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Smart Antennas for Mobile Communications
A. J. Paulraj, D. Gesbert, C. Papadias

Abstract—This paper presents a tutorial on emerging tech-
nologies in the area of Smart Antennas for mobile wireless
communications, also referred to as ”space time processing”.
It was written in 1998 and published in 2000 as part as the
Encyclopedia for Electrical Engineering, John Wiley Pub-
lishing Co. Note that it does not cover the area of MIMO
systems.

I. INTRODUCTION

Wireless cellular networks are growing rapidly around
the world and this trend is likely to continue for several
years. The progress in radio technology enables new and
improved services. Current wireless services include trans-
mission of voice, fax and low-speed data. More bandwidth-
consuming interactive multimedia services like video-on-
demand and internet access will be supported in the fu-
ture. Wireless networks must provide these services in a
wide range of environments, spanning dense urban, subur-
ban, and rural areas. Varying mobility needs must also be
addressed. Wireless local loop networks serve fixed sub-
scribers. micro-cellular networks serve pedestrians or slow
moving users, and macro-cellular networks serve high speed
vehicle-borne users. Several competing standards have
been developed for terrestrial networks. AMPS (advanced
mobile phone system) is an example of first-generation fre-
quency division multiple access analog cellular system. Sec-
ond generation standards include GSM (Global System for
Mobile) and IS-136, using Time division multiple access
(TDMA), and IS-95 using code division multiple access
(CDMA). IMT-2000 is proposed to be the third genera-
tion standard and will use either a wide-band CDMA or
TDMA technology.

Increased services and lower costs have resulted in an in-
creased air time usage and number of subscribers. Since the
radio (spectral) resources are limited, system capacity is a
primary challenge for current wireless network designers.
Other major challenges include: (1) An unfriendly trans-
mission medium, due to the presence of multipath, noise,
interference and time-variations. (2) The limited battery
life of the user’s hand-held terminal. (3) Efficient radio
resource management to offer high quality of service.

Current wireless modems use signal processing in the
time dimension alone through advanced coding, modula-
tion and equalization techniques. The primary goal of
smart antennas in wireless communications is to integrate
and exploit efficiently the extra dimension offered by multi-
ple antennas at the transceiver in order to enhance the over-
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all performance of the network. Smart antennas systems
use modems which combine the signals of multi-element
antennas both in space and time. Smart antennas can be
used for both receive and transmit both at the base station
and the user terminal. The use of smart antennas at the
base alone is more typical since practical constraints usu-
ally limit the use of multiple antennas at the terminal. See
figure 1 for an illustration.
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Fig. 1. The user signal experiences multipath propagation and is
inpinging on a two-element array on a building roof-top.

Space-time processing offers various leverages: the first
is array gain. Multiple antennas capture more signal en-
ergy, which can be combined to improve the signal-to-noise
ratio (SNR). Next, spatial diversity obtained from multiple
antennas can be used to combat channel fading. Finally,
space-time processing can help mitigate inter-symbol in-
terference (ISI) and co-channel interference (CCI). These
leverages can be traded for improvements in:

o Coverage: Square miles/base station.

o Quality: Bit error rate (BER)/MOS/Outage.
o Capacity: Erlangs/Hz/base station.

o Data rates: Bit per sec./Hz/base station.

II. EARLY FORMS OF SPATIAL PROCESSING
A. Adaptive antennas

The use of adaptive antennas dates back to the 50’s with
their applications to radar and antijam problems. The pri-
mary goal of adaptive antennas is the automatic genera-
tion of beams (beamforming) that track a desired signal
and possibly reject (or “null”) interfering sources through
linear combining of the signals captured by the different
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antennas. An early contribution in the field of beamform-
ing was made in 1956 by Altman and Sichak who proposed
a combining device based on a phase-locked loop. This
work was later refined in order to incorporate the adjust-
ment of antenna signals both in phase and gain, allowing
to improve the performance of the receiver in the pres-
ence of strong jammers. Howells proposed the side-lobe
canceler for adaptive nulling. Optimal combining schemes
were also introduced in order to minimize different crite-
ria at the beamformer output. These include the mini-
mum mean-square error (MMSE) criterion, as in the LMS
algorithm proposed by Widrow, the signal-to-interference-
and-noise ratio (SINR) criterion proposed by Applebaum,
and the minimum variance beamformer distortion-less re-
sponse (MVDR) beamformer proposed by Capon. Further
advances in the field were made by Frost, Griffiths and Jim
among several others. A list of references in beamforming
can be found in [1].

Besides beamforming, another application of antenna ar-
rays is direction-of-arrival (DOA) estimation for source or
target localization purposes. The leading DOA estimation
methods are the MUSIC and ESPRIT algorithms [2]. Note
that in many of the beamforming techniques (for instance
in Capon’s method), the estimation of the source direction
is an essential step. DOA estimation is still an area of
active research.

Antenna arrays for beamforming and source localization
are of course of great interest in military applications. How-
ever, their use in civilian cellular communication networks
is now gaining increasing attention. By enabling the trans-
mission and reception of signal energy from selected direc-
tions, beamformers play an important role in improving
the performance of both the base-to-mobile (forward) and
mobile-to-base (reverse) links.

B. Antenna diversity

Antenna diversity can alleviate the effects of channel fad-
ing, and is used extensively in wireless networks. The basic
idea of space diversity is as follows: if several replicas of the
same information carrying signal are received over multi-
ple branches with comparable strengths and which exhibit
independent fading, then there is a high probability that
at least one (or more) branch will not be in a fade at any
given instant of time. When a receiver is equipped with two
or more antennas that are sufficiently separated (typically
several wavelengths) they offer useful diversity branches.
Diversity branches tend to fade independently, therefore, a
proper selection or combining of the branches increases link
reliability. Without diversity, the protection against deep
channel fades requires higher transmit power to ensure the
link margins. Therefore, diversity at the base can be traded
for reduced power consumption and longer battery life at
the user terminal. Also, lower transmit power decreases the
amount of co-channel interference and increases the system
capacity.

Independent fading across antennas is possible when ra-
dio waves impinge on the antenna array with sufficient an-
gle spread. Paths coming from different arriving directions

will add differently (constructive or destructive manner)
at each antenna. This requires the presence of significant
scatterers in the propagation medium, such as in urban
environment and hilly terrain.

Diversity also helps to combat large-scale fading effects
caused by shadowing from large obstacles, e.g. buildings
or terrain features. However, antennas located in the same
base station experience the same shadowing. Instead, an-
tennas from different base stations can be combined to offer
a protection against large-scale fading (macro diversity).

Note that antenna diversity can be complemented by
other forms of diversity. Polarization, time, frequency and
path diversity are some examples. These are particularly
useful when physical constraints prevent the use of multiple
antennas (for instance at the hand-held terminal). See [3]
for more details.

