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Abstract - Fast advance of Array Antenna research en-
sures its role as a key technology for future cellular
systems [1,2]. However, most Smart Antenna tech-
niques are restricted by the assumption that the num-
ber of signals is smaller than the array, although cost
limits them to small sizes and researches indicate that
usual path-distributions do not satisfy such assumption
[3]. Alternatively, a good model is that a user’s mul-
tipaths arrive at the base Gaussiamly and, according
to the Central Limit Theorem, so is the distribution of
their crowd. Clearly, a small DOA deviation results
when the base station is near a publicly relevant facil-
ity where users tend to concentrate while a large one
results when users are spread. In order to joint the
benefits of code (CDMA) and spatial (SDMA) or-
thogonality among users, an algorithm that estimate
the path-distribution using a small array is urged and
is the contribution of this paper.

Keywords: Array Antenna, Smart Antenna, DOA Esti-
mation, CDMA and SDMA.

I. INTRODUCTION
Different from current commercial Code Division
Multiple Access (CDMA) systems, the standards for
future CDMA [4,5] systems foresee that users have dif-
ferent Spreading Factors (SF). However, the optimum
SFs assigned to a user in order to achieve a desired
BER is still an open problem [6]. Since spreading is es-
sentially a trade-off between bandwidth (throughput)
for SINR the need for spreading gain is directly associ-
ated to the amount of Multiple Access Interference
(MAI).
With a non-adaptive antenna, the amount of MAI rela-
tive to a user at the base-station is only dependent on
the number of simultaneous users, their transmitting
powers and the scattering structures of their channels.
These parameters are hard to predict and control, being
this fact the reason for the spreading gains in currently
commercial CDMA systems to be non-adaptive and the
same, usually determined by statistical network consid-
erations.
Smart antennas, however, may be able to cancel large
amounts of the MAI through their adjustable radiation
patterns. Unfortunately, most of the smart antenna
techniques are restricted by the unrealistic assumption
that the number of incoming signals is smaller than the
number of array elements, although research indicates
this is not true in cellular applications [1,2].
Once it is virtually impossible to estimate the Direc-
tions of Arrival (DOA) of the large number of mul-
tipaths using a relatively small array, it is wise to con-
sider another scenario where some knowledge of the
power-angle distribution is available. A widely ac-

cepted model is that the multipath distribution of a user
around the base is Gaussian, from the Central Limit
Theorem, it is concluded that the envelope distribution
of paths from a crowd of users (cluster) is likewise.
This model can well represent both the case when a
base station is near some facility of public relevance
(such as a station, a mall etc.), around which users tend
to concentrate (narrow Gaussian), and the case when
users are roughly uniformly distributed around the base
(large Gaussian).

In this paper, an algorithm to estimate a cluster’s mean
DOA and size is derived. It is shown via computer
simulations that when the total number of users is
large, the beam-pattern obtained with the estimates is
nearly the same as the optimum pattern obtained with
the full knowledge of all users’ spatial signatures. As a
result, it is demonstrated that the spreading factor nec-
essary to achieve a desired BER can be predicted over
such estimates nearly as well as it would be determined
over the full knowledge of each user’s spatial signa-
ture.

The paper is organized as follows: Section II intro-
duces the channel model and basic assumptions, fol-
lowed by the fundaments of the proposed cluster find-
ing algorithm in section III. Beam forming is briefly
discussed in Section IV. Section V considers the issue
of adaptive spreading based on the cluster’s estimated
parameters and Section VI displays simulation results.
Finally, Section VII wraps up with conclusions

II. CHANNEL MODEL

Common assumptions:

e The antenna array is linear with omni directional
elements equally spaced and is perfectly cali-
brated.

e  The source signals are narrowband

e The signal sources are uncorrelated and concen-
trated at certain geographic points (clusters) with
number of concentrations less than number of an-
tenna elements.

e The difference in time delay between incoming
rays is small relative to the inverse signal band-
width.

