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Transmission Techniques for Downlink Multi-Antenna
MC-CDMA Systems in a Beyond-3G Context

Fabrice Portier, Ivana Raos, Adio Silva, Jean-Yves Baudais, Jean-Frangois Hélard, Atilio Gameiro, and
Santiago Zazo

Abstract: The combination of multiple antennas and multi-carrier
code division multiple-access (MC-CDMA) is a strong candidate
for the downlink of the next generation mobile communications.
The study of such systems in scenarios that model real-life trans-
missions is an additional step towards an optimized achievement.
We consider a realistic MIMO channel with two or four trans-
mit antennas and up to two receive antennas, and channel state
information (CSI) mismatches. Depending on the mobile termi-
nal (MT) class, its number of antennas or complexity allowed,
different data-rates are proposed with turbo-coding and asymp-
totic spectral efficiencies from 1 to 4.5 bit/s/Hz, using three al-
gorithms developed within the European IST-MATRICE project.
These algorithms can be classified according to the degree of CSI at
base-station (BS): 7) Transmit space-frequency prefiltering based
on constrained zero-forcing algorithm with complete CSI at BS;
1) transmit beamforming based on spatial correlation matrix es-
timation from partial CSI at BS; iii) orthogonal space-time block
coding based on Alamouti scheme without CSI at BS. All presented
schemes require a reasonable complexity at MT, and are compat-
ible with a single-antenna receiver. A choice between these algo-
rithms is proposed in order to significantly improve the perfor-
mance of MC-CDMA and to cover the different environments con-
sidered for the next generation cellular systems. For beyond-3G,
we propose prefiltering for indoor and pedestrian microcell envi-
ronments, beamforming for suburban macrocells including high-
speed train, and space-time coding for urban conditions with mod-
erate to high speeds.

Index Terms: Antenna arrays, MIMO communication systems, mo-
bile wireless systems, multi-carrier communication.

I. INTRODUCTION

The recent third generation (3G) of mobile cellular systems
aims at supporting various multimedia services from voice and
low-rate to high-rate data with up to 144 kbps in vehicular, 384
kbps in outdoor-to-indoor, and 2 Mbps in indoor and picocell
environments, in its current terrestrial version {1]. However, as
the demand for wireless services increases, the physical layer
must provide a flexible multiple-access with a higher capacity at
low cost.

The success of mobile communications for the mass market
in the future will depend on the availability of attractive appli-
cations for end users. In order to meet the quality of service
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requirements of new multimedia applications, the next genera-
tion systems must be able to offer data-rates significantly greater
than 2 Mbps. The European vision for a beyond-3G (also called
4G) system is a short-packet-based integrated system offering a
wide range of services in all environments, and supporting vari-
ous terminal classes. A set of target data-rates for end users can
be defined depending on the environment: More than 100 Mbps
in indoor and picocell under 10 km/h, 20-50 Mbps up to 60
km/h in urban environments, and 10-20 Mbps at 300 km/h (in-
cluding train), using a 50 MHz bandwidth [2], [3]. Evidently,
these requirements cannot be addressed with current UMTS
standards.

Multi-carrier code division multiple-access (MC-CDMA) is
one of the most promising multiple-access scheme for achieving
such high data-rates, specially for the downlink (DL), i.e., from
base station (BS) to mobile terminal (MT) [4]. This technique
combines efficiently an orthogonal frequency division multiplex
(OFDM) and code division multiple-access (CDMA). There-
fore, MC-CDMA benefits from OFDM characteristics such as
high spectral efficiency and robustness against multipath prop-
agation, and CDMA advantages like flexibility and good inter-
ference properties for cellular environments [5]. However, MC-
CDMA like all CDMA-based systems is limited by the multiple-
access interference (MAI) induced by the loss of orthogonality
among the users after multipath propagation. In conventional
MC-CDMA downlink, the MAI is mitigated by frequency do-
main equalization techniques at MT. Since low complexity is
required at MTs, we mainly consider simple single-user detec-
tion (SUD) techniques for implementation [6], [7], limiting the
MAI cancellation capability.

Recent studies have shown that multiple-input multiple-
output (MIMO) systems, using antenna arrays at both sides (BS
and MT), yield substantial increases in channel capacity com-
pared to single-input single-output (MISO) systems [8]-[10].
These capacity enhancements are based on the premise that a
rich scattering environment provides independent transmission
paths from each transmit (TX) antenna to each receive (RX)
antenna. It has been shown [11], [12] that the combination of
antenna arrays with MC-CDMA systems is very advantageous
in mobile communications, even in multiple-input single-output
(MISO) cases. At the European level, the combination of MIMO
techniques with MC-CDMA has been studied during three years
within the IST FP3 project MATRICE [2]. The European IST
FP6 project 4AMORE [3] aims at enhancing MATRICE by ad-
vancing one step towards an optimized implementation. In this
project, performance degradation due to additional imperfec-
tions, like radio-frequency impairments, is studied as well. This
paper intends to present the different MISO/MIMO approaches
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that have been studied for the downlink within the MATRICE
project, and to propose solutions in order to cover the different
environments considered for the next generation mobile com-
munications. These techniques can be classified according to
the degree of channel state information (CSI) available at trans-
mitter:

e Complete CSI, for which space-time/frequency prefiltering
strategies are optimal [13]. If BS has instantaneous CSI, the
best solution is to adapt the transmitted signal to the channel
fading. Considering time division duplex (TDD), prefilter-
ing at transmitter side is performed using the inherent chan-
nel reciprocity between the uplink and downlink transmis-
sion periods. The CSI estimation from uplink can be used to
improve the performance in downlink by reducing the MAI
term at the mobile terminal or improving the signal to inter-
ference plus noise ratio (SINR). However, these techniques
are reliable only for indoor or pedestrian environments, i.e.,
for low mobility scenarios. The aim of these algorithms is to
allow the use of simple low-cost, low-consuming MT, while
providing a performance usually superior to the one that
would be obtained with multi-user detection (MUD). Trans-
mit space-frequency prefiltering applied to MC-CDMA is a
subject that came up only recently [14], [15].

e Partial CSI, for which sub-optimal prefiltering and beam-
forming algorithms can be studied. We generally have in-
formation about spatial parameters that are not as variable
as channel frequency response, like spatial autocorrelation
matrix or angle of arrival (AoA) of main paths. Those es-
timates can be used to perform transmit beamforming, that
is principally suitable when the spatial correlation between
TX-antennas and the spatial separation between users are
significant. Algorithms considered assume partial CSI, more
precisely an averaged spatial autocorrelation matrix. Aver-
aging is done in frequency domain considering perfect CSI
available on one subset of the total available subcarriers
at BS. Therefore, frequency-invariant beamforming weights
are calculated, over the whole bandwidth, to improve signal
to noise ratio (SNR) or to point to the main (AoA) of the
considered user. This approach combined with MC-CDMA
was published in [16] and [17].

o Unavailable CSI, for which space-time codes (STC) have
been proposed. In contrast to the previous approaches that
try to exploit the fading over the MIMO channel, the goal is
to mitigate fading effect, avoiding deep fades by averaging
symbol information over multiple paths gains. STC spread
information across antennas and time to benefit from trans-
mit diversity. The first STC scheme was proposed by Alam-
outi [18] for two TX-antennas and one RX-antenna, and
Tarokh [19] generalized orthogonal coding to a higher num-
ber of TX-antennas. These space-time block codes (STBC)
based on an orthogonal transmission matrix provide full
spatial diversity gains, no inter-symbol interference (ISI),
and low-complexity maximum-likelihood receivers over fre-
quency non-selective channels. Moreover, with orthogonal
STBC, a single-antenna receiver can be used; in such a
MISO design with two TX- and one RX-antennas, Alamouti
STBC is also optimal from a capacity point of view, when
no CSI is available at transmitter. The main advantages of
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the combination of STBC with MC-CDMA were detailed in
[20] and [21].