Combining the different diversity branches is an impor-
tant issue. The main options used in current systems are
briefly described below. In all cases, independent branch
fading and equal mean branch powers are assumed. How-
ever, in non ideal situations, branch correlation and un-
equal powers will result in a loss of diversity gain. A cor-
relation coefficient as high as 0.7 (between instantaneous
branch envelope levels) is considered acceptable.

B.1 Selection diversity

Selection diversity is one of the simplest form of diversity
combining. Given several branches with varying carrier-to-
noise ratios (C/N), selection diversity consists in choosing
the branch having the highest instantaneous C'/N. The
performance improvement from selection diversity is eval-
uated as follows: Let us suppose that M branches expe-
rience independent fading but have the same mean C/N,
denoted by I'. Let us now denote by I'y the mean C'/N of
the selected branch. Then it can be shown that [4]:

For instance, selection over two branches increases the
mean C/N by a factor of 1.5. Note that selection diver-
sity requires a receiver behind each antenna. Switching
diversity is a variant of selection diversity. In this method,
a selected branch is held until it falls below a threshold
T, at which point the receiver switches to another branch,
regardless of its level. The threshold can be fixed or adap-
tive. This strategy performs almost as well as the selection
method described above, it also reduces the system cost,
since only one receiver is required.

B.2 Maximum ratio combining

Maximum ratio combining (MRC) is an optimal com-
bining approach to combat fading. The signals from M
branches are first co-phased to bring mutual coherence and
then summed after weighting. The weights are chosen to
be proportional to the respective signals level to maximize
the combined C'/N. It can be shown that the gain from
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MRC is directly proportional to the number of branches,
ie.:
I's=MT

B.3 Equal gain combining

Although optimal, MRC is expensive to implement. Also
MRC requires an accurate tracking of the complex fading,
which is difficult to achieve in practice. A simpler alter-
native is given by equal gain combining which consists in
summing the co-phased signals using unit weights. The
performance of equal gain combining is found to be very
close to that of MRC. the SNR of the combined signals
using equal gain is only 1 dB below the SNR provided by
MRC [4].

III. EMERGING APPLICATION OF SPACE-TIME
PROCESSING

While the use of beamforming and space diversity proves
useful in radio communications applications, an inherent
limitation of these concepts lies in the fact that the afore-
mentioned techniques exploit signal combining in the space
dimension only. Directional beamforming, in particular,
heavily relies on the exploitation of the spatial signatures
of the incoming signals but does not consider their tempo-
ral structure. The techniques which combine the signals
in both time and space can bring new leverages, and their
importance in the area of mobile communications is now
recognized [5].

The main reason for using space-time processing is that
it can exploit the rich temporal structure of digital com-
munication signals. In addition, multipath propagation
environments introduces signal delay spread, making tech-
niques that exploit the complete space-time structure more
natural.

The typical structure of a space-time processing device

consists in using a bank of linear filters, each of them being
located behind a branch, followed by a summing network.
The received space-time signals can also be processed using
non-linear schemes, e.g. in maximum-likelihood sequence
detection. The space-time receivers can be optimized to
maximize array and diversity gains, and to minimize
1. Inter-symbol-interference, induced by the delay spread
in the propagation channel. ISI can be suppressed by se-
lecting a space-time filter that equalizes the channel or by
using a maximum-likelihood sequence detector.
2. Co-channel-interference, coming from neighboring cells
operating at the same frequency. CCI is suppressed by us-
ing a space-time filter that is orthogonal to the interferer
channel. The key point is that CCI that cannot be rejected
by space-only filtering may be handled more effectively us-
ing space-time filtering.

Smart antennas can also be used at the transmitter to
maximize array gain and/or diversity, and to mitigate IST
and CCI. In the transmit case, however, the efficiency of
space-time processing schemes is usually limited by the lack
of accurate channel information.

The major effects induced by radio propagation in a cel-
lular environment are pictured in figure 2. The leverages

offered by space-time processing for receive and transmit
are summarized in table 1.
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Fig. 2. Smart antennas help mitigate the effects of cellular radio
propagation.

In the following sections, we describe channel models
and algorithms used in space-time processing. Both simple
and advanced solutions are presented and trade-offs high-
lighted. Finally, we describe current applications of smart
antennas.

IV. CHANNEL MODELS

Channel models capture radio propagation effects and
are useful for simulation studies and performance predic-
tion. Channel models also help in motivating appropriate
signal processing algorithms. The effects of radio propaga-
tion on the transmitted signal can be broadly categorized
into two main classes, fading and spreading.

Fading refers to the propagation losses experienced by
the radio signal (on both the forward and reverse links).
One type of fading called selective fading causes the re-
ceived signal level to vary around the average level in some
regions of space, frequency, or time. Channel spreading
refers to the spreading of the information-carrying signal
energy in space, and on the time or frequency axis. Selec-
tive fading and spreading are dual descriptions.

A. Channel fading
A.1 Mean path loss

The mean path loss describes the attenuation of a radio
signal in a free space propagation situation, due to isotropic
power spreading, and is given by the famous inverse square
law:

A \2
P.=P(—) GG
T t (47Td) tYr
where P, and P; are the received and transmitted powers,
A is the radio wavelength, d is the range, and G, G, are
the gains of the transmit and receive one-element antennas
respectively. In cellular environments, the main path is of-
ten accompanied by a surface reflected path which may de-
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structively interfere with the primary path. Specific mod-
els have been developed that consider this effect. The path
loss model becomes [4]:

where hy, h, are the effective heights of the transmit and re-
ceive antennas respectively. Note that this particular path
loss model follows an inverse fourth power law. In fact, de-
pending on the environment, the path loss exponent may
vary from 2.5 to 5.

A.2 Slow fading

Slow fading is caused by long-term shadowing effects of
buildings or natural features in the terrain. It can also
be described as the local mean of a fast fading signal (see
below). The statistical distribution of the local mean has
been studied experimentally and was shown to be influ-
enced by the antenna height, the operating frequency, and
the type of environment. It is therefore difficult to predict.
However, it has been observed that when all the above
mentioned parameters are fixed, then the received signal
fluctuation approaches a normal distribution when plotted
in a logarithmic scale (i.e in dB’s) [4]. Such a distribu-
tion is called log-normal. A typical value for the standard
deviation of shadowing distribution is 8 dB.

A.3 Fast fading

The multipath propagation of the radio signal causes
path signals to add up with random phases, constructively
or destructively, at the receiver. These phases are deter-
mined by the path length and the carrier frequency, and
can vary extremely rapidly along with the receiver location.
This gives rise to the so-called fast-fading phenomenon that
describes the both rapid and large fluctuations of the re-
ceived signal level in space. If we assume that a large
number of scattered wavefronts with random amplitudes
and angles of arrival arrive at the receiver with phases uni-
formly distributed in [0, 27) then the in-phase and quadra-
ture phase components of the vertical electrical field F, can
be shown to be Gaussian processes [4]. In turn, the enve-
lope of the signal can be well approximated by a Rayleigh
process. If there is a direct path present, then it will no
longer be a Rayleigh distribution but becomes a Rician
distributed instead.