e Since scatters are next to the local sources may
admit that spread angle (A0) is relatively small.

e The sensor noise n(?) is independent of the signal,
zero-mean, temporally and spatially white, com-
plex Gaussian.
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Fig.1- Modeling of scattering elements using gaussian
model

Consider the general case of scattering area situated at

a point (xk, Vi )in space with the base station located

at origin as shown in fig.1. In this case, the density of
the scattering elements at a distance r,and angle 0

from the mobile can be described by the bivariate
Gaussian distribution [3].
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Where 6 and r, are showed at fig.1 and o, represents

the standard deviation of the local scattering elements.
To calculate the DOA probability density function is
necessary to calculate the following integral.
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Where erfc(z) = “dt ex,,y,is the user loca-
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Consider now a crowd of users (hereon referred to as a
cluster) concentrated around a point (X,Y) where a fa-
cility of public relevance is located. Let’s assume the
DOA of the k-th user’s paths are determined by a
Gaussian probability density function given by (1).

Based in this information we have that all users scat-
tering distribution will also be gaussian, with vari-

ancec 3 Therefore the DOA probability density func-

tion of all users will also be given by
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Where: 0, =arctan(Y/ X); R=vX* +Y?

If we consider ¢ . << R the distribution of 6 will be
concentrated around 0, making the approximations:
sin® —0,)=© —6,)=A0
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At every sampling instant, a random number K of users
is simultaneously transmitting. The signal of the 4-th
user is spread into P; paths whose DOA probability
density is ruled by (1) only with (6, AB;) in place of
(0., AB,). In the simulations, in hypothesis, assume that
each amplitude path, 4, is a random variable whose
mean follows a gaussian distribution that depends on
DOA:
~0-0,)’
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Where 0, is mean angle, A0 is the angle spread and

4, 1s the p-th path, k-th user’s mean amplitude and 4,

is a normalization factor. Each multipath received at
base station is independent random process, with tem-
poral Rayleigh distribution.

Let the phase of each path (\ypk (t))be a random vari-
able uniformly distributed in [-m,7 |. The signal of the
pi-th path is defined as

I (D)
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Finally, the steering vector of a Uniform Linear Array
(ULA) of N elements towards the p;-th path is given
by:
Upk = APk (t)[l

Where Ae,, is the element spacing in wavelengths.
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The spatial signature of the k-th user is therefore:
Py

U=>U, )
p=1

Suppose that a Uniform linear array antenna receives
the signals from K users and each user with P paths
and that angles, amplitudes and phases be random vari-
ables and suppose one user’s concentration. The re-
ceived covariance matrix will be given by

1
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Where a = 2nAe,,
According to equations (5) and (6), the DOA-pdf f(0)
of a concentration is gaussian and Amplitudes-pdf
f(4/0) is DOA gaussian dependent, respectively.

Phases distribution f(y ) are constant from -x to 7, i.e.:
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Applying this information on the covariance matrix
calculation, the element of line &, column / from R can
be written as
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Making 6 -0, =& —0 =& +0,
Since & is small, we have for Taylor approximation
cos(& +0,) =cos(§)cos(0,)—sin(0,)sin(§) =
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Therefore, we have
o’ (k=1)*sin* (0, )A0]
ROk, 1) = KPAe 7 k1)eos00), 2 +028(k—1)
(14)

We have, therefore, in matricial form:
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Where

D,0,)=diag[a® )] and B is a Toeplitz matrix with
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And, S =KPA*, a mean power of users concentration.
Making
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We have, finally
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III. CLUSTER FINDING ALGORITHM
Although the covariance matrix for concentrated scat-
tered sources has full rank, it is possible to apply a sub-
space algorithm such as root-MUSIC. The case of a
single concentration is analyzed first with gaussian
DOA distribution where it is desired to estimate the
mean angle and spread angle. A generalization to the
case of several concentrated sources is given at the end

of the section.