This paper presents three downlink MIMO MC-CDMA
schemes, one from each of the categories listed above: Transmit
space-frequency prefiltering based on constrained zero-forcing
(CZF) algorithm with complete CSI, transmit beamforming
based on averaged SNR maximization (MSNR) or AoA with
partial CSI, and orthogonal STBC based on Alamouti scheme
without CSI at transmitter. We also compare these algorithms
for different scenarios with perfect and imperfect channel es-
timates. As our system approach is valid only considering a
global layer-1 process, we take into account the channel coding
to treat the remaining diversity over each transmitted packet, us-
ing turbo-coding (TC). We then introduce average performance
for the physical layer without considering upper-layer process-
ing or optimizations that could adapt transmission flow to the
channel state, especially for non-real-time traffic.

The paper is organized as follows. Section II describes the
general downlink MIMO MC-CDMA system. In Section III,
the three proposed transmit schemes are developed, according to
the degree of CSI available at transmitter. Section IV presents
the 3GGP-like MIMO channel model and the simulations pa-
rameters. Section V provides simulation results for the three
considered algorithms, in a common urban scenario. Section VI
discusses the validity of previous results and gives inputs con-
cerning the variation of performance in other scenarios, in order
to propose a strategy to fill beyond-3G requirements. Finally,
the main conclusions are pointed out in Section VIIL.

In this paper, we will use the following notations. Bold upper
letters denote matrices, and bold lower letters stand for column
vectors, unless stated. I denotes the identity matrix of size
(N x N); diag{a; ---ax} denotes a (N x N) diagonal ma-
trix with diagonal entries a, - - - any. £[a] denotes the expected
value of o; ® is the Kronecker product. For matrix manipula-
tions, we will use the following superscripts: [} denotes matrix
transposition, [-]* denotes complex conjugate, and their combi-
nation for matrix Hermitian is noted [-]".

II. GENERIC TRANSMISSION SCHEME

A. Downlink MC-CDMA Design

The studied MC-CDMA system and radio context are de-
fined as follows. It combines a multiple-access through Walsh-
Hadamard spreading sequences of length S;, and a multi-
carrier modulation through classical (non-oversampled rectan-
gular shape in time) OFDM with guard-interval A. N of the
Ny g, subcarriers are used for data. For each subcarrier p, the
channel response h? (t) varies in time depending on mobility,
and adjacent subcarriers are correlated in the frequency domain
depending on multipath propagation. These channel properties
are taken into account in the design of presented algorithms to
benefit from the channel correlation or diversity.

From these inputs, we have options to optimize the discrete-
time baseband equivalent model. The guard-interval duration
is chosen larger than the delay spread of the impulse response
to avoid ISI. Moreover, using a cyclic-prefix (CP) for guard-
interval will reduce the constraint of precise FFT window, and
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avoid inter-carrier interference (ICI) since we assume perfect
synchronization. For bandwidth efficiency and to obtain flat-
fading per subcarrier in an outdoor context, the OFDM-symbol
duration T7 is increased by increasing Ny¢;. Then, for a given
OFDM-symbol, the channel can be represented in the frequency
domain by a single coefficient on each subcarrier. However,
OFDM-symbol duration (and then the number of subcarriers)
must be restrained for complexity issues and to ensure a low
channel variation in time over OFDM-symbols, in order to per-
form a correct decoding. In particular, for Alamouti STBC
applied in time, the decoding algorithm assumes channel in-
variance over two OFDM-symbols. The consequent parameter
choices are given in Section IV. With N multiple of Sy, several
solutions of chip-mapping are available [21]. In this paper, we
present results with 1D-spreading in frequency, using a linear
frequency interleaving, in order to allow each spread-symbol to
benefit from the frequency diversity offered by the whole band-
width.

Nevertheless, channel impairments introduce several limits
for the system. Frequency diversity is welcome in a single-user
case, but can eliminate the CDMA orthogonality between users.
Moreover, additive white Gaussian noise (AWGN) corrupts the
received signal. To finely overcome these two effects, we need
to know the channel at transmitter or at receiver, performing pre-
or post-equalization. In downlink, the broadcasted signal allows
simple equalizations at MT, estimating the channel from known
pilot-symbols for example, while in uplink, as each user’s sig-
nal experiences a different channel, BS generally does not have
information of all users’ channels over all the bandwidth. That
is why we often assume complete CSI at MT, while CSI at BS
is limited and suboptimal algorithms need to be implemented.

B. Spatial Dimension Benefits

Multiple antennas at transmitter and at receiver offer a new
dimension to the previous system, allowing a capacity gain de-
pending on the channel matrix properties. We will consider a
realistic system with a maximum of M = 4 TX-antennas, and
up to N = 2 RX-antennas, since the BS usually provides more
space flexibility. For each subcarrier, we will now consider a
channel matrix H (t) of size (N x M), whose entries can be
statistically correlated.

In this paper, we present MIMO schemes with arate of 1, 1.e.,
the additional space-time-frequency processing does not change
the data-rate, but is used to increase the SINR for a given user in
prefiltering and beamforming strategies, or to increase the diver-
sity by spreading data in space with STBC. This choice ensures
a compatibility with single-antenna receivers. In particular, we
only consider orthogonal STBC based on Alamouti scheme, as
other orthogonal STBC have a lower rate suboptimal for ca-
pacity. Furthermore, non-orthogonal STBC with higher rates,
like spatial multiplexing, imply more complex or ineffective re-
ceivers with a channel rank of 1, for instance with single-antenna
receivers. We present STBC results with 2 TX-antennas and 1
or 2 RX-antennas. An extension to 4 TX-antennas for orthog-
onal STBC, like switched-Alamouti, would exhibit a negligi-
ble gain in performance. However, incrementing the number of
RX-antennas, an additional gain is achieved and low-complexity
processing is preserved.

Nevertheless, synchronization and channel estimation aspects
are complicated when increasing the number of antennas at both
sides. Concerning synchronization, the classical OFDM is well
localized in time, but not in frequency, and the use of multiple
antennas adds a spatial dimension. Concerning channel knowl-
edge over frequency, time and space, estimation using low over-
head leads to noisy coefficients. In this paper, we assume perfect
synchronization and sampling, and give results with perfect and
imperfect channel knowledge.