B. Channel spreading

Propagation to or from a mobile user, in a multipath
channel, causes the received signal energy to spread in the
frequency, time and space dimensions (see figure 3, and
also table 2 for typical values). The characteristics of the
spreading (that is to say, the particular dimension(s) in
which the signal is spread) affects the design of the receiver.

B.1 Doppler spread

When the mobile is in motion, the radio signal at the
receiver experiences a shift in the frequency domain (also
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Fig. 3. The radio channel induces spreading in several dimensions.
These spreads strongly affect the design of the space-time receiver.

called Doppler shift), the amplitude of which depends on
the path direction of arrival. In the presence of surround-
ing scatterers with multiple directions, a pure tone is spread
over a finite spectral bandwidth. In this case, the Doppler
power spectrum is defined as the Fourier transform of the
time autocorrelation of the received signal and the Doppler
spread is the support of the Doppler power spectrum.
Assuming scatterers uniformly distributed in angle, the
Doppler power spectrum is given by the so-called classi-
cal spectrum:

302
27 fm

97 —1/2
S(f) = ll{ff“}] c fe—fm < [ < fetfm

fm

where f,, = v/\ is the maximum Doppler shift, v is the
mobile velocity, f. is the carrier frequency and o? is the
signal variance. When there is a dominant source of en-
ergy coming from a particular direction (as in line-of-sight
situations), the expression for the spectrum needs to be
corrected, accordingly to the Doppler shift of the dominant
path fp:
S(f) + BS(f — fo)

where B denotes the ratio of direct to scattered path en-
ergy.

The Doppler spread causes the channel characteristics
to change rapidly in time, giving rise to the so-called time
selectivity. The coherence time, during which the fading
channel can be considered as constant, in inversely pro-
portional to the Doppler spread. A typical value of the
Doppler spread in a macro-cell environment is about 200
Hz at 65 Mph, in the 1900 MHz band. A large Doppler
spread makes good channel tracking an essential feature of
the receiver design.

B.2 Delay spread

Multipath propagation is often characterized by several
versions of the transmitted signal arriving at the receiver
with different attenuation factors and delays. The spread-
ing in the time domain is called delay spread and is re-
sponsible for the selectivity of the channel in the frequency
domain (different spectral components of the signal carry
different powers). The coherence bandwidth, which is the
maximum range of frequencies over which the channel re-
sponse can be viewed as constant, is inversely proportional
to the delay spread. Significant delay spread may cause
strong inter-symbol interference which makes necessary the
use of a channel equalizer.
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B.3 Angle spread

Angle spread at the receiver refers to the spread of di-
rections of arrival of the incoming paths. Likewise, angle
spread at the transmitter refers to the spread of departure
angle of the multipath. As mentioned earlier, a large angle
spread will cause the paths to add up in a random manner
at the receiver as a function of the location of the receive
antenna, hence it will be source of space selective fading.
The range of space for which the fading remains constant
is called the coherence distance and is inversely related to
the angle spread. As a result, two antennas spaced by
more than the coherence distance tend to experience un-
correlated fading. When the angle spread is large, which
is usually the case in dense urban environments, a signifi-
cant gain can be obtained from space diversity. Note that
this usually conflicts with the possibility of using direc-
tional beamforming, which typically requires well defined
and dominant signal directions, i.e. a low angle spread.

C. Multipath propagation
C.1 Macro-cells

A macro-cell is characterized by a large cell radius (up
to a few tens of kilometers) and a base station located
above the roof top. In macro-cell environments, the signal
energy received at the base station comes from three main
scattering sources: scatterers local to the mobile, remote
dominant scatterers, and scatterers local to the base (see
figure 4 for an illustration). The following description refers
to the reverse link but applies to the forward link as well.

The scatterers local to the mobile are those located a
few tens of meters from the hand-held terminal. When the
terminal is in motion, these scatterers give rise to a Doppler
spread which causes time selective fading. Because of the
small scattering radius, the paths that emerge from the
vicinity of the mobile and reach the base station show a
small delay spread and a small angle spread.

Of the paths emerging from the local-to-mobile scatter-
ers, some reach remote dominant scatterers, like hills or
high rise buildings, before eventually traveling to the base
station. These paths will typically reach the base with
medium to large angle and delay spreads (Depending of
course on the number and locations of these remote scat-
terers).

Once these multiple wavefronts reach the vicinity of the
base station, they usually are further scattered by local
structures such as buildings or other structures that are
close to the base. These scatterers local to the base can
cause large angle spread, therefore they can cause severe
space-selective fading.

C.2 Micro-cells

Micro-cells are characterized by highly dense built-in ar-
eas, and by the user’s terminal and base being relatively
close (a few hundred meters). The base antenna has a low
elevation and is typically below the roof top, causing sig-
nificant scattering in the vicinity of the base. Micro-cell
situations make the propagation difficult to analyze and

Remote scatterers
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Fig. 4. Each type of scatterer introduces specific channel spreading
characteristics.

the macro-cell model described earlier do not necessarily
hold anymore. Very high angle spreads along with small
delay spreads are likely to occur in this situation. The
Doppler spread can be as high as in macro-cells, although
the mobility of the user is expected to be limited, due to
the presence of mobile scatterers.

D. Parametric channel model

A complete and accurate understanding of propagation
effects in the radio channel requires a detailed description
of the physical environment. The specular model, to be
presented below, only provides a simplified description of
the physical reality. However, it is useful as it describes the
main channel effects and it provides the means for a sim-
ple and efficient mathematical treatment. In this model,
the multiple elementary paths are grouped according to a
(typically low) number of L main path clusters, each of
which contains paths that have roughly the same mean an-
gle and delay. Since the paths in these clusters originate
from different scatterers, the clusters typically have near
independent fading. Based on this model, the continuous-
time channel response from a single transmit antenna to
the i-th antenna of the receiver can be written as:

L
filt) =Y ai@)af (£)s(t —m) (1)

=1

where alR(t), 0;, and 7; are respectively the fading (includ-
ing mean path loss, slow and fast fading), angle, and delay
of the I[-th receive path cluster. Note that this model also
includes the response of the i-th antenna to a path from
direction 6;, denoted by a;(6;). In the following we make
use of the specular model to describe the structure of the
signals in space and time. Note that in the situation where
the path cluster assumption is not acceptable, other chan-
nel models, called diffuse channel models are more appro-
priate [6].

