Abstract

Base station antenna arrays are a promising method for providing large capacity increases in cellular mobile radio systems. This article
considers channel-modeling issues, receiver structures, and algorithms, and looks at the potential capacity gains that can be achieved.
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ireless communications have
become a significant area of growth within the last few years.
There are a diverse range of products and services currently
on the market, but cellular or personal communications ser-
vices (PCS) radio networks probably have the highest public
profile. These services provide highly mobile, widely accessible
two-way voice and data communications links [1]. In general,
the most complex and expensive part of the radio path for
these systems is the base station. As a result, manufacturers
have been designing networks that have high efficiency in
terms of the bandwidth occupied and the number of users per
base station [2]. This trend has been at the expense of high-
power transmitters and receivers which employ very computa-
tionally expensive signal processing techniques.

The second generation of cellular telephones, based on
digital signaling and time and frequency division multiple
access, have recently been introduced round the world. Typi-
cal examples include the European Global System for Mobile
Telecommunications (GSM) and the North American IS-54
access protocols [3]. However, there is also considerable inter-
est in code division multiple access (CDMA) techniques for cellu-
lar systems [4]. The IS-95 standard for CDMA cellular systems
was published in 1992; there is also interest in CDMA systems
for the U.S. 1.9 GHz PCS bands [5] and the European third-
generation universal mobile telephone system (UMTS) [6].

Whatever the relative merits of a given cellular system, it
seems that considerable system capacity gains are available
from exploiting the different spatial locations of cellular users
[7]. There are a number of methods to achieve this, from sim-
ple sectorization schemes [8] to complex adaptive antenna
array techniques [9]. This article will consider antenna arrays
for the mobile-to-base-station or reverse link of a CDMA cel-
lular system. It begins with an introduction to CDMA commu-
nications systems and also addresses the general topic of
antenna array receivers. Channel modeling is then discussed,
because this will influence the design of CDMA receivers. The
specific form of receiver algorithms will then be discussed,
and some performance comparisons are provided. Finally, the
most important question for implementing antenna array sys-
tems is what capacity gains are achievable. Some simple analy-
sis is presented to provide an initial answer.

Direct-Sequence CDMA

DMA techniques are based on spread spectrum commu-
Cnications, which were originally developed for military
applications. A simple definition of a spread spectrum
signal is that its transmission bandwidth is much wider than
the bandwidth of the original signal [10]. There are a number

of ways to achieve this, but this article will focus on direct-
sequence spread spectrum techniques, which are used in IS-
95-based systems.

The reverse links for all users within a CDMA system
can be conducted over the same radio frequency (RF) band-
width so that complete frequency reuse for that link is
obtained throughout all cells [4]. To distinguish one user’s
transmission from another, each mobile modulates the
voice data symbols by a pseudo-noise (PN) code. Each sym-
bol is composed of W binary “chips” which have a much
shorter period than that of the original data symbols, so the
signal bandwidth is considerably increased. The generic
form of the reverse link for a binary phase shift keying
(BPSK) spread spectrum system, using noncoherent detec-
tion at the receiver is shown in Fig. 1a. A PN code ¢(¢), such
as that shown in Fig. 1b, is used to modulate the baseband
data x(¢) and the resulting signal transmitted to the base
station. The receiver employs noncoherent quadrature
demodulation to recover the signal amplitude and phase. This
signal is correlated with the PN code to provide a delayed
estimate of the transmitted data X(¢ — ;), where ¢; denotes the
time delay. A typical PN code auto-correlation function
observed at the correlator output is shown in Fig. Ic: it
takes on significant values only within one chip of the code
arrival time.

The reverse link of a CDMA system such as that specified
by IS-95 has a number of essential characteristics for effective
multiple access communication. A detailed introduction to
spread spectrum and CDMA techniques can be found in
[11-13], but here only points relevant to this discourse will be
addressed.

Spread Spectrum Bandwidth — The chip rate of the spread
spectrum signal is an important parameter, and is inversely
proportional to the chip period .. A number of different chip
rates have been proposed for such systems, but a chip period
of approximately 800 ns (chip rate 1.25 MHz) will be assumed
for this article. Such a system is often called narrowband
CDMA, because the baseband bandwidth is much smaller
than the RF carrier frequency, which is usually at least 900
MHEz for cellular systems.

Modulation Scheme — The reverse link of an 1S-95 system
employs 64-ary orthogonal data modulation, transmitted using
offset quadrature phase shift keying (QPSK) [11]. This article
will be concerned with assessing general trends rather than
providing specific results for different cellular systems. So, for
simplicity, a system employing differential phase shift keying
(DPSK) modulation will be considered [14].
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Multipath Diversity — In urban areas, multipath
propagation is common, whereby the receiver
observes a large number of copies of the trans-
mitted signal, each with a different time delay.
The noise-like autocorrelation function of a PN
code, shown in Fig. 1c, means that the correlator
receiver can resolve multipath components
which are spaced by 1 chip period up to the
symbol period. This provides a form of multi-
path diversity, which can be exploited by using a
RAKE receiver at the output of the code corre-
lators [15].

Asynchronous Operation — The reverse link of
a CDMA system is usually asynchronous, in the
sense that the arrival times for each user’s code
are different. This means that the receiver for
each user will observe interference from all
other users in the system, since the transmitted
codes will not be orthogonal. Hence, the num-
ber of users that can be simultaneously accom- -
modated in one cell is interference-limited.

