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Abstract—We evaluate the impact of multiple transmit anten- In [4], by assuming that the transmitter knows the instan-
nas on the performance of multicast OFDM systems. Associated taneous channel transfer function of all the users, it has been
with a powerful erasure code, it is possible to increase the ghoyn that adaptive subcarrier and bit allocation can signif-

data rate of multicast OFDM systems by selecting for each . .
subcarrier the users with a good channel condition. We show icantly increase the data rate of broadcast OFDM scheme.

that the resource allocation which includes the precoding vector Recently it has been demonstrated in [5] that using OFDM
selection, subcarrier allocation and bit loading is a difficult with subcarrier and bit allocation, it is also possible to increase
optimization problem. We propose two suboptimal algorithms the data rate on each subcarrier for multicasting applications
to solve this problem. In the first algorithm, we optimize the =, selecting only the users with a good channel condition.
precoding vector using an interior point method while the second In this paper, we propose to evaluate the impact of multiple
proposed algorithm avoids this optimization. When the users are . ! X
not symmetrically distributed around the base station, we add transmit antennas on the performance of multicast OFDM
a fair scheduler to guarantee that each user receives the samesystems. Our purpose is to maximize the sum rate to increase
amount of data. Wg present simulat!on resul;s Wherelwe compare the quantity of received data by all users for a given time
the proposed multicast systems with classmal_mqltlcast OFDM 4y to reduce the transmission delay for a given frame. We
systems. When the users are symmetrically distributed around S )
the base station, the gain is rather small, whereas when the S_hOW the determln{;\tlon of the precoding vector, t_he al_loca-
users are non-symmetrically distributed, the second algorithm tion of the subcarriers to the users and the loading bits to
outperforms OFDM systems with subcarrier allocation. the subcarriers is an optimization problem. We propose two
suboptimal algorithms to solve this complex problem. With
Ost'hese algorithms, we allow one subcarrier to carry data for
thore than one user by optimizing the precoding vector. This
approach can be combined with a fair scheduler and a powerful
I. INTRODUCTION erasure code such as digital fountain codes [6].
The basic principle behind the use of erasure codes is that
Up to now, the main wireless applications are unicasting atite original source data is encoded in the form of a sequence of
broadcasting. However, the demand for the audio and vidpackets. There packets are transmitted to the users. A receiver
transmission is increasing. For these applications, multicastican reconstruct the original source data once it receives a
offers a significant improvement compared to broadcastimngufficient number of encoded packets. The main benefit of this
It allows the transmission of packets to multiple destinatiorsgproach is that different receivers can recover the source data
using less resources [1]. However, since in wireless chanmeing different encoded packets. Therefore, our purpose is to
the received signal-to-noise ratio (SNR) of each user is not theaximize the total number of received packets using precoding
same, the data rate of the multicast stream is limited by tkector optimization, subcarrier allocation and bit loading while
data rate of the least capable user. Consequently, this metpodviding the reception of almost the same amount of packets
cannot provide efficient performance when the number of use@eseach user using a fair scheduler.
in the group increases. This paper is organized as follows. First, we describe the
The main difficulty in achieving high data rate on theystem model of multicast OFDM systems with multiple
wireless channels is known to be frequency selectivity artinsmit antennas over wireless channels in section Il. Then,
the fading due to the existence of multiple paths. Orthogewe propose two precoding vector optimization and subcarrier
nal frequency division multiplexing (OFDM) techniques camllocation algorithms including fair scheduler in section IIl. Fi-
significantly alleviate the impacts of frequency selective fadally, we give simulation and comparison results in section IV.
ing [2] and is attractive for the next generation of wireless
systems. Moreover, multiple-input multiple output (MIMO)  !l. SYSTEM MODEL FORMULTICAST OFDM WITH
systems that use multiple antenna techniques [3] are combined MULTIPLE TRANSMIT ANTENNAS
with OFDM systems to enhance the performance of wirelessWe consider the multicast OFDM system where the base
systems in fading channels. station withV; transmit antennas servés users with a single
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receive antenna, as shown in Figure 1. The common data i$n order to define the optimization problem, first we will
formed into the OFDM symbol withV subcarriers and then define the notations. LeR, , be the data rate of théth
transmitted fromN, antennas through the frequency selectiveser andc, ,, be the number of bits that are assigned to the
channels. For eaclhth OFDM frame, this channel that isnth subcarrier. Here, the user index is unnecessary because
between thejth transmit antenna ankth user is described the users using the subcarrier receive identical data using the