V. DATA MODELS

This section focuses on developing signal models for
space-time processing algorithms. The transmitted infor-
mation signal is assumed to be linearly modulated. Note
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that in the case of a non linear modulation scheme such as
the Gaussian Minimum Shift Keying (GMSK) used in the
GSM system, linear approximations are assumed to hold.
The baseband equivalent of the transmitted signal can be
written [7]:

= " g(t — kT)s(k) +n(t) (2)
k

where s(k) is the symbol stream, with rate 1/T, g(t) is
the pulse shaping filter, and n(t) is an additive thermal
noise. Four configurations for the received signal (two for
the reverse link and two for the forward link) are described
below. These are also depicted in figure 5. In each case,
one assumes M > 1 antennas at the base station and a
single antenna at the mobile.

Y
v

base station

hand-held terminal
single user case

/ﬁ

I ;U
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¥ T

base station

hand-held terminals
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Fig. 5. Several configurations are possible for antenna arrays, in
transmit (T) and in receive (F).

A. Reverse link

We consider the signal received at the base station. Since
the receiver is equipped with M antennas, the received sig-
nal can be written as a vector x(t) with M entries.

A.1 Single user case

Let us assume a single user transmitting towards the base
(no CCI). Using the specular channel model in Eq. (1), the
received signal can be written as follows:

=1

where a(0;) = (a1(6;),..,anr(0;)7 is the vector array re-
sponse to a path of direction 8;, and where T refers to the
transposition operator.

u(t — ) +n(t) (3)

A.2 Multi-user case

We now have @) users transmitting towards the base. The
received signal is the following sum of contributions from

the @ users, each of them carries a different set of fading,
delays, and angles :

Q Lg

ZZa b1q) alq Yug(t —

q=11=1

qu) + n(t) (4)

where the subscript g refers to the user index.

B. Forward link
B.1 Single user case

In this case, the base station uses a transmitter equipped
with M-antenna to send an information signal to a unique
user. Therefore, space-time processing must be performed
before the signal is launched into the channel. As it will
be emphasized later, This is a challenging situation as the
transmitter typically lacks of reliable information on the
channel.

For the sake of simplicity, we will assume here that a
space-only beamforming weight vector w is used, as the ex-
tension to space-time beamforming is straightforward The
baseband signal received at the mobile station is scalar and
is given by:

Y wha@)af (tult — ) +nlt) (5

where af () is the fading coefficient of the I-th trans-
mit path in the forward link. Superscript ¥ denotes the
transpose-conjugation operator. Note that path angles and
delays remain theoretically unchanged in the forward and
reverse links. This is in contrast with the fading coeffi-
cients which depend on the carrier frequency. Frequency
Division Duplex (FDD) systems use different carriers for
the forward and reverse links which result in of'(t) and
aft(t) being nearly uncorrelated. In contrast, Time Divi-
sion Duplex (TDD) systems will experience almost identi-
cal forward and reverse fading coefficients in the forward
and reverse links. Assuming however that the transmitter
knows the forward fading and delay parameters, transmit
beamforming can offer array gain, ISI suppression, and CCI
suppression.

B.2 Multi-user case

In the multi-user case, the base station wishes to com-
municate with @) users, simultaneously and in the same fre-
quency band. This can be done by superposing, on each of
the transmit antennas, the signals given by ) beamformers
Wi,...,Wg. At the m-th user, the received signal waveform
contains the signal sent to that user, plus an interference
from signals intended to all other users. This gives:

Q L4
T (t) = Z Wfa(elm)aﬁn(t)uq(t—nm)+nm(t) (6)
qg=1[l=1

Note that each information signal u,(t) couples into the L,,
paths of the m-th user through the corresponding weight
vector wy, for all g.
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C. A non parametric model

The data models above build on the parametric channel
model developed earlier. However, there is also interest in
considering the end-to-end channel impulse response of the
system to a transmitted symbol rather than the physical
path parameters. The channel impulse response includes
the pulse shaping filter response, the propagation phenom-
ena, and the antenna response as well. One advantage of
looking at the impulse response is that the effects of IST and
CCI can be described in a better and more compact way. A
second advantage is that the non parametric channel only
relies on the channel linearity assumption.

We look at the reverse link and single user case only.
Since a single scalar signal is transmitted and received
over several branches, this corresponds to a single-input
multiple-output (SIMO) system, depicted in figure 6. The
model below is also easily extended to multi-user channels.
Let h(t) denote the M x 1 global channel impulse response.
The received vector signal is given by the result of a (noisy)
convolution operation:

x(t) = > _h(t — kT)s(k) +n(t) (7)
k

From Eq. (2)-Eq. (3), the channel response may also
be expressed in terms of the specular model parameters
through:

L
h(t) =Y a(6)a (t)g(t — ) (8)

s —— — s

modul ator Space-Time combiner

propagation channel

— s

s(n) —‘ %
global channel Space-Time combiner

Fig. 6. The source signal s(n) can be seen as driving a single-input
multiple-output filter (SIMO) with M outputs, where M is the num-
ber of receive antennas

C.1 Signal sampling

Consider sampling the received signal at the baud (sym-
bol) rate, i.e. at t;, = to+kT where tg is an arbitrary phase.
Let N be the maximum length of the channel response in
symbol periods. Assuming that the channel is invariant for
some finite period of time, i.e. aff(t) = af, the received

vector sample at time t; can be written as:

x(k) = Hs(k) + n(k) 9)

where H is the sampled channel matrix, with size M x N,
whose (7, j) term is given by:

L

[H];; = Z a;(0)af g(to + jT — 7)
=1

and where s(k) is the vector of N ISI symbols at the time
of the measurement:

s(k) = (s(k), s(k —1), ..., s(k — N +1))T

To account for the presence of CCIL, Eq. (9) can be gener-
alized to

Q
x(k) =Y Hgs,(k) + n(k) (10)

where () denotes the number of users and ¢ the user in-
dex. Note that most digital modems use sampling of the
signal at a rate higher than the symbol rate (typically up
to four times). Oversampling only increases the number
of scalar observations per transmitted symbol, which can
be regarded mathematically as increasing the number of
channel components, in an way similar to increasing the
number of antennas. Hence the model above also holds
true when sampling at T7'/2, T'/3, etc.. However, though
mathematically equivalent, spatial oversampling and tem-
poral oversampling lead to different signal properties.