Power Control — A corollary to the above is that power con-
trol is essential on the reverse link, to minimize multiple
access interference. Otherwise, mobile transmitters far away
from the cell’s base station will be swamped by interference
generated by users closer to the receiver. If all signals arrive
with the same power, the receiver’s tolerance to CDMA inter-
ference is proportional to the processing gain [12], W = t/t,,
where ¢, is the symbol period.

The obvious way to increase the capacity of a CDMA sys-
tem is to reduce the levels of multiple access interference.
This may be achieved by directly canceling the interference
[16] or by employing a multi-user receiver which simultane-
ously demodulates all users [17]. In this article, an approach
based on antenna array receivers will be considered.

Why Use an Antenna Array ?

n antenna array consists of M identical! antenna
/4 receivers, whose operation and timing is usually con-
trolled by one central processor. The geometry of the
antenna locations can vary widely, but the most common con-
figurations are to place the antennas around a circle (circular
array) or along a straight line (linear array). Antenna arrays
have frequently been proposed for the operation of radar and
communications systems in a military context [18]: it is possi-
ble to perform direction finding tasks and to null out enemy
interferers. However, in the context of civilian cellular sys-
tems, the aim of the antenna array receiver is purely to pro-
vide acceptable error performance and hence maximize the
signal-to-interference and noise ratio (SINR) for each user in
the system. An antenna array containing M elements can pro-
vide a mean power gain of M over white noise, but suppres-
sion of interference from other cellular users is dependent on
the form of the received data.

A good model for the received data in a power-controlled
CDMA system is a strong desired signal corrupted by a large
number of small cross-correlation interference terms, which
arrive with a uniform distribution from throughout the cell.2
The array can null out M — 1 interferers, but for a CDMA sys-
tem this is unlikely to significantly improve the received SINR

I This is not strictly necessary; orthogonally polarized elements, for exam-
ple, could be used instead.

M Figure 1. a) The general form of a direct-sequence spread spectrum system; b)
a typical PN code; ¢) a typical auto-correlation function for a PN code.

[9]° because of the very large number of interference compo-

nents. In general, a better methodology is to estimate the

form of the received signal and determine the matched filter

solution [19]. This form of receiver can exploit any spatial

diversity present, while suppressing the mean level of CDMA

interference by a factor proportional to M. Assuming that the

antenna array provides significantly improved SINR levels at

the base station receiver, the number of channel errors, mea-

sured by the bit error ratio (BER), will reduce. This provides

the cellular operator with some degrees of freedom which

may be used for the following purposes [9, 20, 21]:

* To increase the number of active users for a given BER
quality threshold

* To improve the BER performance for a given number of
users within a cell

* To reduce the SINR required at each antenna to achieve a
target BER, thus reducing the transmit power required by
the mobile handset for the reverse link

* To increase the range of the base station receiver and thus
the cell size

* To permit a less stringent form of reverse link power con-
trol while maintaining acceptable BER performance
While antenna arrays provide many advantages, these must

be offset against the cost and complexity of their implementa-

tion. There are a number of points which must be taken into

account here [22, 23]:

* The hardware/software requirements increase as M demod-
ulators are required for each user.

* The M receivers must be accurately synchronized in time to
provide effective performance.

* The computational complexity of array processing algo-
rithms can be very large.

* The array size will be constrained by the available space for
a base station. Usually, the spacing of antenna elements
varies from one-half to tens of RF carrier wavelengths.

2 This assumption permits general results to be obtained for system capaci-
ty. However, the validity of this assumption will depend on the layout of
the cell for practical situations.

3 An exception is if a mobile undergoes a power control error and trans-
mits at a very high power; nulling out the resulting interference is clearly
desirable in this case.
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@ Figure 2. a) A typical channel impulse response for an urban area; b) the discrete

tap channel model.

* Practical antenna arrays may be adversely affected by chan-
nel modeling errors, calibration errors, phase drift, and
noise which is correlated between antennas.

With these points in mind, this article will move on to con-
sider channel modeling aspects of antenna arrays. This will
motivate a discussion on the likely form of a CDMA antenna
array base station receiver.

Channel Modeling Considerations

n order to correctly specify the structure of an antenna
larray base station receiver, it is important to understand

the characteristics of the radio channels that are likely to
occur. There are many different types of channel model
appropriate to different radio systems and scenarios, but here
a channel model will be developed for a large CDMA macro-
cell operating in an urban environment. For simplicity, the
case of a single antenna receiver will be initially considered:
the results will be generalized for an antenna array receiver in
the next section.

One of the most important methods for characterizing a
radio channel is to determine its impulse response. This pro-
vides an indication of the severity of multipath propagation,
which occurs due to multiple copies of the signal arriving at
the receiver with different amplitudes and time delays. In
dense urban areas there are many buildings and obstacles that
give rise to multipath propagation, and the range of times of
arrival can be significant. A typical impulse response for an
urban area, drawn from the European COST-207 channel
models [24], is shown in part Fig. 2a.

The correlation function of a typical CDMA code takes
significant values within *1 chip of the time of arrival of the
code. This means that a CDMA correlator receiver is able to
resolve multipath components of the signal which are spaced
in time by 1 chip up to the symbol period. As a result, the
channel impulse response measured by a CDMA receiver is
often modeled by discrete channel taps [25], spaced in time by
1 PN code chip. A typical discrete tap model is shown in Fig.
2b. Each channel tap may be characterized by the
following parameters: the statistical distribution of
the received signal envelopes and phases, the tem-
poral variation of each tap and the spatial varia-
tion of each tap. The symbol period for an 1S-95
type system is quite high (approx. 100 us) com-
pared to the impulse response duration (typically a
few us), so it is commonly assumed that the num-
ber of significant channel taps K << W.

