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ABSTRACT 

An antenna array located at the base station of 
a mobile radio cell allows the utilization of ad- 
aptive beamforming techniques on both uplink 
and downlink transmissions to significantly in- 
crease system capacity. In this paper a criterion 
is introduced to quantitatively evaluate the ca- 
pability of an array to spatially separate users 
operating in the same channel. Then the depen- 
dency of this criterion on parameters like the 
number of antennas, the antenna spacing or the 
geometrical orientation of the array axis are in- 
vestigated for the special case of a uniform linear 
antenna array (ULA). 

1. INTRODUCTION 

The ever increasing demand for mobile radio capacity 
in cellular systems gave rise to the research on SDMA 
(Space Division Multiple Access). This new technique 
exploits the spatial information about a set of different 
users in order to separate them in the uplink and in the 
downlink by means of a base station antenna array. 

SDMA does not interfere with conventional multi- 
ple access techniques like FDMA, TDMA or CDMA. 
Therefore, with a number N of F/T/CDMA-channels 
at disposal and K users in each F/T/CDMA-channel 
managed by SDMA, the maximum number of users is 
K . N .  The maximum capacity can be managed only, if 
it  is possible to  allocate all users to N sets, so that the 
K users in each set are spatially well separable [l]. 

The mentioned allocation problem can become quite 
difficult, if the spatial distribution of the signal power 
received by the array is extremely unisotropic. As an 
example consider reflecting buildings or shadowing sur- 
faces in the environment of the base station or  areas of 
high mobile radio traffic, e.g. a highway crossing the 
cell. A fixed location of the base station and number of 

antennas provided, there are only a few parameters left 
that can be adapted to the cell environment to enable 
the base station to separate as many users as possible by 
SDMA. Among them is the geographical orientation of 
the array axis in azimuth and elevation and the distance 
d between neighboring antennas. 

Prerequisite for the forthcoming analysis is sufficient 
a-priori knowledge about the 3D angular distribution of 
the average amplitude of the signals impinging on the 
array. Among the practicable ways to get this informa- 
tion for a specific mobile radio macro- or microcell are 
the application of ray-tracing algorithms to 3D terrain 
data [2], measurements with directive antennas [3] or 
simply plausibility considerations. 

2. THE; SPATIAL SEPARABILITY 
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Figure 1: Uniform linear antenna array 

We will assume a ULA consisting of M identical, 
omnidirectional antennas equally spaced at distance d. 
The angle between the line perpendicular to the array 
and the North-South plane will be referred to as the 
array azimuth $0. Analogously the angle between the 
array and the ground plane will be called the array ele- 
vation 00 (see fig. 1). For symmetry reasons $0 and 
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60 are restricted to the ranges [ -$ ,+$I  and [ O , + $ ] ,  
respectively. 

We will reinterpret the spatial distribution of the 
average amplitude as a probability density function U ( $ ,  6) 
in a way that the integral Sseab $: U ( $ ,  6) d$ (d6 designa- 
tes the probability that a wavefront impinging on the 
array has an azimuth $ E [$=, $ a ]  and an elevation 
6 E [ea, O b ] .  Any function U ( $ ,  6 )  will only be defined 
for $ E [ -H, + H I  and for 6 E [ -n/2, +n/2]. 

Let us now assume a base station antenna array that 
attempts to separate two wavefronts by downlink beam- 
forming. In this context we will define “separation” as 
supplying the corresponding receivers 1 and 2 with given 
signal powers while totally cancelling cross interference. 
The authors admit that this definition is used to sim- 
plify the forthcoming analysis. Maintaining SIR + CO 

in an SDMA mobile radio cell does in fact suppress in- 
trace11 interference but bears the danger of creating an 
untolerably high amount of intercell interference due to  
the higher power consumption at the array. 

In order to quantitatively evaluate the separability of 
two wavefronts we will first introduce the steering vector 

. (1) U =  ( cpl ... OM IT, a = e y c o s ~ s i n +  

It corresponds to a wavefront with the wave length A 
impinging on the array with a relative azimuth $ (i.e. 
the absolute azimuth $ + $0) and the relative elevation 
0 (i.e. the absolute elevation 6 + 60). 

The expectancy of the array power consumption is 
given by P = ljw1112 + l l ~ 2 1 1 ~ .  Thus the beamforming 
problem corresponding to the above definition can be 
put as finding the shortest beamforming vectors w1 and 
w2 meeting the following constraints: 

(2) 

(3) 

2 

2 

lUgurll2 = lafw,l = 1, 

lufw112 = laFw21 = 0. 