C. Common MIMO MC-CDMA Scheme

Fig. 1 shows a simplified MIMO MC-CDMA downlink sys-
tem (framing processes are omitted), general enough to gather
all schemes presented in this paper, with K active users trans-
mitting streams over M antennas and received by user j over
N antennas. After channel encoding and interleaving processes,
bit streams are mapped to a constellation x (QPSK or higher-
order QAM). Each user k¥ (k = 1, -+, K) provides N, =
N./S; symbols per OFDM-symbol ¢. These symbols s, =

[sfc’l e si’q e 32’ Ns] T are delivered to the main transmit block
that depends on the chosen multi-antenna multi-user algorithm.
If CSI is available at transmitter, the symbols are weighted in
function of the user or subcarrier, while no CSI means that this
space-time-frequency process is applied independently on the
signals of all users, which are then spread and summed. Note
that we can swap the linear space-time-frequency and spread-
ing processes. For our three algorithms, the CDMA spreading is
performed in the same way on each TX-antenna using orthog-
onal sequences ¢, = [c}c e cff ]T, where ¢, is column k of
the (S; x K) Walsh-Hadamard matrix C. The resulting multi-
user chips @?, = [af} - ahP ... b C]T are spanned over the
M TX-antennas and N, subcarriers after OFDM modulation. A
chip-mapping process defines the positions of these chips over
the bandwidth, performing a linear frequency interleaving in
the presented results. OFDM modulation is a simple IFFT on
N¢pe > N, subcarriers to facilitate digital filtering using null
subcarriers on edges of the band; it is followed by the insertion
of a CP, creating a copy between the beginning and the end of
the OFDM-symbol. The signals are transmitted over a channel

H— (Htvl)T e (Htﬁ”)T (Ht’NC)T} T7

with H"P of size (N x M), whose complex-Gaussian entries
hﬁ;fm represent the channel response from antenna m to antenna
n, on subcarrier p, at OFDM-symbol ¢. The channel is generated
from a realistic 3GPP model, correlated in space, time and fre-
quency, and assumed normalized. A white zero-mean complex-
Gaussian noise vf, = [v41 ... vf;NC}T is added on each RX-
antenna, where each noise term is independent. In other words,
E Uhf;,mﬂ =1land E [|1/f;”[2] = No, Vp,t,m .

At the receiver, OFDM demodulation consists in a guard-
interval removal and an FFT, assuming perfect synchroniza-
tion. The vector obtained on antenna 7 in the frequency do-
main after OFDM demodulation and chip-demapping is y!, =

T . . .
[yt yhP - yhNe] . The relation between this received
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signal and the transmitted one is
L =Hyo X + 0, (1)

where o is element-wise product between (N, x M) matrices
Hiyy and XF = [z} - 2. H{y is an excerpt of ‘H' con-
cerning RX-antenna n.

If several RX-antennas are considered, equalization takes into
account the frequency and spatial dimensions. If STBC is ap-
plied in time, several OFDM-symbols are considered for detec-
tion. After that, as we only consider single-user detection in our
algorithms for complexity issues, user j is easily extracted from

the multi-user signal by multiplication with its spreading code

At,1 At At N T
—[s’ L8P -85 S] are soft es-

c;. Detected symbols §; ¥ ¥

timations of the symbols st . A soft demapping is followed by

decoding processes to deliver the bit stream of user j.
Concerning CSI at transmitter and receiver, we will consider

perfect channel knowledge, or imperfect knowledge with matri-

Frtp .
ces H". These matrices are generated from the perfect ones,
adding a white complex-Gaussian noise on each entry hf{ﬁn,
with a variance defined in Section IV.

III. MULTI-ANTENNA PROCESSING

From a common MC-CDMA system, performance improve-
ment implies to take benefit from channel properties and vari-
ations in frequency/time/space, increasing SNR at receiver side
for a given user, decreasing MAI and avoiding deep fades. An-
tenna processing and equalization try to meet these requests,
and this section presents three typical algorithms, as mentioned
above.

A. Transmit Space-Frequency Prefiltering Based on CZF Algo-
rithm with Complete CSI

In this subsection, we develop a space-frequency prefiltering
algorithm that has two main advantages: Reducing the MAI at
MTs by pre-formatting the signal so that the received signal at
decision point is free from interferences, and allowing a trans-
fer of computational burden from MT to BS. Using an antenna
array at BS, the prefiltering can be done in space and frequency
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dimensions. We propose to jointly optimize the user separation
in space and frequency by the use of criteria based on the deci-
sion variable after despreading at MT. This technique requires
complete CSI at transmitter, and then, is suitable for systems
with channel reciprocity between UL and DL, like TDD sys-
tems with low mobility. Concerning the receiver, we propose
a single-antenna system with an OFDM demodulation, chip-
demapping and despreading operations, i.e., we do not perform
channel equalization, keeping the MT at low complexity.

In the prefiltering case, the S;M chips for user k and sym-
bol ¢ = [1,---, N;] are weighted by a column vector wi =

[wi Jw S MT] where wj . contains the Sy coefficients
that we1ghts the chips for antenna m. These weights are calcu-
lated using the CST according to the criterion presented below.
The decision variable at MT j is

M
9 — H q w? o9
§ = ¢ ) (hjnow],)ocs]
m=1
Desired signal
K M
H q q 4 H,,
+ ¢ E (hj,m o wiym) ocisy +civy, (2)
i=1,izj m=1 e
Noise
MAI
where hq m 18 the channel frequency response vector of size Sy

for user ], data symbol ¢, and antenna m, and v; contains the
noise samples on the S subcarriers. The signal of (2) involves
three terms: The desired signal, the MAI caused by the loss of
code orthogonality among the users, and the residual noise after
despreading.

The prefiltering algorithm is based on a zero-forcing criterion,
since we constrain the MAI term to be null, at all mobile termi-
nals at the same time. Furthermore, as it takes into account the
transmit power at BS, we call it the constrained zero-forcing al-
gorithm. Applying the zero-forcing criterion to (2), we ensure
that each user receives a signal that is free from MAI after de-
spreading. The first term on the right side of (2), which is the
desired signal, is strained to a constant for normalization pur-
poses, while the second term, which represents the interference
caused by other (K — 1) users, should be equal to zero.

The interference that the signal of user k£ produces at another
MT j is obtained for a generic data symbol according to (2),

MAI(k — j) = HZh]mowkmock—Lkawk, 3)
m=1

with p, , = éxofhf -+ h] ]Toc and & = [cf ---cf]T
is a column vector of size M S + since the same code is used for
all antenna branches.

The weight vector for user j is then obtained by constraining
the desired signal part of its own decision variable to a con-
stant &; 4 while canceling its MAI contribution at all other mobile
termmals at the same time. This leads to the following set of
conditions:

C

M q q Y _ ea
2ome1 Pm 0 W © CJ) =&

)
fozl hi ,owi o cj) =0,Vk # j.