It is often assumed that each channel tap is
wide-sense-stationary for the mobile moving over
short distances, up to a few tens of carrier wave-
lengths. This means that the signal variation is due
purely to phase changes in a set of independent

multipath components which cannot be sep-
arated in time [26, Ch. 2]. The resolvable
channel taps are assumed to be uncorrelated
as each tap arises due to contributions from
different multipath scatterers. The exact dis-
tributions of the signal envelopes are a func-
tion of the signal bandwidth but, for a
narrowband CDMA system, two distribu-
tions are often proposed. If a dominant line
of sight (LOS) path exists between the trans-
mitter and receiver, the first received signal
component will follow a Rician distribution.
However, in urban areas, this is often not
true: each channel tap consists of a number
of independent multipath scatterers with the
same probability distribution. Applying the central limit theo-
rem, the received signal envelope statistics can be assumed to
follow the Rayleigh distribution. As the mobile moves, the sig-
nal strength regularly changes by 20-30 dB: the phenomenon
of a sudden loss of signal power in this context is often called
fading.

Over a longer period of time, the average (averaged over
the Rician or Rayleigh fading) received signal power levels
vary according to shadowing effects, which have been found to
follow a log-normal distribution. The standard deviations
quoted for this distribution vary between 4--12 dB according
to the type of environment encountered [27]. In addition, the
average received power varies inversely with the transmitter-
receiver distance R, raised to the power n. Again, the value of
n varies widely, but for urban areas its value is often approxi-
mated as 4 [26, Ch. 2]. In this article, it will be assumed that
power control can adequately compensate for these effects
but that it is unable to compensate for Rayleigh “fast” fading:
this is somewhat pessimistic compared to the quoted results
for IS-95 power control systems [11].

The time variation of each channel tap depends on the
motion of the mobile. As the mobile moves through spatial
locations with different field strengths, each multipath compo-
nent of the received signal is subject to a Doppler shift in fre-
quency. For a CDMA signal not subject to data modulation,
calculating the power spectrum of each channel tap shows the
distribution of Doppler frequencies for the constituent multi-
paths. The maximum Doppler frequency v,,, is proportional to
the vehicle speed v, according to the equation

Vi = V/A (1)

where X is the carrier wavelength. There are two different
forms of multipath scattering, according to the excess time
delay of the given channel tap [13]:

Small Excess Time Delays — The channel tap may be mod-
eled as the accumulation of multipath components received
from scatterers close to the mobile. This gives rise to the clas-

¥ Figure 3. The classical Doppler model: a) Geometry of multzpa[h scattering;
b) the associated Doppler power spectrum for the channel tap.
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sical Doppler power spectrum of the received multipath
components, which is illustrated in Fig. 3. The equation for
the Doppler power spectrum S(v) is given by [26, Ch. 2]

! M<v,,

T2
1_[L] &)
VII‘I

where v is the Doppler frequency and a is a scaling factor.

S(v) =

Large Excess Time Delays — The classical Doppler model
does not provide a plausible geometric model for this type

of scattering. Instead, multipath energy is more likely to
have a narrow Doppler spread, having arisen from reflec-
tions off isolated obstacles such as buildings or hills. One such
reflection may be modeled as having a Gaussian distributed
power spectrum[24], as shown in Fig. 4. The bearing of the
multipath component may be determined by drawing an
ellipse — sometimes called the “ellipse of Kassini” — whose
major axis is the multipath length and whose foci are the
transmitter and receiver [28], as shown in Fig. 4. A typical
channel tap with a large time delay may comprise several such
reflections.

The instantaneous variation of signal power in space for a
channel tap depends on the angles of arrival of the multipath
components. The distribution of multipath energy with angle
has been simulated using several different methods in the lit-
erature. Lee [29] used a model based on a cosine function
raised to a high power to represent the angular width (or
angle spread); a Gaussian distribution of multipath energy
with angle has also been used [30]. However, one of the sim-
plest models is due to Salz and Winters [31], who use a uni-
form distribution of energy with angle — this model will be
used for the remainder of this article. The model is shown in
Fig. 5a, which shows the geometry of the model for near-in
scattering. The angular width 24 depends on the scattering
circle radius r and the distance to the base station R. The cen-
ter bearing 8y is simply that of the mobile; for scattering with
large excess time delays, a similar geometry applies replacing
the circle of scatterers with the reflector giving rise to that
component.

Maodeling the Received Signal

n order to model a multipath channel, it will be assumed
’that each channel tap consists of a number of independent

components. Assume that the first chip of the first channel
tap for the first transmitted symbol begins to arrive at the
receiver at time ¢ = 0. Then the kth channel tap for the nth
symbol will be detected at time nt; + (k — 1)t,, where #; and ¢,
are the symbol and chip periods, respectively. This tap, when
measured at the output of the desired PN code correla-
tor for a single receiver, will be denoted as

xy(k, ntg + (k= 1)t)
and may be expanded as:

xyGkont, +(k—1)t,)
O ) 3)
=d(mY, Ay explj2m v, [nr, +(k=Dr. | +0;))

i=1
where Q) denotes the number of multipaths that make
up the kth tap, d(n) denotes the nth transmitted sym-
bol, and {A4y;, v;, ¢;}denote the amplitude, Doppler fre-
quency and phase of the ith multipath. In this article it
will be assumed that for a fixed value of k the ampli-
tudes Ay, are all equal, the phases ¢; are uniformly dis-

W Figure 5. a) The physical geometry for the Salz/Winters model; b) the
uniform distribution of multipath energy with angle.