From (17) the covariance matrix for a single concen-
trated sources with power S is given by

R=SR,(0,.,A0,)+c’1 (18)
Making a singular value decomposition on B,
B=E A ,Ej}, then
R =(D,0, )8, \SA 5 +021)D, 0, )E,) = A E]
(19)

Is a singular value decomposition of R.

Collect, the noise eigenvectors, i.e. the eigenvectors
corresponding to the N-CN (Clusters’ Number) small-
est eigenvalues of R, in the matrix E, and define

N1

a(z) = [1, Zy ., Z ] . Then the root-MUSIC [7]
estimates are the arguments of the CN roots inside the
unit circle with largest modulus of the polynomial

f@=a’ (" g, E ().

Select an arbitrary signal subspace dimension CN.
From (19), the noise subspace of R s
E,x=D,0.)E,, where E, 3 is the corresponding

“noise subspace” of B. Since
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fr(2)e fp(u) is a rotation z=ue * , inde-
pendently of A0 .

In [8] is shown that for NC=1, root-MUSIC applied to
B will give a positive real root, i.e., the argument is

zero and for NC=2, the roots from B will be complex

conjugated, z = oe™’" . This, together with the rota-
tional property, proves that ordinary root-MUSIC
(CN=1) for a single concentrated scattered sources, will
yield consistent DOA estimates [9]. It also proves that
if root-MUSIC is applied to locate CN=2 concentra-
tions from the covariance matrix R, the found roots

will be z = Bej(zn A% cos(0, )ty )
AD .

Exploiting this structure of the root loci, the following
algorithm, ‘B-root-MUSIC" is suggested to estimate 0,

, where ¥ 1is function of

e AO for a single concentration:

e Estimate 0,consistently. Ordinary root-MUSIC
could be used, but the following estimate is ex-
pected to give better accuracy, since two roots are
used instead of a single one.

6 = cos™! 1 (arg(z1)+arg(zz)j @1
o A% 2
e Estimate AO by
_1( arg(z,) — arg(z,) J
T 2
AB = (22)

sin(é)
Typically, y (x) is a monotonously increasing function
and can be pre-calculated for a given array. The inverse

function is then easily interpolated from the tabulated
values.



For well-separated clusters, the algorithm can be gen-
eralized to the case of several clusters. Use root-
MUSIC to estimate twice the number of true sources
clusters, pair the estimates together and apply (21) and
(22) for each pair of estimates.

If the number of paths of all users together is large
enough, the summation in (9) can be modeled as an
integral and (23) can be used to determine the Gaussian
envelope of the cluster.
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IV.  BEAM FORMING

The optimum weights computation by the Wiener so-
lution can be readily extended to use the array vector
model with the continuous Gaussian envelope. Sup-
pose that parameters for the desired signal and interfer-
ence are respectively: (0, AB,) and (0;, A6;), so that
U, (desired continuous vector) and U, (interference
continuous vector) can be calculated form (23). If
power control is assumed, the total interfering power is
proportional to the number K of interfering users,
known to the base station. Thus, the optimum estimated
weight vector would then be:

* T * T -1 -1«
W, = {Uchdc + KU, U, + SNR IN} U,
Where I, is the Nx N identity matrix.

On the other hand, if the spatial signatures of the de-
sired and interfering users are known, so that U, (de-

(24)

sired vector) and U, (interference vector) are calculated
form (9) the optimum theoretical weight vector is given
by:
K& o
W, = {Vd o Z‘VW + SNRIIN} Ref (25)
p=

Where V=U"U" and Refis the reference (desired)
vector.