>T



PORTIER et al.: TRANSMISSION TECHNIQUES FOR DOWNLINK MULTI-ANTENNA MC-CDMA... 161

Therefore, to compute the weights for user 7, we have to solve
a linear system of K equations (constraints) and Sy M variables
(degrees of freedom), where A7 is a matrix of size (K x M Sy)
given by Afwi =10

q T g T| 7
[hj,l T hij }
‘PO,j q
: J
Al = T b= 0 5
7 SO'—lj i . . ( )
Py :
J+1,3 0
L ‘P11-<—1,j §

The prefiltering algorithms should take into account the min-
imization of the transmit power. Therefore, the transmit power
must be minimized under the K above constraints. When the
number of constraints equals the number of degrees of freedom,
a single solution exists if there are no singularities. However, if
we have more degrees of freedom than constraints (S; M > K)
then signal can be designed to optimize a cost function, like the
total transmit power. The higher (S; M — K) is, the more effec-
tive optimization will be. This optimization can be solved with
the Lagrange multipliers method. After mathematical manipu-
lations [12], we obtain the CZF based prefiltering vector,

_ H Hy—17 _ H
w? = 1AM (ATAT) b = (JAT" Wb, (6)

where W% = (A;A;I.H)‘l is a square and Hermitian matrix of
size (K x K), and CJ‘-] is a constant used to normalize the vector
weight according to [wi[? = wi w! =1,Vk=1,--- , K.

Last equation shows that the most computational intensive
task, to calculate the weights, is matrix \II;Z» inversion. How-
ever, the size of this matrix is just (K x K), independently of
the spreading factor and the number of antennas, which makes
this algorithm very attractive for practical implementations.

B. Transmit Beamforming Based on Spatial Correlation Matrix
with Partial CSI

Transmit beamforming is a purely-spatial prefiltering tech-
nique that allows spatially-selective transmissions based on in-
stantaneous or long-term channel knowledge at BS. The second
approach is useful in rapidly variable channels where averaged
spatial information is not as variable as instantaneous CSI, and
then, can be applied in TDD scenarios with mobility and in FDD
schemes, where instantaneous channel knowledge is unavailable
at the transmitter. Moreover, the considered signal bandwidth
is very large and channel exhibits frequency selectivity. Thus,
what can be considered “constant” is spatial information like
AoA or spatial autocorrelation matrix.

Considering transmit beamforming with wideband MC-
CDMA, we must notice two limits. First, each user, indepen-
dently of others, has its specific beamforming weights, which
is equivalent to experience different propagation channels; this
fact may require more complex processing at receiver if MAI
has to be minimized, like in uplink MC-CDMA. Secondly, one
of the best known beamforming method in multi-user systems is

pointing to the most significant AoA, and putting nulls in AoA
of other users; however, this strategy is not adequate for our
wideband scenario in which energy arrives from a very wide an-
gle spread.

Then, the schemes analyzed assume beamforming weights
that are frequency-invariant over the whole bandwidth, and ei-
ther maximize user average SNR or point to the main AoA.

B.1 Single-User Solution

Assuming a single-user case, optimum solution in terms of
SNR maximization is well known. We define H the MISO chan-
nel matrix (S x M) from BS to this user and V the beamform-
ing set of vectors sized (SyM x 1)

H = [(r)7 @)
vV = [(’UI)T-“(USf)T]T, (7)

where h” stands for the corresponding row vector of matrix H
associated to frequency p.

Received vector on Sy subcarriers (corresponding to one
MC-CDMA symbol) after OFDM  demodulation and chip-
demapping can be described in the frequency domain by (8)
where C = diag {¢} is a diagonal matrix with user code ¢ on
the main diagonal, s is the transmitted symbol and » are AWGN
samples.

y = Cdiag {h1-~hsf}Vs+u. )

Optimum solution presented in (9) is based on the maximum
ratio combining concept where ||| » is Frobenius norm, and v?
are the Hermitian normalized rows of matrix h?.

p_ (RO <p<
P ®
This approach has been described in [11]. However, as it re-
quires complete CSI, we will not develop it in this contribu-
tion. Indeed, perfect CSI is available in TDD modes if both
links use the same sets of carriers per user, but this hypothesis
is unrealistic in FDD (without feedback) or even TDD where
channel reciprocity is not applicable. This case arises if another
multiple-access scheme is used in UL, e.g., SS-MC-MA [22]
where different users are frequency multiplexed over different
sets of carriers to simplify uplink synchronizations and channel
estimation.

B.2 Averaged MSNR Algorithm

Here, we present an alternative to the simpler phased array
proposal, based on the estimation of the spatial autocorrelation
matrix. The new signal model considering a common beam-
former for all the carriers can be stated as follows:

y = CHws + v, (10)

where w is a (M x 1) vector. Standard SNR maximization
problem can be formulated as a Rayleigh quotient

. wHRPARP
wi wszz

. an
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where the optimum solution is the eigenvector of R? = h? Hpp
corresponding to the maximum eigenvalue. RP” is the specific
spatial autocorrelation matrix for this channel trial and, being
channel dependent, can not be used in the partial CSI case. How-
ever, instead of the instantaneous matrix R?, an averaged esti-
mation of this matrix can be implemented,

wH E[hPM hPw;
w=max —— g,
ws w,; w;

12)

where matrix R = E[hP" h?] can be estimated by frequency av-
eraging in the uplink and used to design the suboptimum beam-
former in downlink. This frequency domain averaging is per-
formed over calculated autocorrelation matrices from channel
frequency response estimates over all subcarriers dedicated to
the desired user. Users beamformer weights wy are given by
the eigenvector associated with the maximum eigenvalue ob-
tained from eigendecomposition of this averaged autocorrela-
tion matrix. As this beamforming scheme is frequency-invariant
but user specific, it must be performed before summing of
spreaded users’ chips in transmitter. After performing beam-
forming weighting, user symbols are adequately grouped and
fast Hadamard transform (FHT) spreading is performed on each
TX-antenna. '

B.3 Averaged AoA Algorithm

Another possibility to benefit from available spatial informa-
tion is to extract main AoA from estimated spatial autocorre-
lation matrix. The applied algorithm for its estimation is the
Bartlett one, as it has low complexity and is found to have suf-
ficiently good performance, even compared with Capon estima-
tion [23]. Bartlett estimation consists in maximization of the
following spatial spectrum expression:

0 = maxa (0;)" E [H"H] a (6;), (13)

where a (6;) is steering vector pointing to angle ¢;. This al-
gorithm is simpler than averaged MSNR; however, when a
small number of TX-antennas is available at transmitter, their
beamwidth does not allow very accurate adaptation to the re-
ceive energy diagram. In this case, the beamforming weight per
TX-antennam (m =0,--- ,M —1)is

2nd

W, = elm =X sin 9.