M Figure 4. a) The geometry for scattering with large excess time

delays; b) the Gaussian-distributed Doppler power spectrum.

tributed over [0, 2r] radians, and the Doppler frequencies v;
are distributed to give the appropriate Doppler spectrum
shown in Fig. 3 or 4. Equation (3) makes explicit the fact that
each channel tap is a continuous function of time, although
the PN code auto-correlation function means that it may only
be observed once per transmitted symbol. Equation (3)
assumes that K << W so that there is no significant inter-sym-
bol interference.

This model can easily be extended to the case of an anten-
na array, using the narrowband CDMA assumption from the
second section. The array will be considered to lie in the hori-
zontal plane, with maximum length and breadth of several
carrier wavelengths. In this case, each multipath arrives at all
the array elements at the same time, but with an appropriate
phase shift at each antenna. The form of the phase shifts is
specified by the M x 1 array steering vector a(6), which may
be thought of as the array response to a unit impulse arriving
from bearing 6. The channel model now consists of an M x 1
vector for each channel tap: the kth channel tap vector for the
nth symbol may be written as [32]:

x(k;nty, + (k=)

=[x, (k,ntg + (k=) ), x5 (kynt g+ (k=1)t.),...,

xy (ot +(k=1y.)1
Q.
= zAd(n)Aki exp(j2mvint, +(k—Dycl+0,)a(®,) )
i=1

=d(n)A,q(k,ntg + (k—1)t.)exp(Qy)

where 6; denotes the bearing of the ith multipath, x,,(k, nt; +
(k — 1)z.) is the channel tap output at the mth antenna, Ay
denotes the signal amplitude, and xT denotes the vector trans-
pose operation. The first entry of q is specified to be a posi-
tive real number, so the term exp('¥;) represents the carrier
phase of the kth multipath at the first antenna at time z.

The statistics of a given channel tap vector x(k, t) are of
interest. The phase of each entry of x(k, t) is uniformly dis-
tributed over [0, 2x], so the mean vector of x(k, ¢} is the zero
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vector. The second order moments of x(k, t) are specified by
its M x M mean covariance matrix ¥y, which is defined as:

¥, = E[x(k,0)x (k,1)]

AZ 0, +A Hoooo H )
i Jo, ala@a” ©@7a" @a@)do
where E[] denotes the statistical expectation operator. The
integral term arises from the fact that the distribution of mul-
tipath energy is uniform over the bearings [68g — A, 8y + A].
The leading diagonal entries of this matrix specify the mean
power levels of the channel tap at each antenna element; the
other entries specify the cross-correlation between the chan-
nel tap signals at two different antennas.
In practice, measurements of x(k, f) are corrupted by three
sources of interference:
¢ Background noise
» Auto-correlation interference from all the other taps of the
given user’s channel
* Cross-correlation interference from other users operating
over the same bandwidth in the CDMA system
In a cellular system, the effect of the third is usually much
worse than that of the first or second, and it is the limiting
factor on CDMA capacity. Neglecting the first and second,
the measured data vector y(nt; + (k - 1)t.), of size M x 1,
from the antenna array at time nz; + (k — 1)f, may be written
simply as the sum x(k, nty + (k - 1)t.) + n(nt; + (k = 1)¢t,).
The M x 1 vector n(f) represents the total multiple-access
interference measured across the array. Initially, it will be
assumed that m(¢) consists of spatially and temporally white
Gaussian noise of zero mean and variance 62,

Signal-Combining Methods

tis clear from the previous section that the antenna array
’has to process a number of copies of the desired signal,

each of which is corrupted by undesirable interference. If
there are K significant channel taps observed at the M ele-
ments of the array, there are K x M separate data samples to
be considered when making a decision on each transmitted
symbol. This situation requires what is called a “multichannel”
receiver, equivalent to receiving the information over K x M
separate narrowband flat-fading channels. The best approach
to this problem is to weight each channel appropriately and
combine them together, before making a data decision. In this
section, methods for combining an arbitrary number of chan-
nels will be considered; in the next section, specific receiver
structures will be described.

The main difficulty in designing such a receiver is to decide
how to scale cach data sample before combining. Consider L
multichannels, denoted as z(/, ), which are to be combined.
The nth sample for the /th multichannel is of the form

d(n) Ay expijoy; + nl(n)

(consistent with the final part of Eq. (4)). Here d(n) denotes
the nth transmitted symbol, 4; denotes the signal amplitude,
¢; the demodulated signal carrier phase and 1;(n) denotes all
the additive interference. There are many approaches to this
problem, but here four fundamental methods will be discussed
[9, 33]:

Selection Diversity — If the receiver has to process a number
of multichannels simultaneously, one method is simply to
choose the multichannel which is presumed to have the
largest signal power. This approach is quite simple, while per-
mitting some performance improvement over single antenna
receivers, However, this method does not provide the opti-
mum improvement in SINR that can be obtained. The chosen

multichanne] must also be subject to data demodulation to
determine d(n).