using a baseband equivalent impulse response as same modulatior, is selected from the set 0, 1,2, ..., M}
T where M is the maximum number of bits/symbol that can be
Wi = [ kg hokzi - hpirss ] ) transmitted by each subcarrier= 1,2, ..., N. The data rate

where L; is the length of the channel response. We assurfie.: €an be expressed as
that the channel is constant over one OFDM frame and that the
channel taps is equal or smaller than the length of the guard _ Z . 3)
interval (GI) in order to avoid intercarrier and intersymbol Pk pinPpkin
interference at the receiver.
where p,, 1., iS @ binary value indicating whetheith user

utilizes thenth subcarrier or not.

Sub, Tx,
common - - 1 if the nth subcarrier is used for kth user
data Adaptive IFFT & Pp,k,n =
— . addGl& | - ” 0 else
Modulator
. P/S . (4)
Suby Ty Assuming that available total transmit power is limited by
Pr, in order to maximize the total rate by all users, the
Precoding vector optimization& Channel optimization pr0b|em can be expressed as
Subcarrier allocation& state
Bit loading information K K N
max R, = max Z Z Cp,nPp,k,n 5)
Wpacpmp =1 WP;CP;pP he1mn—1
subject to
Sub,
common s bol . p &
data ymbo . ) S/P& max [ I \DPekn |\ p 6
«——— tobits . S::I(;:zfr | remove Gl& Zl ||W H, . - ©)
mapping . . FFT n=
L) Sub, where W, is the N, x 1 precoding vector as described in
N p
Subcaror Figure 2 andf(c) is the required received power for reliable
Bit loading allocation reception ofc bits when the channel gain is ong(c) can be
information information represented for M-ary quadrature amplitude modulation (M-
QAM) by [7]
Fig. 1. The transmitter and kth receiver structure for multicast OFDM system N
with multiple transmit antennas 0
fle)=57lQ” Hpe /42 (2° - 1) (7

Equation (1) is written in the frequency domain as the

channel vector fokth user andth subcarrier Wherep. is the required bit-error-rate (BER)Y,/2 denotes

the variance of the additive white Gaussian noise (AWGN)
T
Hypn=[ Hppny Hpknz - Hpgrnn, | (2) and

2
where Hy, ;. , ; is the channel gain fromjth transmit antenna Q(z) = / e /2t (8)
to kth user fornth subcarrier. ’
Assuming that the channel information about all the sub-
carriers for all users are known at the transmitter, the adaptive

: o : w
resource allocation should optimize the precoding vector, w 1
allocate the users to the subcarrier and load bits in a way ;é;
that maximizes the total number of bits received by all the Common ) ) H

; B ; data . )

users. After that, th_e multicast data are fed into the adaptive —{|. w,
modulator that assigns each subcarrier to a group of users
which receive the same data, and determines the number of :éﬁ

bits on each subcarrier considering the lowest one among the
channel gains of all the users allocated to this subcarrier. \&lg. 2. The block diagram of the precoding vector for OFDM with multiple
also assume that the subcarrier/bit allocation information tignsmit antennas

transmitted to each user through a separate control channel.



