situation in Fig. 2, it becomesmatched filter, however, goes through a considerable
clear that the channel profile has a considerabldegradation. Even though it maximizes the average
impact on the performance of the algorithms. Th&NR, the quality of the users within the group may
USMF gets much closer to the optimal solution andary significantly, which in a LOS scenario has quite
the switched beams have their performance greatlynegative impact on the bit error rates.
improved in the presence of LOS. The increased The impact that the group size has on the
spatial correlation of this scenario has a positive effegterformance of the algorithms can be seen in Figs. 3
on USMF, which can be explained due to the facand 4, for the NLOS and LOS scenarios, respectively.
that it increases the probability that the rowstof  Note that the THP and zero-forcing algorithms are not
be correlated, resulting in more zero entries withinlisplayed, since for a number of users larger than the
P in (13), which brings it closer to the single-usemumber of transmit antennas they do not apply.
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An input E /N, of 10dB is assumed and the resultsuppression characteristics and their limitation
are presented in terms of tH®" percentile of the regarding the group size.
cumulative distribution of the minimum SNR within The USMF algorithm provides a reasonable
the multicast group. This indicates that there is a 90%pproximation with regard to the optimal solution of
probability that the SNR perceived by the worst usethe max-min problem, especially for scenarios with
within the group is higher than the given value. a stronger LOS. The switched beams also perform
For all algorithms it can be seen that the mordetter in LOS than in NLOS scenarios, representing
users there are within a group, the lower the SNRn efficient low-cost solution for such cases. The
that can be guaranteed. Up to a certain number ofatched filter, which maximizes the average SNR,
users (roughly 4-5 for most algorithms) the descent i3as exactly the opposite behavior, presenting a much
steeper, but then it tends to slowly saturate for largevorse performance in the presence of line of sight.
group sizes. The joint evaluation of unicast and multicast
The relative behavior among the algorithms, forsers, and how they can be scheduled and spatially
both NLOS and LOS scenarios, is very similamultiplexed, each with their own requirements, are
to that verified through the BER evaluation. Thdnteresting topics for further studies.
performance of the USMF and switched beams
improves for the LOS channel, getting closer to
the optimum, while the matched filter is severely The authors acknowledge CAPES-Brazil for the
degraded as the number of users increases inseholarship support of Yuri C. B. Silva.
channel with line-of-sight.
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