Maximal Ratio Combining — If the interference observed on
each separate multichannel is assumed to be uncorrelated,
maximal ratio combining is the method which maximizes the
SINR of the combined signals. If the interference has the
same standard deviation signal for all multichannels, this
method scales each signal by the complex scalar 4; exp{—jo;}.
Practical methods for estimating the carrier phases {¢,} are
described in [34, Sec. 4.5]

Noncoherent Combining — If the receiver employs DPSK
detection, the carrier phase reference is simply the data sam-
ple obtained for the previous symbol. The magnitude of the
previous data sample also provides an estimate of the ampli-
tude A, so the multichannels may be combined as follows:

L
d(ny =Y RizG,n)z *(i,n~1)} (6)
i=1
whered(n) is the estimate of the current transmitted symbol,
z* indicates the complex conjugate operation and R denotes
the real part of a complex number. As the combiner weights
z*(i, n — 1) are noisy, the SINR of the combined signals tends
to be poorer than for maximal ratio combining. For currently
used dual-diversity antennas (L = 2), the loss in SINR at the
system operating point is typically less than 1 dB: however, as
L increases the losses become greater [34, p. 302].

Wiener Filtering — The three techniques described so far are
based on maximizing the signal power at the combiner output.
It is also possible to use a Wiener filter, which attempts to
suppress interference and maximize the SINR at the combiner
output. The performance of this technique is likely to be bet-
ter than that for maximal ratio combining when the interfer-
ence is correlated between multichannels. This technique is
discussed in more detail later.

Multichannel combiners for other modulation schemes are
described in [34, Ch. 7].

Antenna Array Receiver Structures

the transmitted data sequence d(n), based on the inter-

ference-corrupted measurements y(nt; + (k — 1)z.) of
the K channel taps. There are two approaches that one might
consider for combining the data samples, as described below.

T he purpose of the antenna array receiver is to estimate

1D RAKE Filler — In a single antenna CDMA receiver, nonco-
herent combining is often used to combine the K channel
taps, a method which is normally called “RAXE filtering”
[15]. A simple approach to designing an antenna array receiv-
er is to employ a RAKE filter to combine all the K x M
entries of the vectors {y(nt; + (k - 1)¢.)}. For DPSK modula-
tion, this is performed using Eq. (6) with L = K x M. Howev-
er, as pointed out above, noncoherent combining of a lot of
multichannels can give rise to large losses in SINR compared
to maximal ratio combining.

2D RAKE Filter — A more effective and compact approach to
dealing with the channel tap vectors {y(nt, + (k — 1)t.)} is to
apply a separate spatial filter to each tap vector in turn. The
receiver can exploit any structure that might be present, such
as the directions of arrival of the multipath components, their
Doppler frequencies, and so on. This permits the receiver to
perform coherent combining of the tap vector elements,

20
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improving performance over the 1D RAKE filter.
Denoting the kth filter as hy, K complex outputs
are generated for the nth symbol by the vector
inner products {h;fy(nts + (k- 1)t.)}, where h;fl
denotes the complex conjugate transpose opera-
tion. This means that only K outputs need to be
combined using the DPSK demodulation method
of Eq. (6). The approach has been called the “2D
RAKE filter” because the receiver operates two
separate sets of combiners in time and space. It is
shown in Fig. 6: the receiver picks out the largest
channel taps and selects appropriate spatial filters
in each case. The outputs from the spatial filter
banks are then combined in a conventional RAKE
filter, ready for decision making. Base stations are
frequently split into three sectors, to provide 120°
coverage, which in this case corresponds to the
bearings [30°, 150°] as shown.

There are a number of methods to determine the form of
the spatial filter h;. Many of these techniques employ the M x
M estimated covariance matrix Ry of the signal y(nt, + (k -
1)t.), which is defined as:

~ 1 X

Ry =— 3 vty + (k=D )y (nry + (k= 1yr,) (7

n=1

The notation N indicates the number of consecutive sym-
bols used for averaging. For the chosen filter to operate effec-
tively, the form of the array response vector q(k, nt, + (k — 1)t,)
should not change significantly over this time.

In this article, it will be assumed that power control
ensures that the SINR of each channel tap is large enough for
each vector q(k, nt; + (k — 1)t.) to be correctly identified with-
out the transmitter employing an initial training sequence.
This task may be performed by blind channel identification
techniques, such as:

Beamspace Transformation — This technique applies J fixed
spatial filters, denoted as length M vectors w, to the data [23].
By measuring the average power at the outputs, given by the
product w; 'Rew, the receiver may act accordingly. A simple
approach is to apply selection diversity by choosing the filter
with the largest power output to pick out the desired signal.

Bearing Estimation Techniques — As the vector q(k, nt; + (k- 1)t,)
is composed of a number of steering vectors, it is possible to
apply bearing estimation techniques to the covariance matrix
Ry, to pick out the major directional components, as proposed
in [36]. There are a number of well-known high-resolution
techniques such as ESPRIT and MUSIC; however, these algo-
rithms perform poorly in the presence of highly correlated
multipath signals, which frequently occur in the urban com-
munication channels being considered here. A simpler
approach is to use the conventional beamformer (CBF) densi-
ty spectrum, which is defined as:

P(6) = all(6) Ry a(6) ®)

Again, the steering vector for the largest value of P(6) may be
selected — this approach is quite similar to jitzer diversity [37].

Eigenfilter Techniques — In order to identify the vector
q(k, ntg + (k — 1)z.), it is possible to calculate the eigenvalue
decomposition of R,. Provided the SINR is large, the M x 1
eigenvector u; corresponding to the largest eigenvalue of Ry
provides an estimate of q(k, nt; + (k — 1)t,). This is the statis-
tical method of principal component analysis and was used in
[38].