V. OPTIMUM SPREADING FACTOR
ESTIMATION
If perfect power control is assumed, and the parameters
of the desired user’s (0, AO,) and of interferer’s (0,,
AB,) path distributions are available, the power of de-
sired and interfering signals can be estimated by:

2
P(0,A0) = ‘WOP,TUS(O ,AG)( (26)
Where U, =Ug(6,,40,); U;=Us@,,40;,) and W,
is as in (24).
Then, for a desired Bit Error Rate (BER), we have:
SINR = Q™' (BER)? 27

Where Q' is the inverse of the well-known O-function.
If the noise power is known, the optimum spreading
factor can be estimated by [6]:
P.
SF = ——L (28)
P, 2
SINR

Where P, = P;(0,,A0,) and P, = P;(0,,A0;).

On the other hand, if the power of every path and the
spatial signature of every user in the cell are known,
(26) and (28) can be computed exactly using (9) in
place of Ug and (25) in place of (24).

In the next section, however, computer simulations will
show that the spreading factors given by (28) in both
cases are nearly the same, provided that the signals are
distributed approximately according to the Gaussian
model. The reason for this is that an array antenna with
few elements does not have strong spatial filtering ca-
pabilities. Therefore, if the number of users in a cell is
larger than the number of elements, optimum perform-
ance is achieved in terms of average (envelope) spatial
filtering rather than path-by-path nulling.

VI.  SIMULATION RESULTS

As example, consider signals coming from 2 users’
concentrations, each with 100 signals, with amplitude
Rayleigh distribution and uniform phases distribution
between -m to . The signals are detected for a linear
array antenna with 8 elements, with A/2 between ele-
ments, and 3000 samples are used to estimate the co-
variance matrix. The results for three different situa-
tions are showed at Table 1.

Clusters 0/A0 Measured 0 /A
1 80°/5° 80.01°/ 4.5°
30°/20° 29.03°/23.78°
2 85°/5° 85,005°/5.3°
25°/20° 25.18°/23.1012°
3 75°/5° 75.025° / 5.0625°
20°/10° 19.3°/10.0257°

Table 1- Mean angle and spread angle for different
clusters distributions.
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Fig.2 - Root loci from root-MUSIC considering 2 con-
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with spreads A8, =5° and A8, =20° respectively.

Further, Figure 3 displays the optimum receiving ra-
diation beam-pattern obtained with the information es-
timated by the cluster finder algorithm contrasted to the
one that would theoretically be obtainable with the full
knowledge of the spatial signatures of all users, as in
Section IV.
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Fig. 3 — Radiation Patterns

Figure 4 shows how the SINR of a desired signal varies
according to its location due to dependence of spatial
filtering performance on the steering angle and the in-
terference DOA spread. It can be seen that the spatial
filtering performances of beam-forming based on the
estimated parameters and that based on the users’ spa-
tial signatures are virtually the same, confirming the
relevance of the information acquired by the cluster
finding algorithm.
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Fig .4 — Spatial Filtering Performance.

Finally, Figure 5 shows how the necessary spreading
gain to achieve a desired BER can be estimated consid-
ering scenario of Gaussian distributed paths and a
small array antenna, having its value nearly the same as
the obtained with the full knowledge of all users’ spa-
tial signatures.
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Fig. 5 — BER x Spread Angle

VII. CONCLUSIONS
In this paper, a method to estimate the average and the
spread of the direction of arrival for signals Gaussianly
distributed in angle and in power is outlined. This
method is based on the root-MUSIC estimation algo-
rithm. The algorithm extracts useful information on the
channel of users in a largely populated cell with a rela-
tively small array antenna. It was also shown that suc-
cessful beam forming results from the estimated pa-
rameters acquired.
Further, based upon the spatial filtering specifications
estimation results a scheme to support the adaptive se-
lection of the spreading factor to be used by each user
in a future cellular system was proposed, considering
the little resolution of a small array, with the well-
accepted assumption that the path distributions of cel-
lular systems’ users is Gaussian.
The algorithm was designed over the assumption that
the signals of all users feature an identical and syn-
chronized training sequence with a large spreading
factor, what is fully compliant with the IMT2000 and
UMTS standards for future CDMA systems.
In the future, we intend to extend the present algorithm
so to estimate several clusters simultaneously.
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