D. Structure of the linear space-time beamformer

Space combining is now considered at the receive antenna
array. Let w be a M x 1 space-only weight vector (a single
complex weight is assigned to each antenna). The output
of the combiner, denoted by y(k) is as follows:

y(k) = wx(k)

The resulting beamforming operation is depicted in fig-
ure 7. The generalization to space-time combining is
straightforward: Let the combiner have m time taps. Each
tap, denoted by w(i), ¢ = 0..m — 1, is a M x 1 space
weight vector defined as above. The output of the space-
time beamformer is now written as:

m—1
y(k) = w(i)"x(k - i) (11)
i=0
which can be reformulated as:
y(k) = WX (k) (12)

where W = (w(0)2, ..., w(m— 1)) and X (k) is the data
vector compactly defined as X (k) = (x(k)...,x(k —m +
),

E. ISI and CCI suppression

The formulation gives insight into the algebraic structure
of the space-time received data vector. Also it allows us to
identify the conditions under which the suppression of ISI
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Fig. 7. Structure of the spatial beamformer. The space-time beam-
former is a direct generalization that combines in time the outputs of
several spatial beamformers.

and/or CCI is possible. Recalling the signal model in Eq.
(9), the space-time vector X (k) can be in turn written as:

X (k) = HS(k) + N(k) (13)

where S(k) = (s(k),s(k — 1),...,s(k —m + N +2))T and

where
0o

Do " 0

0. 0
isamM x (m+ N —1) channel matrix. The block-Toeplitz
structure in H stems from the linear time-invariant con-
volution operation with the symbol sequence. Let us tem-
porarily assume a noise free scenario. Then, the output
of a linear space-time combiner can be described by the
following equation:

(14)

y(k) = WHHS(k) (15)
In the presence of () users transmitting towards the base
station, the output of the space-time receiver is generalized

to:
Q

y(k) = WHHS,(k)

q=1

(16)

E.1 ISI suppression

The purpose of equalization is to compensate for the ef-
fects of ISI induced by the user’s channel, in the absence
of CCI. Tutorial information on equalization can be found
in [7], [8]. In general, a linear filter W, is an equalizer
for the channel of the g-th user if the convolution product
between W, and the channel responses yields a Dirac func-
tion, i.e. if Wy, satisfies the following so-called zero-forcing
condition:

W H, = (0,..,0,1,0,..,0) (17)

Here, the location of the 1 element represents the delay
of the combined channel-equalizer impulse response. Note
that from an algebraic point of view, the channel matrix H,
should have more rows than columns for such solutions to

exist: mM > m + N — 1. Therefore, it is essential to have
enough degrees of freedom (number of taps in the filter)
to allow for IST suppression. Note that zero-forcing solu-
tions can be obtained using temporal oversampling only
at the receive antenna since oversampling by a factor of
M provides us theoretically with M baud-rate branches.
However, having multiple antennas at the receiver plays a
important role in improving the conditioning of matrix H,
which in turn will improve the robustness of the resulting
equalizer in the presence of noise. It can be shown that the
condition number of matrix H, is related to some measure
of the correlation between the entries of h(t). Hence, a sig-
nificant antenna spacing is required to provide the receiver
with sufficiently decorrelated branches.

E.2 CCI suppression

The purpose of CCI suppression in a multiple access net-
work is to isolate the contribution of one desired user by
rejecting that of others (CCI suppression). One way to
achieve this goal is to enforce “orthogonality” between the
response of the space-time beamformer and the response of
the channel of the users to be rejected. In other words, in
order to isolate the signal of user ¢ using Wy, the following
conditions must be satisfied (possibly approximately):

W/ H; =0 forall f+#qe[1.Q] (18)

If we assume that all the channels have the same maxi-
mum order N, Eq. (18) provides as much as (Q — 1)(m +
N — 1) scalar equations. The number of unknown is again
given by mM (the size of W ). Hence a receiver equipped
with multiple antennas is able to provide the number of
degrees of freedom necessary for signal separation. This
requires mM > (Q — 1)(m + N — 1). At the same time, it
is desirable that the receiver captures a significant amount
of energy from the desired user, hence an extra condition
on W, should be Wf Hy # 0. From an algebraic per-
spective, this last condition requires that H, and {Hs} s,
should not have the same column subspaces. The required
subspace misalignment between the desired user and the
interferers in space-time processing is a generalization of
the condition that signal and interference should not have
the same direction, needed for interference nulling using
beamforming.

E.3 Joint IST and CCI suppression

The complete recovery of the signal transmitted by one
desired user in the presence of ISI and CCI requires both
channel equalization and separation. A space-time beam-
former is an exact solution to this problem if it satisfies
both Eq. (17) and Eq. (18), which can be further written
as:

W/ (Hy, .., Hg—1,Hg, Hgs1, -, Hg) = (0,..,0,1,0,..,0)
(19)
where the location of the 1 element designates both the
index of the user of reference and the reconstruction de-
lay. The existence of solutions to this problem requires the
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multi-user channel matrix H., def (Ha, .., Hg) to have more
rows than columns: mM < Q(m + N — 1). Here again,
smart antennas play a critical role in offering the sufficient
number of degrees of freedom. If, in addition, the global
channel matrix H, has full column rank, then we are able to
recover any particular user using space-time beamforming.
In practice though the performance of a ISI/CCI reduction
scheme are limited by the SNR and the condition number

of H..

VI. SPACE-TIME ALGORITHMS FOR THE REVERSE LINK
A. General principles of receive space-time processing

Space processing offers several important leverages to en-
hance the performance of the radio link. First, smart an-
tennas offer more resistance to channel fast fading through
maximization of space diversity. Then, space combining in-
creases the received SNR through array gain, and allows for
the suppression of interferences when the user of reference
and the co-channel users have different DOAs.

Time processing addresses two important goals. First, it
exploits the gain offered by path diversity in delay spread
channels. As the channel time taps generally carry inde-
pendent fading, the receiver can resolve channel taps and
combine them to maximize the signal level. Second, time
processing can combat the effects of ISI through equaliza-
tion. Linear zero-forcing equalizers address the ISI prob-
lem but do not fully exploit path diversity. Hence, for these
equalizers, ISI suppression and diversity maximization may
be conflicting goals. This not the case however for maxi-
mum likelihood sequence detectors.

Space-time processing allows us to exploit the advantage
of both the time and space dimensions. Space-time (linear)
filters allow us to maximize space and path diversity. Also,
space-time filters can be used for better ISI/CCI reduction.
However, as was mentioned above, these goals might still
conflict. In contrast, space-time maximum likelihood se-
quence detectors (see below) can handle harmoniously both
diversity maximization and interference minimization.

B. Channel estimation

Channel estimation forms an essential part of most wire-
less digital modems. Channel estimation in the reverse
link extracts the information that is necessary for a proper
design of the receiver, including linear (space-time beam-
former) and non-linear (Decision feedback or maximum
likelihood detection) receivers. For this task, most exist-
ing systems rely on the periodic transmission of training
sequences, which are known both to the transmitter and
receiver and used to identify the channel characteristics.
The estimation of H is usually performed using the non-
parametric FIR model in Eq. (9), in a least-squares manner
or by correlating the observed signals against decorrelated
training sequences (as in GSM). A different strategy con-
sists in addressing the estimation of the physical parame-
ters (path angle and delays) of the channel using the model
developed in Eq. (8). This strategy proves useful when the
number of significant paths is much lower than the number

of channel coefficients.