(14)

B.4 Receiver Processing

Atreceiver, conventional single-RX-antenna MC-CDMA sig-
nal processing is performed as users are not aware that beam-
forming is performed at BS. Therefore, after chip-demapping,
the module called “S/T/F equalization and detection + CDMA
despreading” in Fig. 1 performs minimum mean square error
(MMSE) equalization per carrier, followed by Hadamard de-
spreading. This way, the receiver remains simple, and the ad-
vanced signal processing is done at BS.
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Fig. 2. STBC MC-CDMA details: {a) STBC and MC-CDMA spreading at
transmitter for user k, (b) detection and despreading part at receiver
of user j.

C. Orthogonal Space-Time Block Coding Algorithm without
CSI at Transmitter

In this subsection, we describe orthogonal STBC based on
Alamouti scheme with 2 TX-antennas, whatever the number of
RX-antennas is. This scheme can be applied in all scenarios,
although the presented decoding algorithm assumes channel in-
variance in time over two OFDM-symbols. The combination of
STBC with MC-CDMA is simple since we apply the Alamouti
coding over each subcarrier p of the system, as shown on Fig. 2.
We present the STBC process before CDMA spreading at trans-
mitter but we can swap these two linear processes. The cod-
ing is applied in time over two consecutive OFDM-symbols, as-
suming that channel variations in frequency are more important
than in time in our scenario. This combination tries to benefit
from the maximum diversity in space, time and frequency. After
mapping, each user k simultancously transmits two symbols

wil| = st and wil, = s? from both TX-antennas at time t1,
bl 3

then w2 = — (s2)” and wf?, = (st)” attime t2 = t1+T,. As
this process is applied on each subcarrier, we drop the subcarrier
index p. Dropping time index at the space-time encoder output,
the data symbols of the K users w1 = [wy,1 - Wk,1 "+ 'LUKJ]T
(the same for symbol ws) are multiplied by their specific or-
thogonal spreading code c;. FHT can be used in downlink to
spread and sum data of all users, preserving their orthogonality
until transmission. In the following equations, we consider only
S; subcarriers from 1D-spreading in frequency (classical MC-
CDMA) without losing generality as the extension is straight-
forward. Each data symbol is then transmitted on Sy parallel
subcarriers. The vector obtained at RX-antenna n after perfect
OFDM demodulation and chip-demapping, at time ¢1 and £2, is
given by

H,, H,:-
Y,=H.CS+T,, H,= . H , 15
H, —H., (5)
T H T. .
where Y, = | (y4! (y22) ]" is a column vector of size
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where H,, ,,, = diag {h,{m : f{m};
where C = I, ® C,

where S = [(sl)T(sz)T] with 89 = [s{ ... 5%
where T, = [(uf})T(uff)H] represents AWGN.

Channel invariance during two OFDM-symbols is assumed to
permit the recombination of symbols, even if channel is slightly
varying in high-speed scenarios. At the receiver, in order to de-
tect the two transmitted symbols s} and s? for the desired user 7,
channel knowledge is necessary. It allows simple one-tap equal-
ization per subcarrier, combined with a space-time block decod-
ing. With such an orthogonal STBC, a simple linear decoding
is performed as it provides results equivalent to an exhaustive
maximum-likelihood research at low complexity. Thus, the two
successive received MC-CDMA symbols are combined, equal-
ized and added from the N RX-antennas to detect the two sym-
bols. After despreading, the data symbols of user j are

1

El

N
[é;gi]T =([20¢])Z=(I8c])> G.Yn, (16)
n=1
with o .
—_ n,1 n,2
gn - [ Gn,2 _ :;’1 :I bl
where Z ='[z] - 23 27 -- Zsf] is the vector of the received

mgnals equahzed and combmed from the N antennas. G, ,, is a
diagonal matrix, since we used an SUD scheme, containing the
S equalization coefficients g? ,, (p =1--- Sy) for the channel
between the TX-antenna m and the RX-antenna n. For instance,
to detect s7, the MMSE-SUD coefficients g5 m minimize the

mean square value of error between the 51gnal Z el cp 5y, trans-
mitted on subcarrier p and the signal z combined from the NV
RX-antennas by the Alamouti decodlng In the same way, the
zero-forcing (ZF) coefficients g% m restore the orthogonality be-
tween the different users. It is well known that with MISO sys-
tems, ZF leads to excessive noise amplification for low subcar-
rier SNR. In our MIMO case, spatial diversity, equal to the prod-
uct (N x M) in the decorrelated situation, statistically reduces
this occurrence. Thus, with an increasing number of antennas,
ZF tends to MMSE efficiency, and does not require SNR estima-
tion +y at receiver. We assume the same noise level statistically
for each subcarrier or RX-antenna. Besides, knowledge of the
spreading codes ¢;, (i # j) of the interfering users is not re-
quired to derive the ZF and MMSE-SUD coefficients, as shown
in the following MMSE equation:

P— [ZZJh

J . 17)
m=1n=1

ZF equations are similar assuming 1/y = 0. Note that the
threshold detection should be normalized by p for MMSE with
high-order modulations. The sum is performed on the S¢ sub-

carriers where the considered symbol is spread:

Sy
Zm IZn 1’nm,
p=S5;/ : (18)
pgl len 1|h’ 1

Table 1. Main MIMO channel parameters.
Channel profile BRANE
Maximum delay 7. 1.76 us
Number of paths 17
Number of sub-rays per path 20

60 km/h in common scenario
Eloas] =21.4°

Eloas,ut] = 68°

Elops] = 0.25 us
05A-10A

Velocity

Mean angle spread at BS
Mean angle spread at MT
RMS delay spread
Element spacing

IV. CHANNEL MODEL AND SYSTEM PARAMETERS

A. MIMO Channel Model and Configuration

There are two main categories of MIMO channel models:
First type contains directional information, whether geometri-
cally or statistically based, second type is based on the statisti-
cal correlation. Models with directional information can be used
both to evaluate beamforming and diversity techniques while the
former one is not suitable for antenna use with directional tech-
niques. As we are concerned with different usage of multiple
antennas, the directional 3GPP-3GPP2 propagation model was
simulated [24].

This MIMO spatial channel model is a hybrid approach be-
tween a geometrical concept depending on cluster positions and
a tapped delay line model described by an average power delay
profile with fixed number of taps. The difference of this model
when compared to standardized tapped delay line model is the
introduction of a varijable & for angular variations in azimuth-
plane. Each scenario having its specific channel parameters, the
IST-MATRICE project developed such a model with a set of
scenarios adapted to the 5 GHz carrier frequency with 50 MHz
bandwidth.

Table 1 summarizes the main MIMO channel parameters of
our common urban propagation scenario, used to present results
in Section V [25], {26]. It models the non-line-of-sight (non-
LOS) BRAN E channel, characterized by a large delay spread
and angular spread. Different users (channel realizations) are
uniformly distributed within a 120 degrees sector, each one re-
specting the Table 1 parameters. Linear arrays are used at BS
and MT, and simulations consider a TX-antenna spacing of 10
A, and RX-antenna spacing of 0.5 ), except for beamforming al-
gorithms where TX-antennas are separated of 0.5 wavelengths.
The consequent spatial correlation is inferior to 0.1 for an an-
tenna spacing of 10 A, while a 0.5 X spacing leads to a correla-
tion around 0.7 at BS, and 0.35 at MT. In the frequency domain,
a measure of the coherence bandwidth is around 1.5 MHz. Cor-
relation in time, derived from Doppler frequency, is given by the
measured coherence time that is close to the frame duration at 60
km/h, where frame is defined as a packet of 30 OFDM-symbols.