IIl. PROPOSEDADAPTIVE RESOURCEALLOCATION
ALGORITHMS

The problem includes both precoding vector optimization,
subcarrier allocation and bit loading. Since, it is very difficult
to solve (5) subject to (6), we propose to separate the bit
allocation problem and solve the precoding vector optimization
and subcarrier allocation by assuming equal power for each
subcarrier. Therefore, the user data rate should be maximized
for each subcarrier. Then, a new suboptimal optimization
expression can be written as

For each subcarriet:

me,wp.n;pp,n

K
max Z Cp,nPp,k,n 9)
k=1

subject to

the kth user is selected as the user requiring the
maximum power.

Rp kon = Up k,nCp,k,n (15)

whereu,, 1, indicates the number of users who have
the SNR larger than SNR. ... Select the user index
Kk maximizing R, j; .

K = max Rp ko (16)

Step 4)Allocation of the users to the subcarrier:

Then, the subcarrier allocation is completed by se-
lecting the users as

1 if SNRyn > SNRy.n
n — gfvy ghvy 17
Pk, {0 else (7

max < f(€)ppkn > Pr (10) While the max-min algorithm is NP-hard, using relaxation,
F\WpnHpknl?/) — N it is possible to transform it into a form suitable for semi def-
Except for small value of<, the optimization problem is inite programming problem [8]. Consequently, using interior
still intractable. As a consequence, we propose two suboptinR@int method we are able to solve this problem.
algorithms to optimize the precoding vector and to choose the
configuration of user allocation. B. Proposed Algorithm-2

In order to reduce the complexity of thagorithm-1, we
A. Proposed Algorithm-1 avoid the optimization by choosing the precoding vector as
In this algorithm, first we optimize the precoding vector ione of the transpose-conjugate of channel vector of the users
order to maximize the data rate of the least capable userwhich maximizes the sum rate with performing the subcarrier
the group by taking into account the power constraint. Theallocation.
we perform the subcarrier allocation to maximize the sum rateFor each subcarriet:

[3]. Step 1)nitializing of the precoding vector:
For each subcarriet:
Step 1) Optimization of the precoding vector (max-min Wi, =P [H oy H s N
algorithm): - (18)
where PNt — i ‘fi/l\"H 5 and
max min{Hgk,an,an,an,km%k =1,2,..K)} o= 1.2 . K. PR LT R N
11)
subject to Step 2)Calculation of the SNRs:
W, WH < Pr (12) Then, the SNR of each user for each initial precoding
priipn SN vector are calculated as
SNRy kv = Witk nHpnl® (19)
Step 2)Calculation of SNRs: Let ¢, ».x.n be number of bits that can be received
5 by kth user using:’th initial precoding vector in the
SNR e = [|Wp,nHp,pn | (13) case ofp, r., = 1. The number of bits for théth

wherek = 1,2, ..., K. user is given by
Let ¢, ., be the number of bits that can be received
by the kth user at thenth subcarrier in the case of
Pp.kn = 1. The number of bits for théth user is

given by

o — min(f*(smp,k,k/,n), M) (20)

Step 3)Selection of the precoding vector and the user that
maximizes sum rate:
Calculate the tentative total data rag x 4/, When
the kth user is selected as the user requiring the

where f~1(.) is the inverse function of () defined maximum power for each initial precoding vector.

in (7) and M is the largest modulation index. Ry kbt = Uy b b mCo b b (21)
p,k,k",n — Yp,k,k" nCp,k,E"\n

Cpom = min(f‘l(SNprkyn),M> (14)

Step 3)Selection of the user that maximizes the sum rate:
Calculate the tentative total data rafg,  , when

where uy, 1 i/ » indicates the number of users who
have channel gains larger than SNR. .. Select



the user index< and the precoding vector index bits. The priority factor is inversely proportional to the total

maximizing Ry x k' n.- received number of bits by the user.
— p—1 K
k,0= 1”?%?( Rp,k:,k:’,n (22) ;1 Z:l Rp—Lgc
P, = p=r= 0 (27)

Then, the precoding vector is chosen as Ry 11

wherep — 1 is the index of total transmitted OFDM frame.