B Figure 6. The 2-D RAKE filter combiner operating in a 120° coverage sector.

The beamspace and bearing estimation techniques point
one or more narrow beams at the incoming signals from the
mobile. This choice is optimal only if each channel tap
appears as a point source. If multipath scattering of the signal
gives rise to a significant angular width of the signal, the per-
formance will degrade. However, the eigenfilter method
always gives weights that maximize the combiner signal power,
so it should perform better in the presence of significant
angular width.

If the signal power of a given tap is not significantly larger
than the interference power, the above techniques are likely
to incorrectly pick out an interference instead of the desired
tap vector. However, given that CDMA interference generally
comprises the contributions of a large number of users, it
seems unlikely that any technique could correctly pick out the
channel tap with sufficient SINR for the purposes of data
decision making. Having noted this point, the proceeding sec-
tion will now look in more detail at the operation of these
blind techniques.

Algorithm Performance

rithms, a very simple classical Doppler one-tap channel

model will be considered.* The receiver contains an eight-
element uniform linear array (ULA), whose elements are
spaced by one half of the carrier wavelength.’> The channel
tap angular width 2A (defined in Fig. 5) was varied from 0-60°
and arrived from the array broadside, bearing 90° (i.e., per-
pendicular to the array, as shown in Fig. 6). Results from [31]
suggest that for this bearing the signal correlation between
elements falls most rapidly with the angular width 2A. The
symbol rate of the CDMA signal was 10 ksymbols/s, and the
maximum Doppler frequency was set to 0 Hz,5 50 Hz, or 200
Hz. The maximum achievable SINR level, defined as A%/Gz,
was set to 14 dB, and N = 50 snapshots were used to estimate
R;. The beamspace method employed eight orthogonal spatial

In order to provide an initial comparison of these algo-

4 Although these results are for a single tap, they provide some insight into
the performance of the algorithms when they are applied to the individual
channel taps of a multipath channel.

5 This antenna spacing was chosen to avoid problems with the CBF bear-
ing estimation approach. Spatial aliasing effects can occur if the antenna
spacing is chosen to be much larger than half the carrier wavelength.

6 In the case of 0 Hz Doppler, for each realization of the fading channel,
the channel tap vector does not change over the time of observation.
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filters: the bearings were chosen as those which provided the
poorest SINR for angular width 2A = 0°. As the antenna
array provides a gain of 9 dB, the SINR at one antenna is 5
dB. Results from [34, p. 302] suggest that applying the 1D
RAKE filter to a simple nonfading 8-multichannel scenario
with each multichannel having SINR of 5 dB results in a loss
of 2.5-3 dB (i.e., an SINR of 11-11.5 dB at the 1D RAKE fil-

® Figure 7. The average SINR performance vs. angular width 2A
of the beamspace, CBF and eigenfilter algorithms for maximum
Doppler frequencies of a) 0 Hz; b) 50 Hz (30 mph); C) 200 Hz
(120 mph).

ter output). This provides a baseline to compare the other
algorithms.

The average SINR at the output of the beamformers
selected by the three algorithms has been determined from
Monte Carlo simulations using 10,000 trials in all cases. The
desired signal was generated according to Eq. (4) with Q; =
100. The results for no Doppler effects (0 Hz) are shown in
Fig. 7a, with a horizontal line showing the maximum attain-
able SINR in all cases. The results demonstrate that the
eigenfilter method consistently performs well and achieves
output SINR values close to the optimum. By contrast, the
beamspace and CBF algorithms degrade as the angular width
2A increases, because the angular width of the signal energy
becomes wider than the main lobe of the spatial filters {a(6)}
— for large values of 2A, the performance is not much better
than for the 1D RAKE technique. In the case of the
beamspace technique, selecting and combining the two or
three filters with the largest power levels may improve perfor-
mance.

In practice, the mobile will often be in motion, giving rise
to a positive Doppler frequency. The performance of the
three algorithms has also been measured for Doppler fre-
quencies of 50 and 200 Hz in Figs. 7b and 7c. Assuming the
carrier frequency is 900 MHz, this corresponds to vehicle
speeds of roughly 30 and 120 mph (the difference between a
car moving in an urban area and someone communicating
from a train). Otherwise, the simulation conditions are
unchanged from before.

As the maximum Doppler frequency increases, the perfor-
mance of all three techniques degrade for large multipath
scattering angles. This occurs because the form of the signal
vector q(k, nt; + (k — 1)t.) can vary significantly as the phases
of the constituent multipaths change over the sampling epoch.
It is interesting to note that the performance of the eigenfilter
technique degrades significantly for 200 Hz Doppler, much
more so than the CBF or beamspace techniques. However,
the eigenfilter approach still provides the best absolute SINR.
Reducing the number of snapshots N to form R; may improve
the SINR performance since the signal vector is more likely
to be stationary over the sampling epoch; however, this
increases the vulnerability of the algorithms to the effect of
background noise.