B. System Parameters

The system parameters are chosen according to the time and
frequency coherence of the channel in order to reduce ICI and
ISL. Besides, investigated MC-CDMA configurations are de-
signed to propose high throughput solutions for outdoor scenar-
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Table 2. Main MIMO system parameters.
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Sampling frequency F 57.6 MHz
FFT size Ny 1024
Number of used subcarriers N, 736
Guard interval duration A 3.75 us
Total OFDM duration 7, = T3, + A 21.52 us
Subcarrier spacing Ay = 1/T, 56.2 kHz

Length Sy of spreading codes 32
Modulation (Gray mapping)

Center frequency f. 5.0 GHz
Occupied bandwidth By 41.46 MHz
Frame duration / guard duration 307, /20.8 us

QPSK, 16QAM, 64QAM

Table 3. Link between global-rate and data-rate.

R (bit/s/Hz) 1 2 3 4.5
class modul. QPSK 16QAM 16QAM 64QAM
class coding TC1/2 TC12 TC34 TC3/4
Data-rate (Mbit/s)  33.1 66.2 99.3 149

10s, as shown in Table 2.

The studied configuration is based on a sampling frequency
multiple of the 3.84 MHz UMTS frequency, to obtain the
same frame duration as UMTS (0.666 ms). So F is equal
to 15 x 3.84 = 57.6 MHz. We consider a carrier frequency
fe = 5 GHz, an FFT size of 1024 with N, = 736 used subcar-
riers. The guard-interval duration A = 3.75 us, chosen accord-
ing to the maximum delay Tmax = 3.5 ps to avoid ISI, leads to
a 18% spectral efficiency loss. An additional guard-interval is
used between frames to allow TDD alternating DL and UL. The
global spectral efficiency loss is then 20%, corresponding to a
power efficiency loss of 0.97 dB. The overall data-rate is then
33.1 Msymbols/s, shared between users. The length S of the
spreading codes is chosen to allow 32 users at full-load.

Interleaving and coding processes are applied over a whole
frame of 30 OFDM-symbols, and taken from UMTS standards.
In particular, the channel coding scheme is the turbo-code de-
fined in current UMTS with a rate of %, using two 8-states par-
allel concatenated convolutional codes. This is combined with a
puncturing process to have an overall coding-rate K. of % or %‘
Results are given for 6 iterations at the channel decoder.

We call global-rate R the theoretical spectral efficiency of the
combination channel coding plus mapping plus multi-antenna
coding. In other words, as we assumed a multi-antenna coding-
rate equal to one, R = log,|x| x R., where |x/| is cardinality of
the mapping. Table 3 links maximal data-rates to I2.

Results are presented assuming different degrees of channel
estimation errors: Perfect CSI or imperfect CSI. In the imperfect
case, we model these errors with a Gaussian noise; then, the
“noise level” added on channel coefficients is proportional to
the noise level in the channel, i.e., with variance that is o times
the variance of the AWGN. In results, we call ‘CHperfect’ a
perfect CSL, ‘CHvar0.5" aCSIwitha=0.5,and ‘CHvar0.1’
a CSI with ¢ =0.1.

""""" T 1xd mmse,CHéerfect
.| =& 1x1 mmse, CHvarD.5
-&+ 2x1 CZF, CHperfect
10" - 1 CZF, CHvar0.5
~4 4x1 CIF, CHvar0.5
-4 4x1 CZF, CHperfect
107
‘o
L
m<
Q
o
g 10°
<
10t
| L ;
4 -2 0 2 4 3} 8 10 12 14 16
E,,/N,(dB)
Fig. 3. Performance of MISO PF-CZF compared to SISO MMSE for

QPSK TC1, full-load.

V. SIMULATION RESULTS

In this section, we present results obtained with three algo-
rithms, in the common urban scenario defined in Section I'V.
Results are compared to MISO results with SUD based on the
MMSE criterion, being the most efficient linear SUD scheme
in full-load, but SISO ZF results are also presented. As refer-
ence, we also give MISO bounds in a Gaussian channel, i.e.,
an optimal channel flat in time and frequency only consider-
ing AWGN. In the three first subsections, performance is dis-
played as bit-error-rates (BER) versus Ey; /No, while the fourth
subsection displays the corresponding data-rates computed from
frame-error-rates (FER) versus E,;/Ny. Es /Ny represents the
total transmit energy per symbol over the noise spectral density
at each RX-antenna, and FEy; /N, represents the total transmit
energy per useful bit over the noise spectral density at each RX-
antenna. In the Ey, /Ny value, we take into account the system
parameters included in the global-rate R, but we do not con-
sider the guard-interval efficiency loss and prospective framing
overhead. Then, (E,;/No) = R(Ep:/Ny). To compare algo-
rithms with several antenna configurations, we assume a uni-
tary total transmit power whatever the number of TX-antennas
is. Thus, antenna gains are preserved; and in particular, MIMO
results include the 3 dB gain when doubling the number of RX-
antennas, due to independency between signal and noise. To
limit the number of curves, we restrain presented results to full-
load, unless stated.

A. Results with Transmit Space-Frequency Prefiltering

In this subsection, we present results for the CZF algorithm
with perfect and imperfect CSI. Fig. 3 illustrates the perfor-
mance of the CZF algorithm for 2 or 4 TX-antennas and 1
RX-antenna, with a global-rate of 1 bit/s/Hz considering QPSK
modulation and half-rate turbo-coding. The CZF prefiltering
outperforms the conventional SISO MMSE algorithm in all sit-
uations. When we increase the number of TX-antennas, thus
enhance the separation in space, the performance of the CZF
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Fig. 4. Performance of MISO 4x1 PF-CZF compared to SISO MMSE for
16QAM TC2, full-load.
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Fig. 5. Performance of MISO BF-MSNR compared to SISO with MMSE
equalization, QPSK TC 3, full-load.

improves. It should be noted that MMSE equalization implies
estimations that increase the mobile complexity. Thus, the pro-
posed algorithm outperforms SISO MMSE without involving an
estimate of the channel or noise power at MT.

We also observe that the CZF algorithm is more sensitive to
imperfect channel estimates when the number of antennas in-
creases. With 2 and 4 TX-antennas, we obtain a penalty around
2 dB and 3 dB for BER=1075, respectively. However, the per-
formance of the CZF with 4 TX-antennas and imperfect channel
estimates is better than the one obtained with 2 TX-antennas and
perfect estimates.