W,, =wn 23 - ) iy
P porn (23) The priority vector is reconstructed from the priority factors
of all users after normalization and fourth powered.
4
. - 1
Step 4)Allocation of the users to the subcarrier: P, = [ Py Ps Pyx } (28)

max P 1
£ ,

For the algorithm-1, the step 3is changed to include the
(24) priority factor as
Step 3)Selection of the user that maximizes the sum rate:

1 if SNR, k0 > SNR, « 0n
Pp,kn =
0 else

C. Bit Loading Algorithm Calculate the rational total rat®y.,, when thekth
The bit loading algorithm is considered using the modified user 15 selected as the user requiring maximum
Levin-Campello algorithm [4] [5] under the assumption that P ' O _pC 29
the subcarrier allocation is completed. Pk = LplapknCpk,n (29)
Let AP, ,(c) denote the incremental power needed for the whereG, in = [Pp1n - Ppin) @and
transmission of one additional bit at the subcarrienWhen .
the number of loaded bits for theth subcarrier ig;, AP, ,,(c) _J1 it SNRy., > SNR, k. 30
. . . ’ Pp,x,n = ( )
is given for thealgorithm-1 0 else
P 1) — f(c Then, the selection of the user index is performed b
APP,L(C):—T'f(C+ ) — f(o) (25) ihe sel p y
g N 1, .SNR, ., maximizing O .
where u,, ,, is the number of users who share thth sub- o =max Oy . (31)

carrier, which is necessary because the incremental power iﬁ'he

shared by the group of users allocated to the subcarrier. same derivation can also be performed for the

algorithm-2 except that we have to select both the user and

K precoding vector.

Upp = mem (26) In order to evaluate the fairness of each algorithm, we
k=1 consider the fairness index (FI) given by [9]

Then, the bit loading algorithm is summarized as follows: K 2
Step 1)initialization: (,;_:1 Rk)
¢pn = 0 and evaluateA P, ,,(c = 0) for all n. Fl = Ko (32)
Tentative transmit power i®; = 0. K k; Ry

Step 2)Bit Loading Iteration:

P
repeat the following unles&; > Pr whereR, = > R, and P is the number of total OFDM

p=1
n* =min AP, ,(cpn) frame. The FI ranges betweén(no fairness) and (perfect
n .
Pi = Pt + APy - (Cpne )t - fairess).
Cp,n* = Cpn* +1
if cpn =M, SEtAP, «(cppe) = 00 IV. NUMERICAL RESULTS
else evaluate\ P, ,+ (¢p,n-)- In this section, we evaluate the sum data rates of the

multicast OFDM systems with multiple transmit antennas
using the proposed algorithms and compare them with those
of the multicast OFDM systems.

In order to provide that each user receives almost the samé&he simulation results are performed using Hiperlan/2 stan-
amount of packets at the end of transmission in the casedafrd [10] using channel model A [11] which corresponds to
non-symmetric user distribution around the base station, &etypical office environment wit channel taps. The total
should introduce a fair scheduling algorithm. Therefore, f@FDM symbol duration igus including0.8us guard interval.
each user we define a priority factor that represents the ralicconsists of N = 64 subcarriers. The required BER, the
between the received bits by that user and the total transmitteaise variance and the maximum number of bits per symbol

D. Proposed Fair Scheduling Algorithm



Sum rate vs. the number of users, PT=30dB, N=2, symmetric user dist.

are chosen a®. = 1074, Ny = 2 and M = 8 respectively.

6000

The transmitted power is fixed & = 30dB. @ 3f5g_~gg§éﬁusme;x i worst user
In Figure 3, we show the performance results using two 13f5g_~3;%cafr;;_al‘locaﬂonlfﬂ :
transmit antennas and assuming that the users are symmetsooo |- MIMO-OFDM, aig.2

rically distributed around the base station without path loss.
The results indicate that the sum data rate is increased by
15% using thealgorithm-2compared to OFDM systems with
subcarrier allocation [5]. Furthermore, the max-min worst user
algorithm outperforms the OFDM worst user algorithm. é 3000
In Figure 4, we draw the simulation results using two:
transmit antennas and assuming that the users are non-
symmetrically distributed around the base station and the path