Channel tracking is also an important issue, neces-
sary whenever the propagation characteristics vary (signifi-
cantly) within the user slot. Several approaches can be used
to update the channel estimate. The Decision-Directed
method uses symbol decisions as training symbols to up-
date the channel response estimate. Joint data/channel
techniques constitute another alternative, in which sym-
bol estimates and channel information are recursively up-
dated according to the minimization of a likelihood metric:
X — HS| 1.

C. Signal estimation
C.1 Maximum likelihood sequence detection (single user)

Maximum likelihood sequence detection (MLSD) is a
popular non-linear detection scheme which, given the re-
ceived signal, seeks the sequence of symbols of one par-
ticular user that is most likely to have been transmitted.
Assuming a temporally and spatially white Gaussian noise,
maximizing the likelihood reduces to finding the vector S
of symbols in a given alphabet that minimizes the following
metric:

msm||X—HS||2 (20)
where channel matrix H has been previously estimated.
Here, ||.|| denotes the conventional Ly norm. Since X con-
tains measurements in time and space, the criterion above
can be considered as a direct extension of the conventional
ML sequence detector, which is implemented recursively
using the well-known Viterbi algorithm [7].

MLSD offers the lowest bit error rate (BER) in a Gaus-
sian noise environment but is no longer optimal in the pres-
ence of co-channel users. In the presence of CCI, a solution
to the MLSD problem consists in incorporating in the like-
lihood metric the information on the statistics of the in-
terferers. This however assumes that the interferers do not
undergo significant delay spread. In general though, the
optimal solution is given by a multi-user MLSD detection
scheme (see below).

C.2 Maximum likelihood sequence detection (multi-user)

The multi-user MLSD scheme has been proposed for
symbol detection in CCI-dominated channels. The idea
consists in treating CCI as other desired users and detect-
ing all signals simultaneously. This time, the () symbol
sequences S1, S»,..., Sg are found as the solutions to the
following problem:

Q
min [|X = " H,S,[|? (21)
g=1

{Sq}

where again all symbols should belong to the modulation
alphabet. The resolution of this problem can be carried
out theoretically by a multi-user Viterbi algorithm. How-
ever, the complexity of such a scheme grows exponentially
with the numbers of users and the channel length which
limits its applicability. Also, the channels of all the users
are assumed to be accurately known. In current systems,
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such information is very difficult to obtain. In addition,
the complexity of the multi-user MLSD detector falls be-
yond current implementation limits. Suboptimal solutions
are therefore necessary. One possible strategy, known as
“onion peeling” technique, consists in first decoding the
user having the largest power then subtracting it out from
the received data. The procedure is repeated on the resid-
ual signal, until all users are decoded. Linear receivers,
described below, also constitute another form of subopti-
mal but simple approach to signal detection.

C.3 Minimum mean square error detection

The space-time minimum mean square error (ST-
MMSE) beamformer is a space-time linear filter whose
weights are chosen to minimize the error between the trans-
mitted symbols of a user of reference and the output of the
beamformer defined as y(k) = W} X(k). Consider a sit-
uation with @ users. Let g be the index of the user of
reference. W, is found by:

tmin Ely(k) - s,(k — ) (22)

where d is the chosen reconstruction delay. E() here de-
notes the expectation operator. The solution to this prob-
lem follows from the classical normal equations:
W, = B(X(k)X(k)™) " B(X(k)sq(k —d)*) (23)
The solution to this equation can be tracked in various
manners, for instance using pilot symbols. Also, it can be
shown that the intercorrelation term in the right-hand side
of Eq. (23) corresponds to the vector of channel coefficients
of the decoded user, when the symbols are uncorrelated.
Hence Eq. (23) can also be solved using a channel estimate.
ST-MMSE combines the strengths of time-only and
space-only combining, hence is able to suppress both ISI
and CCI. In the noise free case, when the number of
branches is large enough, W, is found to be a solution
of Eq. (19). In the presence of additive noise, the MMSE
solution provides a useful trade-off between the so-called
zero-forcing solution of Eq. (19) and the maximum SNR
solution. Finally the computational load of the MMSE is
well below than that of the MLSD. However MLSD outper-
forms the MMSE solution when ISI is the dominant source
of interference.

C.4 Combined MMSE-MLSD

The purpose of the combined MMSE-MLSD space-time
receiver is to be able to deal with both ISI and CCI using
a reasonable amount of computations. The idea is to use
a ST-MMSE in a first stage to combat CCI. This leaves us
with a signal which is dominated by ISI. After channel esti-
mation, a single-user MLSD algorithm is applied to detect
the symbols of the user of interest. Note that the channel
seen by the MLSD receiver corresponds to the convolution
of the original SIMO channel with the equalizer response.

C.5 Space-time Decision Feedback Equalization

The Decision Feedback Equalizer is a non-linear struc-
ture that consists of a space-time linear feedforward filter
(FFF) followed by a non-linear feedback filter. The FFF
is used for precursor ISI and CCI suppression. The non-
linear part contains a decision device which produces sym-
bol estimates. An approximation of the postcursor ISI is
formed using these estimates and is subtracted from the
FFF output to produce new symbol estimates. This tech-
nique avoids the noise enhancement problem of the pure
linear receiver and has a much lower computational cost
than MLSD techniques.

D. Blind space-time processing methods

The goal of blind space-time processing methods is to
recover the signal transmitted by one or more users given
only the observation of the channel output and minimal
information on the symbol statistics and/or the channel
structure. Basic available information may include the
type of modulation alphabet used by the system. Also, the
fact that channel is quasi-invariant in time (during a given
data frame) is an essential assumption. Blind methods do
not, by definition, resort to the transmission of training
sequences. This advantage can be directly traded for an
increased information bit rate. It also helps to cope with
the situations where the length of the training sequence
is not sufficient to acquire an accurate channel estimate.
Tutorial information on blind estimation can be found in
[9].

Blind methods in digital communications have been the
subject of active research over the last twenty years. It was
only recently recognized, however, that blind techniques
can benefit from the utilization of the spatial dimension.
The main reason is that oversampling the signal in space
using multiple antennas, together with the exploitation of
signal/channel structure, allows for efficient channel and
beamformer estimation techniques.

D.1 Blind channel estimation

A significant amount of research work has been focused
lately on identifying blindly the impulse response of the
transmission channel. The resulting techniques can be
broadly categorized into three main classes: higher-higher
order statistics (HOS) methods, second-order statistics
(SOS) methods, and maximum-likelihood (ML) methods.

HOS methods look at third and fourth-order moments of
the received data and exploit simple relationships between
those moments and the channel coefficients (assuming the
knowledge of the input moments), in order to identify the
channel. In contrast, the SOS of the output of a scalar (sin-
gle input-single output) channel do not convey sufficient
information for channel estimation, since the second-order
moments are “phase-blind”.