It can be easily seen that the constraints (3) are met by 
the substitutions 

201 =0121 = ( I - -  (4) 

Minimizing the lengths of 201 and w2 with respect to z1 
and 2 2  under the constraints (2) leads to  the generalized 
eigenvalue problems 

OiaiaNOjzi = XiO$i, i = 1 ,  2. (6) 
The eigenvectors corresponding to the largest genera- 
lized eigenvalue A i  are proportional to  aj. Thus the 
optimal beamforming vectors can be calculated by 

Finally the minimal array power necessary to separate 
two wavefronts is given by 

As doing statistics with the minimal array power 
PI2 is tricky due to  the singularities for cos 61 sin $1 = 
cos62 sin $2, we suggest to  define the spatial separability 
q-12 of two wavefronts according to 

3. THE SPATIAL SEPARATION 
POTENTIAL 

Hence the smaller the distance dist(a1, u2) as defined in 
[4] of the subspaces spanned by the steering vectors a1 
and ~ 2 ,  the more difficult is the downlink separation of 
the two corresponding wavefronts. However, ql2 as de- 
fined above can be applied to evaluate uplink beamfor- 
ming and uplink parameter estimation as well. E.g. the 
noise amplification of an uplink beamformer [5] and the 
sensitivity of high resolution wavefronts estimation algo- 
rithms like ESPMT [6], Unitary ESPRIT [7] or MUSIC 
[8] to additive noise are increasing along with decreasing 
~ 1 2 .  So it is justified to refer to  the expectancy r ]  of 912 

as the spatial separation potential of an antenna array 
at a specific location. 

Using 0;. as an abbreviation for a($j + $0,  6i + 00) 

the spatial separation potential f j  can be computed as 
follows: 

+ + - e o  + + - o 0  +r-+O 

(10) 
For the special case of a ULA the spatial separability 

912 of two wavefronts can be expressed as 

. i M  

(11) 
= M -  

- cos 02 sin +2) ) )  ‘ 

In fig. 2 ~ 1 2 ( $ 1 , $ 2 )  is plotted for a ULA with M = 7 
antennas (6, = e2 = 0, d/X = 0 . 5 ) .  

After plugging (1 1) into (10) the fourfold integral in 
(10) can be replaced by means a sum of squared double 
integrals: 

1 - cos (F (cos 61 sin $1 - cos 62 sin $2)) 

M (1 - cos (q (cos 01 sin 
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Figure 2: Spatial separability r)12($1, $2) of a A/2- 
spaced ULA of 7 antennas. 

2 

. 

(14) 
with Jo(z) denoting the Bessel function of the first kind 
of order zero. 

The comparison of simulation results [2] and mea- 
surements [3] indicate that usually in rural and subur- 
ban areas most of the electromagnetic energy is carried 
by wavefronts propagating parallelly to the ground sur- 
face. The angular amplitude distribution describing this 
scenario can be approximated by 

Positioning the ULA parallelly to the ground ( 0 0  = 0) 

yields the 2D-isotropic spatial separation potential 

Two unisotropic 2D angular amplitude distributions 
(i.e. 0230 = 0, if6 # 0) are depicted in fig. 5. Numeri- 
cally evaluating (12) for M = 7 yields the corresponding 
plots of i j  in fig. 6 and 7. 

Figure 3: 3D-isotropic spatial separation potential 

Figure 4: 2D-isotropic spatial separation potential 

4. CONCLUSIONS 

We have tried to examine the effects of the number of 
antennas, the orientation and the spacing of an ULA on 
the capacity of an SDMA system. In order to quantita- 
tively evaluate these effects we have suggested to mea- 
sure the separability of two wavefronts by means of 
the squared distance of the subspacies spanned by their 
steering vectors, which is proportional to the reciprocal 
of the power consumption at the array. The expectancy 
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Figure 5: Two examples of unisotropic 2D distributions 

Figure 6: Spatial separation potential u ~ D , ~ ( T , ~ )  

of with respect to all possible pairs of wavefronts 
was then defined as the spatial separation potential f j  of 
the ULA. 

As the above simulation results show, the spatial se- 
paration potential f j  incorporated by a ULA is in general 
dependent on the number M of antennas as well as on 
both its orientation ( $ 0  , 6,) and spacing d. This indica- 
tes that even with fixed M there is a potential to increase 
SDMA system capacity by the geometrical design of the 
array, especially if there is a known unisotropic angular 
power spectrum at the base station location. 

Simulation results show that in general the spatial 

separation properties of a ULA increase along with in- 
creasing antenna spacing d. s suggests that a large 
antenna spacing is desireable only due to the reduc- 
tion of electromagnetic coupling between neighbouring 
antennas, but also because it results in lower average 
power consumption at the array and, hence lower in- 
tercell interference. In fact the apparent 
of loosing the unique mapp 
tions of arrival for d > A/2 
the larger antenna array ap 
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Figure 7: Spatial separation potential U2D,b($) 

1480 

Authorized licensed use limited to: T U MUENCHEN. Downloaded on January 28, 2009 at 04:55 from IEEE Xplore.  Restrictions apply.