4000

a

2000

loss of users is chosen from the 4etB,5dB, 10dB, 15dB] | ~Z -~  __.- e

with the ratio 0f25%. In this scheme, a fair scheduler should %~ _ - - 7
be added to guaranty that each user receives the same amount

of data. The results show that th&orithm-2with a fairness o ‘ ‘ ‘ ‘

index close tal outperforms all the other algorithms. The fair
scheduler reduces strongly the performance ofaligerithm-
1 since the precoding vector is not modify according to theg. 3. Sum rate versus the number of usersFor = 30dB and Ny = 2

Number of users, K

priority factors. for symmetric user distribution
In Figure 5, we illustrate the impact of the number of trans-
m|t antennas Oﬂ the performance of the d|ﬂ:erent a|gOI’Itth Sum data rate vs. number of users, PT=30dB, N‘=2, non-symmetric user dist.
3000 T T T
for the non-symmetric distributed users case. According to the 5 OFoM, worstuser
results, the sum data rate remains almost constant except when X OFbM, subcatrier sllocationlétaimess
using the max-min worst user algorithm. However, even with 2seof E MIMO-OFDM, alg 1&faimess p
. . . . MIMO-OFDM, alg.2
8 transmit antennas, thagorithm-2is more suitable than the e MIMO-OFDM alg 28faimess

max-min worst user in practice. 2000

V. CONCLUSION

In this paper, we have evaluated the impact of multlplé 1500
transmit antennas on the performance of multicast OFDIl
systems. We have shown that the resource allocation which
includes the precoding vector selection, subcarrier allocation *
and bit loading is a difficult optimization problem. We have | S ——" ____.-----""777
proposed two suboptimal algorithms for the resource alloca- s T
tion. In the first algorithm, we have optimized the precoding
vector using an interior point method whereas the second
proposed algorithm have avoided this optimization. Compared s 10 1 20 2 30
to multicast OFDM systems, we have shown that it is possible umber ofusers. i
to increase the sum data rate with multiple transmit antenn@g, 4, sum rate versus the number of users#for — 30dB and N; — 2
When the users are symmetrically distributed around the basenon-symmetric user distribution
station, the gain is rather small5%); on the other hand,
when the users are non-symmetrically distributed, we have
shown that thealgorithm-2 outperforms OFDM systems with [2] L. Cimini. "Analysis and simulation of a digital mobile channel using
subcarrier allocation. - . 8cr)tlh%%(,)gﬁ é%eglé(;rg’:yléglél-tlplexmg |IEEE Trans. on Communication

We have also obtained better performance with th
algorithm-2 compared to the max-min worst user for both  in fading environment when using multiple antennasfteless Personal
symmetrically and non-symmetrically user distribution in the = Communicationvol. 6,pp. 311-335, 1998, .
case of two transmit antennas without performing optimizal®) .5, Wera, .S Cheng, . Ben Letae, B0, Murch ‘e
tion. However, for more thad transmit antennas, the achiev-  on Sel. areas in Commvol. JSAC-17,pp. 1747-1758, Oct. 1999.

able gain of the max-min worst user is higher than thd5] C. S_uh, C. S. Hwang. "Dynamic subchannel and bit allocation for
algorithm-2 multicast OFDM Systems"Proc. of IEEE PIMRC’'04 Sept 2004,
. . . Barcelone, Spain.
It is of interest to extend these results by evaluating thes) J.w. Byers, M. Luby, M. Mitzenmacher. "A Digital Fountain Approach
impact of the feedback and quantization errors on the perfor- to Asynchronous Reliable Multicast!EEE Journal on Sel. areas in

; Comm, vol. JSAC-20, pp. 1528-1540, Oct. 2002.
mance of the proposed algomhms' [7] J. G. Proakis "Digital Communication 3rd edition".New

York:McGrawHill, 1995.
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