In order to assess the CZF algorithm in high throughput con-
ditions, Fig. 4 presents results with a global-rate of 3 bit/s/Hz,
considering 16QAM with a turbo-coding-rate 2, and 4 TX-
antennas. The same conclusion as for the previous figure can be
pointed out. The penalty of imperfect channel estimates remains
almost the same as in QPSK, i.e., we have a penalty around 3.2
dB for BER=1075.
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Fig. 6. Performance of MISO BF-AoA compared to SISO with MMSE
equalization, QPSK TC1, full-load.
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Fig. 7. Performance of MISO STBC compared to SISO with MMSE
equalization, QPSK TC 1, full-load.

B. Results with Transmit Beamforming

The performance of transmit beamforming algorithms with
MMSE receiver for a global rate of 1 bit/s/Hz is given in Figs. 5
and 6, for MSNR and AoA algorithms, respectively, and com-
pared to MISO references. Effect of imperfect CSI is shown for
two values of error variance, considering it the same both at BS
and MT. In BS, CSI errors influence the beamforming weights
calculation, while in MT equalization errors appear. However,
the imperfect CSI in MT is responsible for performance degra-
dation while errors in BS lead to insignificant performance loss.
The penalty for imperfect channel estimation (CHvar0.5) is 2
dB both for MSNR and AoA algorithms. The array gain causes
better results with beamforming than MISO in the low SNR area
of a Gaussian channel.

C. Results with Orthogonal Space-Time Block Coding

In this subsection, we present results with Alamouti space-
time block coding, considering 2 TX-antennas and 1 or 2 RX-
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Fig. 8. Performance of SISO and MISO/MIMO STBC with ZF equaliza-
tion, QPSK TC1, full-load.

I -- i r--{~B 1x1 zf, CHperfact
""""""""" CTURES] 9 131 2f, CHvaD 5

-&c 2x1 zf, CHperfect
=7 2x1 2f, CHvai0.5

:1] 4= 2x2 o, CHperfect
- 202 f, CHvarD.5

Average BER

é 8 10 12 14 16 18 20
E,,/Ny(dB)

Fig. 9. Performance of SISO and MISO/MIMO STBC with ZF equaliza-
tion, 16QAM TC2, full-load.

antennas. Two equalizations and two levels of CSI are consid-
ered at the receiver, and we present results for several global-
rates. Figs. 7 and 8 present results with a global-rate of 1
bit/s/Hz, considering QPSK modulation with half-rate turbo-
coding. The first one mainly illustrates performance of Alam-
outi STBC algorithm with 2 TX-antennas and 1 RX-antenna,
MMSE equalization, and perfect or imperfect CSI. The MISO
lower bound in a Gaussian channel is given as reference. We
also give results in SISO MC-CDMA with MMSE equalization.
Fig. 8 illustrates performance with ZF equalization, evaluating
the gain between MISO, MISO, and MIMO configurations, with
perfect or imperfect CSI.

Spatial diversity at transmitter allows performance to be
closer to the Gaussian limit. The gain of MISO compared to
MISO in this configuration is around 3 dB to obtain BER=10"5
with MMSE equalization. The degradation due to imperfect CSI
is almost the same for MISO and MISO, around 2 dB whatever
the equalization is. In all configurations, the degradation never
exceeds 2.5 dB. MMSE gives better results than ZF but, when
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Fig. 10. Performance of MISO/MISO STBC with ZF/MMSE equaliza-
tions, 64QAM TC2, tull-load.

increasing the number of antennas, the difference between these
two equalization methods decreases. With 2 TX-antennas and 2
RX-antennas, the difference is around 0.5 dB in favor of MMSE
to obtain BER=10"5. However, ZF does not require SNR esti-
mation at receiver.

Fig. 9 presents results with a global-rate of 3 bit/s/Hz, consid-
ering 16QAM with a turbo-coding-rate %. It illustrates perfor-
mance with ZF equalization, evaluating the gain between MISO,
MISO and MIMO configurations, with perfect or imperfect CSI.
In this configuration with a high-order modulation, the gain of
MIMO configurations over MISO ones increases again, and the
difference between ZF and MMSE still decreases. With 2 TX-
antennas and 2 RX-antennas, the difference is around 0.2 dB in
favor of MMSE compared to ZF to obtain BER=10"5,

Fig. 10 presents results with a global-rate of 4.5 bit/s/Hz, con-
sidering 64QAM with a turbo-coding-rate 4§. It illustrates per-
formance of Alamouti STBC algorithm with 2 TX-antennas and
1 or 2 RX-antennas, with MMSE or ZF equalizations, and per-
fect or imperfect CSI. The trends observed in previous figures
are confirmed. The gain of MISO and MIMO configurations
over MISO ones has been shown, promising high data-rates with
a simple equalization at receiver. In particular, performance with
ZF equalization is almost the same as MMSE equalization in
the 64QAM MISO and MIMO configurations considered. The
degradation due to imperfect CSI is rather low, including when
we consider high data-rates. In the 64QAM MISO and MIMO
configurations considered, this degradation is less than 2 dB.

D. Conceivable Data-Rates

From the previous simulations, we present global data-rate
results that the physical layer can reach, assuming the param-
eters defined in Section IV. This data-rate is calculated from
correctly received frames, assuming a corresponding automatic-
repeat-request process. As we need to put different global-rates
on the same figure, we do not provide results versus Ejp, /Ny, but
versus Es; /Ny, assuming a normalized transmit signal F,,. The
guard-interval efficiency loss is taken into account in the data-
rate values, and thus, in the “Shannon’s limit 33.1” presented in
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Fig. 11. Maximal data-rates with the considered SISO MC-CDMA sys-
tem in Gaussian channel.
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Fig. 12. Data-rates obtained with the considered SISO MC-CDMA sys-
iem in the common scenario.

Fig. 11. This upper bound corresponds to the MISO data-rate
bound in a channel with an equivalent bandwidth of 33.1 MHz.
This figure also presents the results in a Gaussian channel as
the upper MISO bounds with the considered system including
discrete modulations, with or without channel coding,

Fig. 12 shows the data-rates obtained with the considered
SISO MC-CDMA system and MMSE equalization, in the com-
mon scenario, i.e., in a typical outdoor BRAN E channel. Perfect
and imperfect CSI are considered, assuming that a real channel
estimation algorithm would operate in the coloured areas be-
tween these references, depending on its quality. The SNR axis
is E,; /Ny, but equivalent values of Ey:/Np for the considered
global-rates are given.

Figures for the multi-antenna algorithms are then depicted in
the common scenario. Fig. 13 shows the data-rates obtained with
CZF transmit prefiltering, considering two classes of global-
rates. Fig. 14 shows the data-rates obtained with Alamouti
STBC, considering four classes of global-rates. It confirms the
good results obtained in previous subsections and promise high
throughput available for upper layers.
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Fig. 13. Data-rates obtained with MISO 4 x 1 CZF prefiltering in the

common scenario.
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Fig. 14. Data-rates obtained with MISO 2 x 1 STBC and MMSE equal-
ization in the common scenario.

VI. STRATEGY IN A BEYOND-3G CONTEXT

This section discusses the limits of our model and the validity
of previous results, and then gives inputs concerning the vari-
ation of performance in other scenarios, in order to propose a
strategy to fill beyond-3G requirements.