The SINR comparison shown here between techniques
based on beam-steering (i.e., the beamspace and CBF meth-
ods) and adaptive arrays (i.e., the eigenfilter approach)
broadly correspond to previous published results [20]. Howev-
er, no account has yet been taken here of the statistical distri-
bution of the signal at the beamformer output, which will
significantly affect the error performance of the receiver. Cal-
culating the eigenvalues of ¥y defined in Eq. (5) indicates the
amplitudes of the independent Rayleigh processes present in
a given channel tap x(k, ) which can be tracked to obtain spa-
tial diversity gain. As the probability of several independent
Rayleigh processes simultaneously entering a large fade is
much less than that for one Rayleigh process, the receiver is
much more likely to correctly estimate the transmitted data
sequence. The cumulative distribution function (CDF) indi-
cates the likelihood of the received signal fading below a
given threshold: this has been measured for the three algo-
rithms in another Monte Carlo simulation. The simulation
conditions are the same as for Fig. 7, except that the scatter-
ing width has been fixed at 20° and the maximum Doppler
frequency is 0 Hz. The CDFs for the algorithms have been
calculated from 100,000 trials, and the results are shown in
Fig. 8. The theoretical CDF for x(k, ¢) has been calculated by
substituting the eigenvalues of ¥ into the probability density
equation [34, Eq. (7.5.26)].
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The CDF for the eigenfilter is close to the optimum achiev-
able, except at low SINRs, where the performance of the algo-
rithm degrades slightly due to the effect of noise. Interestingly,
both the CBF and beamspace approaches are able to exploit
the spatial diversity of the wide angle multipath scattering,
and the curves are only slightly worse than for the eigenfilter.
As a result, the error performance of three algorithms may be
quite similar, any difference being due to background noise
effects rather than the CDF of the filter outputs.

As a contrast, the CDFs are also shown for 0° scattering
and for a single fixed spatial filter placed at the source bear-
ing. In the former case, the channel tap vector entries are
completely correlated. There is no spatial diversity obtainable
for this case, and the filter output follows a Rayleigh distribu-
tion. In the latter situation, the filter cannot be altered when a
large fade occurs at the source bearing; indeed, it is a well-
known result of multivariate statistics that the filter output
will again follow a Rayleigh distribution [39]. For both curves,
large fades are much more likely than for the eigenfilter, CBF
or beamspace algorithms: the receiver error performance will
be poor unless the SINR is very high or other multipath com-
ponents are available to provide diversity.

In general, the correlation between antennas reduces as
the angular width 2A increases or, in the case of the eigenfil-
ter method, the antenna spacing is increased. As the mobile-
to-base-station distance R increases, the value of 2A will
generally reduce for a fixed value of the scattering radius »
(Fig. 5). The available spatial diversity will reduce accordingly,
so the range extension offered by antenna arrays may be
affected by this factor [20].

Increasing the order of diversity produces diminishing
returns in terms of the error performance of the receiver. If
the decision variable CDF is measured for a receiver combin-
ing several channel taps, the improvement in the CDF due to
increasing the angular width 2A of each tap will not be as dra-
matic as that shown in Fig. 8. However, some performance
gain will still be obtained. The main drawback of increasing
the value of 2A is that the correlation between the reverse and
forward link channel vectors reduces [9]. If it is intended to
use an antenna array to transmit to the mobiles on the for-
ward link, using the reverse link weights for retransmission on
the forward link may not be very effective. Alternative
approaches such as transmission diversity [20], time division
duplex reception/transmission, or transmission feedback train-
ing [40] may be more appropriate.

Another source of degradation in practice is the effect of
multiple access interference. Until now, the algorithms which
have been used attempt to maximize the signal power at the
outputs of the combiners for the incoming channel taps. This
approach maximizes the SINR when the interference is spa-
tially and temporally white; however, if the CDMA interfer-
ence does not follow this distribution, the performance of
these algorithms will degrade further. In order to overcome
this problem, the Wiener filtering or optimum combining
techniques may be used to suppress the interference and max-
imise the combiner’s SINR [9]. The Wiener filter solution for
h; may be expressed as:

hy = Ry iy ©)

where 7y is the cross-correlation of the desired data with
v(nt, + (k - 1)t.) over the N symbols. The main difficulty here
is to determine the desired signal. It is possible to feedback
previous decisions: however, there will be losses in perfor-
mance when decision errors occur. To minimize the effects of
such errors, it is possible to employ periodic training
sequences, although this reduces the efficiency of the reverse
link transmissions.

B Figure 8. The cumulative distribution functions for the
beamspace, CBF, and eigenfilter algorithms, and for a fixed
beamformer (“fixed”) with a scattering width of 20°. The theo-
retical distributions for scattering widths for 20° (“Theory”) and
0° (“0 deg”) are also shown.

In order to avoid training sequences a blind method for
maximizing the SINR, based on the eigenfilter method, has
been proposed [38]. Both pre- and post-correlation data at the
receiver are used to estimate the interference covariance
matrix Q. It is subtracted from Ry in order to improve the
estimation of the underlying signal vector q(k, ). The largest
eigenvector uy is obtained from the modified covariance
matrix, and the spatial filter is given by the equation Q; 'uy,
where Q- ! denotes the matrix inverse operation.

Performance of
CDMA Antenna Arrays

he performance of antenna array base stations has been
analyzed in a number of publications, including [36, 41].
Two papers have analyzed base station schemes specific
to CDMA systems [19, 42]. More recently, analysis has been
presented for IS-95 M-ary modulation systems [43]. In this
section, the performance of a CDMA system based on the
cigenfilter method and a DPSK RAKE filter will be present-
ed, using the mean BER of a given user as a quality measure.

A single-cell system will be considered with a number of

active users operating over the same RF bandwidth.

The following assumptions have been made about the

CDMA system:

e Each user is assumed to observe a K = 4 tap channel,
according to the impulse response in Fig. 2. The normalized
channel tap power levels {s;} become 0, -3, -6, and -9 dB,
respectively. The channel is “slowly fading” with maximum
Doppler frequency 0 Hz for each channel tap. The receiver
is assumed to be able to perfectly track the desired user’s
channel.