In SIMO systems, SOS does provide the necessary phase
information. Hence, one important advantage of multi-
antenna systems lies in the fact that they can be identified
using second-order moments of the observations only. From
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an algebraic point of view, the use of antenna arrays creates
a low-rank model for the vector signal given by the channel
output. Specifically, channel matrix H in Eq. (14) can be
made tall and full column rank under mild assumption on
the channels. The low-rank property allows to identify the
column span of H from the observed data. Along with the
Toeplitz structure of H, this information can be exploited
to identify the channel.

D.2 Direct estimation

Direct methods bypass the channel estimation stage and
concentrate on the estimation of the space-time filter. The
use of antenna arrays (or oversampling in time or space in
general) offers important leverages in this context too. The
most important one is perhaps the fact that, as was shown
in Eq. (17), the SIMO system can be inverted exactly using
a space-time filter with finite time taps, in contrast with
the single-output case.

HOS methods for direct receiver estimation are typically
designed to optimize a non-linear cost function of the re-
ceiver output. Possible cost functions include Bussgang
cost functions (Sato, Decision-Directed, Constant Modulus
(CM) algorithms), and kurtosis-based cost functions. The
most popular criterion being perhaps the CM criterion in
which the coefficients of the beamformer W are updated
according to the minimization (though gradient-descent al-
gorithms) of:

J(W) = E(ly(k)]* - 1)

where y(k) is the beamformer output.

SOS techniques (sometimes also referred to as “algebraic
techniques”) look at the problem of factorizing, at least
implicitly, the received data matrix X into the product of
a block-Toeplitz channel matrix H and a Hankel symbol
matrix S

X ~HS (24)

A possible strategy is as follows: Based on the fact that
‘H is a tall matrix, the row span of S coincides with the row
span of X. Along with the Hankel structure of S, the row
span of S can be exploited to uniquely identify S.

D.3 Multi-user receiver

The extension of blind estimation methods to a multi-
user scenario poses important theoretical and practical
challenges. These challenges include an increased number
of unknown parameters, more ambiguities caused by the
problem of user mixing, and a higher complexity. Further-
more, situations where the users are not fully synchronized
may result in a abruptly time-varying environment which
makes the tracking of the channel or receiver coefficients
difficult.

As in the non-blind context, multi-user reception can be
regarded as a two-stage signal equalization plus separation
process. Blind equalization of multi-user signals can be ad-
dressed using extensions of the aforementioned single-user
techniques (HOS, CM, SOS or subspace techniques). Blind
separation of the multi-user signals needs new approaches,

since subspace methods alone are not sufficient to solve the
separation problem. In CDMA systems, the use of differ-
ent user spreading codes makes this possible. In TDMA
systems, a possible approach to signal separation consists
in exploiting side information such as the finite alphabet
property of the modulated signals. The factorization Eq.
(24) can then be carried out using alternate projections
(see [10] for a survey). Other schemes include adjusting a
space-time filter in order to restore the CM property of the
signals.

E. Space-time processing for DS-CDMA

Direct-sequence CDMA (DS-CDMA) systems are ex-
pected to gain a significant share of the cellular market. In
CDMA, the symbol stream is spread by a unique spread-
ing code before transmission. The codes are designed to
be orthogonal or quasi orthogonal to each other, making it
possible for the users to be separated at the receiver. See
[11] for details. As in TDMA, the use of smart antennas in
CDMA system improves the network performances.

We first introduce the DS-CDMA model, then we briefly
describe space-time CDMA signal processing.

E.1 Signal model

Assume M > 1 antennas. The received signal is a vector
with M components and can be written as:

Q S
x(t) = Z Z sq(k)pg(t — KT) + n(t)

g=1k=—cc

where s4(k) is the information bit stream for user ¢, py(t)
is the composite channel for user ¢ that embeds both the
physical channel h,(t) (defined as in the TDMA case) and
the spreading code ¢,(p) of length P, i.e.:

P—-1

Py(t) = Y cq(p)hy(t — pT/P)

p=0
E.2 Space-time receiver design

A popular single-user CDMA receiver is the RAKE com-
biner. The RAKE receiver exploits the (quasi) orthogonal
codes to resolve and coherently combine the multipath. It
uses one correlator for each path and then combines the
outputs to maximize the SNR. The weights of the com-
biner are selected using diversity combining principles. The
RAKE receiver is a matched filter to the spreading code
plus multipath channel.

The space-time RAKE is an extension of the above. It
consists of a beamformer for each path followed by a RAKE
combiner (see figure 8). The beamformer reduces the CCI
at the RAKE input and thus improves the system capacity.

VII. SPACE-TIME ALGORITHMS FOR THE FORWARD LINK

A. General principles of transmit space-time processing

In transmit space-time processing, the signal to be trans-
mitted is combined in time and space before it is radiated
by the antennas to encounter the channel. The goal of
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Fig. 8. The space-time RAKE receiver for CDMA uses a beamformer
to spatially separate the signals, followed by a conventional RAKE.

this operation is to enhance the signal received by the de-
sired user, while minimizing the energy sent towards other
co-channel users. Space-time processing makes use of the
spatial and temporal signature of the users to differenti-
ate them. It may also be used to pre-equalize the channel,
i.e. to reduce ISI in the received signal. Multiple antennas
can also be used to offer transmit diversity against channel
fading.

B. Channel estimation

The major challenge in transmit space-time processing
is the estimation of the forward link channel. Further, for
CCI suppression, we need to estimate the channels of all
other co-channel users.

B.1 TDD systems

Time division duplex (TDD) systems use the same fre-
quency for the forward link and the reverse link. Given the
reciprocity principle, the forward and reverse link channels
should be identical. However, transmit and receive take
place in different time slots, hence the channels may differ
depending on the ping-pong period (time duration between
receive and transmit phases) and the coherence time of the
channel.

B.2 FDD systems

In frequency division duplex (FDD) systems, reverse and
forward links operate on different frequencies. In multipath
environment, this can result in the reverse and forward link
channels to differ significantly.

Essentially, in a specular channel, the forward and re-
verse DOAs and TOAs (time of arrival) are the same, but
not the path complex amplitudes. A typical strategy con-
sists in identifying the DOAs of the dominant incoming
path, then using spatial beamforming in transmit in order
to focus energy in these directions while reducing the ra-
diated power in other directions. Adaptive “Nulls” may
also be formed in the directions of interfering users. How-
ever, this requires the DOAs for the co-channel users to be
known.

A direct approach for transmit channel estimation is
based on feedback. This approach involves the user es-
timating the channel from the downlink signal and sending
this information back to the transmitter. In the sequel, we

assume that the forward channel information is available
at the transmitter.