A. Limits of Our Model and Validity of Previous Results

First, we did not consider intercell interference and thus, did
not perform scrambling over the spreading process. However,
in [27], Section 14 is dedicated to the analysis of intercell in-
terference properties in SISO MC-CDMA and concludes that it
can be modeled as AWGN. After that, this level of noise should
depend on the spatial processes considered.

Secondly, the model used for channel estimation errors has
limits, as we only considered complex-Gaussian noise on chan-
nel coefficients for imperfect CSI. However, the prefiltering and
beamforming algorithms should also consider the delay impair-
ment, in TDD, between channel estimation from UL and the use
in DL. For beamforming that requires only a partial CSI, this
delay and the errors at BS do not really affect performance. On
the other side, prefiltering algorithms that require perfect CSI
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Fig. 15. Performance of algorithms depending on speed, QPSK TC%.

are the most optimistic cases. Then, such a CSI delay can be
dramatic for CZF if it exceeds the coherence-time, and conse-
quently limits the use of prefiltering to low-velocity scenarios.
Thirdly, the channel parameters used are typical of an out-
door scenario, but a full deployment requires a study over a
wide range of scenarios. Beamforming processes are dependant
of user’s repartition and angle spreads, and the correlations in
space, time, and frequency significantly influence performance
of the three algorithms. Inputs are given, concerning speed and
channel paths configuration, in the following subsection.

B. Expected Performance Depending on the Scenario

B.1 Effect of CSI Delays for Algorithms Requiring CSI at BS

Considering the CZF prefiltering algorithm, an outdated CSI
introduces a significant degradation that limits this algorithm to
low-speed scenarios, i.e., where the channel variation between
the UL estimated frame and the considered DL frame is low.

Considering our transmit beamforming algorithms, CSI mis-
matches do not significantly influence beamforming weights
calculation. The CSI delay at BS has a negligible effect, given
that spatial information does not change substantially during one
frame, even with high-speed MT. When comparing a scenario
with perfect CSI available at each OFDM-symbol and a sce-
nario with a constant CSI from the beginnirig of each frame, the
degradation with a mobile speed of 120 km/h and a global rate
of 1 bit/s/Hz is less than 0.1 dB.

B.2 Effect of Speed on Systems

Mobility has an effect on channel estimation and available
CSI, but this has been partly studied in the previous parts and
will not be considered here. The conclusion was that prefiter-
ing is not suitable in high-speed scenarios and transmit beam-
forming has shown its robustness to channel mismatches. Thus,
here we focus on the effects that the channel variations have
on the whole systems with a fixed CSI error (perfect CSI or
CHvar0.5), to show the performance evolution of the decod-
ing process in function of speed. Note that the channel estima-
tion process may require more overhead when increasing speed,
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for this assumption to be valid. Fig. 15 shows the Fy; /Ny re-
quired to obtain a FER of 1072, for beamforming or STBC.
Beamforming algorithm is based on MSNR, without CSI errors,
and STBC is tested with two antenna configurations, MMSE
equalization, and CHvar0.5. Speed does not lead to signifi-
cant variations of performance, but an improvement is observed
when speed increases, as the additional diversity in time pro-
vided is used by the turbo-coding process over the frame. Thus,
the assumption of constant channel over 2 OFDM-symbols for
STBC is not restricting for the considered scenarios up to 300
kmv/h.

B.3 Effect of Channel Scenarios on Systems

As many parameters can influence performance, we only
mention the most significant ones for each algorithm.

Concerning prefiltering, as CZF algorithm exploits the space-
frequency diversity, the main parameters that influence perfor-
mance is the channel correlation in space and frequency.

Concerning beamforming, its validity for different channel
scenarios has been studied with the MSNR algorithm. It mainly
depends on the value of the maximum eigenvalue of the esti-
mated spatial autocorrelation matrix, as it represents the mea-
sure of the resulting SNR with beam formed. Fig. 16 presents
optimistic results in a BRAN E-ter channel [26] with LOS (Rice
factor K = 100). As expected, it can be observed that beam-
forming performs better with narrower angle spreads, as wider
ones cause MAI and impose performance limit. The channel
with K = 100 can be considered as a limit, i.e., a single path
channel where a transmit beamforming gain of 3 dB is clearly
observed. ’

Concerning STBC, the main parameter is channel correlation
in space. The worst case is observed when the channel is to-
tally correlated as the diversity is minimum, and performance
is the same as SISO MC-CDMA one. The best performance is
observed when the diversity is maximum, i.e., when there is no
spatial correlation at both sides.

The influence of user’s repartition and load is another parame-
ter that is important, especially when considering beamforming.
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Indeed, as MAI limits performance of MSNR and AoA algo-
rithms, beamforming results generally improve significantly in
non-full-load cases.

C. Proposed Strategy for Beyond-3G

Given the previous results, a beyond-3G communication sys-
tem could select the best algorithm according to the environ-
ment. Note that a switch of antenna configuration at BS is
also required to accept the studied beamforming algorithm with
lower antenna spacing. We confirmed that CZF prefiltering can
only be applied in indoor and low-speed scenarios, and presents
the best results if instantaneous CSI is available at BS. The qual-
ity of estimation at BS, and the channel correlation between es-
timates and their use in the CZF algorithm will be a key fac-
tor on performance. Thus, this scheme is suitable for indoor
scenarios and allows transferring the most computational com-
plexity from MT to BS. We verified that the beamforming al-
gorithms presented are really dependant of the spatial environ-
ment, but not of the quality of CSI at BS. These schemes are
suitable for high-speed MT, in particular in outdoor scenarios
with LOS, and when the number of TX-antennas is sufficient
compared to the number of users. Suburban environments with
large cells often verify such conditions. While beamforming
prefers low angle-spread and high spatial correlations, STBC
algorithms show their great interest when spatial correlation is
low, and do not require CS1 at BS. This scheme presents good re-
sults in all scenarios as the worst case corresponds to MISO per-
formance. Indoor environments, but also urban conditions, like
outdoor non-LOS .transmissions with higher speed MT, would
allow high data-rates.

VII. CONCLUSION

The combination of multiple antennas and MC-CDMA has
proven its efficiency for the downlink of the next generation mo-
bile communications. The study of such systems in realistic sce-
narios is an additional step towards an optimized achievement.
Considering several levels of channel knowledge at base-station
and various impairments, performance trends have been drawn.
Depending on the mobile terminal class, its number of anten-
nas or complexity allowed, different available data-rates have
been proposed, using three main algorithms developed within
the European IST-MATRICE project. All presented schemes
have a reasonable complexity at mobile terminal, and are com-
patible with a single-antenna device. A choice between these
algorithms has been proposed depending on the environment.
Many parameters affect performance, but a strategy for beyond-
3G can be outlined as prefiltering for indoor and pedestrian mi-
crocell environments, beamforming for suburban macrocells in-
cluding high-speed train, and space-time coding for urban con-
ditions with moderate to high speeds.
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