* Each channel tap is corrupted by CDMA interference from
all other users. Assuming that the mean power of all users
is the same, the PN code filter for the desired user will sup-
press the power level of each other user by a factor of 3W/2
for rectangular pulse shaping [44].

* The CDMA interference is assumed to have a uniform dis-
tribution over the range of bearings [30°, 150°]. The nor-
malized output power y from the desired user’s spatial filter
h for one interferer at bearing 8 is simply h#a(6)a(6)" h/(h’h).
It is important to determine the statistical moments of v;
for example, the mean Y is given by:
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B Figure 9. The BER results plotted for different numbers of users
and antenna array sizes.

_ 3 c5m/6
Y===

— 1,76 (0722 hdo) /" hy (10)

For each antenna size and scattering width, the largest value
of 7 has been selected to provide a pessimistic capacity esti-
mate. The performance of adaptive array filters can be diffi-
cult to determine analytically, but here the power suppression
level y has been modeled as Gaussian using the central limit
theorem. Its first two moments for P active users are 7 (P - 1)
and y2 (P - 1), where 72 is the covariance of y for one inter-
ferer. As h always represents the matched filter for the given
channel tap x(k, £), h has the zero vector as its mean vector
. ) L 2 X

and its mean covariance matrix is W;/4;. The following steps
were then used to calculate the BER performance in each
case:

* The mean SINR at the spatial filter output for the jth tap is

given by the equation

Ws j

=—0ZK 11
QB EE s (h
where s denotes the normalized power of the kth channel
tap and the processing gain W = 128,

¢ The eigenvalues of the matrix ¥y indicate the number of
independent Rayleigh processes at each channel tap. If
there are a total of Z significant Rayleigh components for
all channel taps, denote their amplitudes as {a,}.

* Assuming that the additive interference is Gaussian dis-
tributed, zero mean, and uncorrelated between channel
taps, a closed form expression for the BER may be
obtained. The output of each channel tap at each antenna
follows a Rayleigh distribution. The BER for a given user
may be obtained by simple modification of a result from

Pj

[34, Ch. 7]
BER =
m+l1
1 K_lKnl_m(szl)iL ah ﬁ a (12)
22K-1 =0 = n sty | 1+ a, i=1a, —a;

i#p

Equation (12) may be integrated over the distribution of
gamma to determine the final result for each number of users.

In order to compare the performance of different antenna
array sizes, Eq. (12) has been evaluated for M = 1, 2, 4, and
8. In each case, the maximum value of ¥ for a scattering width
2A = 0.1 has been calculated, assuming the source bearing is
in the range [30°, 150°]. The results are shown for the desired
user’s BER vs. total number of users P in Fig. 9. In this case,

the results demonstrate a significant performance improve-
ment for a given number of users, by increasing the size of
the antenna array. If a mean BER of 10-3 is taken as the
threshold of acceptable performance, the capacity according
to this measure increases from six users for one antenna to
63 for eight antenna elements. For cellular systems with a
uniform distribution of users throughout the network, an
additional noise term of approximately 50 percent of the sin-
gle-cell CDMA interference is present. This effect will
reduce the capacity by approximately 1/3; however, it can be
compensated for by including error correction coding and
data interleaving {11]. In addition, the system capacity may
be doubled by using voice activity detection, which only per-
mits mobile transmissions when the user is speaking; typical-
ly, one person speaks during 40 percent of a telephone
conversation.

Conclusions

of antenna arrays for narrowband CDMA base station
receivers. A number of points have been discussed, and
are summarized below:

* The topic of antenna arrays has been introduced, noting
that they can reduce cellular interference levels and improve
capacity. Results in this article suggest that employing M
antennas can multiply the reverse link capacity by a factor
of roughly M. However, this requires additional base station
hardware and software.

* Channel modeling aspects have been described: in urban
areas, several channel taps are often resolvable. Each chan-
nel tap arises geometrically through Classical Doppler or
Gaussian Doppler models and has an angular width related
to the distance and width of the scattering.

» The channel taps observed at antenna arrays may be mod-
eled as the summation of array steering vectors. In urban
areas, it is common for each vector entry to fade according
to the Rayleigh distribution.

» The 2D RAKE filter appears to be a promising approach to
handling a CDMA antenna array receiver. Several algo-
rithms have been compared, with the eigenfilter approach
performing consistently well. As the angular width of a
channel tap increases, the receiver is able to exploit more
spatial diversity.

* All the algorithms degrade in the presence of high Doppler
frequency signals, particularly when the tap’s angular width
is large. In these cases, the receiver may need to employ
short data lengths for channel estimation.

* The BER performance of an antenna array receiver has
been estimated and significant capacity increases demon-
strated. In general, the angular distribution of interference
will affect the ability of a channel tap’s spatial filter to
suppress interference. The location of a mobile is particu-
larly critical in determining the interference suppression
levels.

There are a number of points which remain to be
addressed. An important issue for antenna arrays is the scat-
tering width of multipath components. Values have been esti-
mated for narrowband systems (e.g., [30]), but no results
appear to exist in the literature for frequency-selective CDMA
systems. Efficient implementations of channel-identification
algorithms are required, and more work is needed on their
performance in realistic CDMA channels. The interaction of
the reverse and forward links is important in practical systems,
particularly to ensure that the forward link can handle the
increased traffic that antenna arrays can offer on the reverse
link.

T his article has provided an introduction to the subject
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