C. Single-user MMSE

The goal of space-time processing in transmit is to max-
imize the signal level received by the desired user, coming
from the base station, while minimizing the ISI and CCI
to other users. The space-time beamformer W is chosen
so as to minimize the following MMSE expression:

min { B [WHHES, (k) — 5,0k — d)[|; +

Q
a Y WIH{H{TW
k=1,k#q

where « is a parameter that balances the ISI reduction
at the reference mobile and the CCI reduction at other
mobiles. d is the chosen reconstruction delay. Hf is the
block-Toeplitz matrix (defined as in Eq. (14)) containing
the coefficients of the forward link channel for the desired
user. ’H,f ,k # q denotes the forward channel matrix for
the other users.

(25)

D. Multi-user MMSE

Assume that ) co-channel users, operating within a
given cell, communicate with the same base station. The
multi-user MMSE problem involves adjusting () space-time
beamformers so as to maximize the signal level and min-
imize the ISI and CCI at each mobile. Note that CCI
that originates from other cells is ignored here. The base
communicates with user g through a beamformer W,. All
beamformers W, ¢ = 1..Q) are jointly estimated, based on
the optimization of the following cost function:

Q
. 2
Wq{r;lzriQ;{EHWngSq(k)—sq(k—d)||2 +
Q
a Y WIHIHITW, (26)
k=1k#£q

It turns out that the problem above decouples into @ in-
dependent quadratic problem, each having the form shown
in Eq. (25). The multi-user MMSE problem can therefore
be solved without difficulty.

E. Space-time coding

When the forward channel is unknown or only partially
known (in FDD systems), transmit diversity cannot be im-
plemented directly as in TDD systems, even if we have mul-
tiple transmit antennas that exhibit low fade correlation.
There is an emerging class of techniques which offer trans-
mit diversity in FDD systems by using space-time channel
coding. The diversity gain can then be translated into sig-
nificant improvements in data rates or BER performance.

The basic approach in space-time coding is to split the
encoded data into multiple data streams each of which is
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modulated and simultaneously transmitted from a differ-
ent antenna. Different choices of data to antenna mapping
can be used. All antennas can use the same modulation
and carrier frequency. Alternatively different modulation
(symbol waveforms) or symbol delays can be used. Other
approaches include use of different carriers (multicarrier
techniques) or spreading codes. The received signal is a
superposition of the multiple transmitted signals. Channel
decoding can be used to recover the data sequence. Since
the encoded data arrived over uncorrelated faded branches,
diversity gain can be realized.

VIII. APPLICATIONS OF SPACE-TIME PROCESSING

We now briefly review existing and emerging applications
of space-time processing that are current deployed in base
stations of cellular networks.

A. Switched beam systems

Switched beam systems (SBS) are non-adaptive beam-
forming systems which involve the use of four to eight an-
tennas per sector at the base station. Here, the system is
presented for receive beamforming but a similar concept
can be used for transmit. The cell usually consists of three
sectors that cover a 120 degree angle each. In each sector,
the outputs of the antennas are combined to form a number
of beams with pre-designed patterns. These fixed beams
are obtained through the use of a Butler matrix. In most
current cellular standards (including analog FDMA and
digital FDMA/TDMA) a sector and a channel/time slot
pair is affected to one user only. In order to enhance the
communication with this user, the base station examines,
through an electronic “sniffer”, the best beam output and
switches to it. In some systems, two beams may be picked
up and their outputs are forwarded to a selection diversity
device. Since the base also receives signals from mobiles in
surrounding cells, the sniffer should be able to detect the
desired signal in the presence of interferers. To minimize
the probability of incorrect beam selection, the beam out-
put is validated by a color code that identifies the user. In
digital systems, beam selection is performed at baseband,
after channel equalization and synchronization.

SBS provide array gain which can be traded for an ex-
tended cell coverage. The gain brought by SBS is given
by 10logm, where m is the number of antennas. SBS also
helps combat CCI. However, since the beams have a fixed
width, interference suppression can occur only when the de-
sired signal and the interferer fall into different beams. As
a result, the performance of such a system is highly depen-
dent on propagation environments and cell loading condi-
tions. The SBS also experience several losses like cusping
losses (since there is 2-3 dB cusp between beams), beam
selection loss, mismatch loss in the presence of non planar
wavefronts, and loss of path diversity.

B. Reuse within cell

Since cellular communication systems are (increasingly)
interference limited, the gain in CCI reduction brought by
the use of smart antennas can be traded for an increase in

the number of users supported by the network for a given
quality of service. In current TDMA standards, this ca-
pacity improvement can be obtained through the use of
a smaller frequency reuse factor. Hence, the available fre-
quency band is reused more often and consequently a larger
number of carriers are available in each cell.

Assuming a more drastic evolution of the system design,
the network will support several users in given frequency
channel in the same cell. This is called reuse within cell
(RWC). RWC assumes these users have sufficiently differ-
ent space-time signatures so that the receiver can achieve
a sufficient signal separation. When the users become too
closely aligned in their signatures, space-time processing
can no longer achieve signal recovery and the users should
be handed off on different frequencies or time slots. As an-
other limitation of RWC, the space-time signatures (chan-
nel coefficients) of each user needs to be acquired with good
accuracy. This can be a difficult task when the power of
the different users are not well balanced. Also, the propa-
gation environment plays a major role in determining the
complexity of the channel structure. Finally, angle spread,
delay spread and Doppler spread strongly affect the quality
of channel estimation.

IX. SUMMARY

Smart antennas constitute a promising but still emerg-
ing technology. Space-time processing algorithms provide
powerful tools to enhance the overall performance of wire-
less cellular networks. Improvements, typically by a factor
of two in cell coverage or capacity are shown to be possi-
ble according to results from field deployments using sim-
ple beamforming. Greater improvements can be obtained
from some of the more advanced space-time processing so-
lutions described in this paper. The successful integration
of space-time processing techniques will however also re-
quire a substantial evolution of the current air interfaces.
Also, the design of space-time algorithms must also be ap-
plication and environment specific.
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TABLE 1
LEVERAGES OF SPACE-TIME PROCESSING.

Reduces Tx CCI
Space-time processing for transmit (Tx) | Maximizes Tx diversity
Reduces ISI

Increases Tx EIRP
Reduces Rx CCI
Space-time processing for receive (Tx) Maximizes Rx diversity
Eliminates ISI
Increases C/N

TABLE II
TYPICAL DELAY, ANGLE AND DOPPLER SPREADS IN CELLULAR RADIO SYSTEMS.

Environment Delay Spread | Angle Spread | Doppler Spread
Flat Rural (Macro) 0.5 psec 1 deg 190 Hz
Urban (Macro) 5 psec 20 deg 120 Hz
Hilly (Macro) 20 psec 30 deg 190 Hz
Microcell (Mall) 0.3 psec 120 deg 10 Hz
Picocell (Indoors) 0.1 psec 360 deg 5 Hz




