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Abstract- Space Division Multiple Access (SDMA) will 
form an important part of the new Wideband Code Divi- 
sion Multiple Access (WCDMA) standard that will realise 
the Universal Mobile Telephone System (UMTS). This pa- 
per addresses a few issues of importance when SDMA tech- 
niques are used in a cellular CDMA system. Firstly a the- 
oretical analysis of a SDMA/CDMA system is performed. 
The analysis is focused on a single cell, multipath Rayleigh 
fading scenario. As system performance measure Bit Error 
Rate (BER) is used as criteria to investigate the influence 
of user location and number of antennas. An important pa- 
rameter in a SDMA system is the antenna array element 
spacing. In our analysis a Uniform Linear Array (ULA) is 
considered and a measure is defined to determine the op- 
timal antenna element spacing in a CDMA cellular envi- 
ronment. Normally the mobile users in a cell are assumed 
to be uniformly distributed in cellular performance calcu- 
lations. To reflect a more realistic situation, we propose a 
novel probability density function for the non-uniform dis- 
tribution of the mobile users in the cell. It is shown that 
multipath, even with antenna arrays, reduces the system 
performance substantially. 

I. INTRODUCTION 

The rapid growth in wireless communication services and 
networks have placed enormous strain on available natural 
resources, ie. bandwidth. The mere fact that the Federal 
Communications Commission (FCC) in the United States 
was able to auction 90 MHz of spectrum allocated to PCS 
for $17.2 billion is clear evidence of this 111. Added to this 
are the additional strain placed on the available spectrum 
by services such as Wireless Local Loop (WLL), Cordless 
Phones and broadband access services [2], [3], [4]. This 
path of rapid evolution has brought with it some of the 
biggest engineering challenges to date. A couple of years 
ago, the design of a communication system capable of op- 
erating in multiple propagation environments, delivering a 
broad range of services each with its own quality require- 
ments on a global scale to a person with a single handheld 
terminal [4] would have sounded far fetched. Today this 
is reality. The definition of a Universal Mobile Telephone 
System (UMTS) is currently receiving a great deal of at- 
tention from standardization bodies such as the ITU, and 
current evolution paths predict the availability of UMTS 
services early in the next century. This process have been 
the driving force behind the design of new coding, modu- 
lation, planning and access methodologies. 

Specifically, more dimensions are added to the cellular 
engineering problem. Starting with FDMA systems, cel- 
lular networks have seen the introduction of TDMA sys- 
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tems, CDMA systems and Space Division Multiple Access 
(SDMA) systems. SDMA systems normally uses one of the 
other multiple access schemes mentioned, and are realised 
by adaptive or fixed antenna arrays. An adaptive antenna 
array for use in a SDMA environment consists of an array 
of spatially distributed radiating elements, possibly seper- 
ated by less than the coherence bandwidth of the channel, 
where the outputs of each element is adaptively weighted 
and combined with the other outputs to extract a specific 
signal from the superposition of signals received. 

In our analysis, we will consider a Uniform Linear Ar- 
ray (ULA), where our definition of a uniform array is one 
of identical elements with identical excitation amplitudes, 
each with progressive phase. It will further be assumed 
that the array has maximum radiation directed normal to 
the axis of the array, making it a broadside radiating array. 

The total field of an array is determined by the vector 
addition of the fields radiated by the individual elements 
of the array. To create arbitrary directive patterns, it is 
necessary that the fields from the individual elements of 
the array interfere constructively in the desired directions, 
and destructively in the remaining directions. In an ar- 
ray of identical radiating elements, four main variables can 
be used to control the shape of the overall pattern of the 
antenna [5] .  These are: 

1. The array geometry (linear, circular etc.). 
2. The excitation amplitude of individual elements. 
3. The excitation phase of individual elements. 
4. The relative displacement between elements. 

Since we assume a ULA in this analysis, items 1. - 3. 
are known and we therefore only need to determine an op- 
timal displacement between elements to maximise system 
performance. Using this information, the system Bit Error 
Rate (BER) in a multipath Rayleigh fading environment is 
derived in section 11, while a correlation parameter to de- 
termine the optimal antenna spacing is defined in section 
111. 

In section IV a pdf is proposed to  model the non-uniform 
distribution of mobile users in a cellular environment. A 
uniform distribution is a special case of the pdf. This is very 
useful1 to model for instance a street crossing where the 
majority of mobile users will be on the road and therefore 
non-uniformly distributed through the cell. 

The influence of the mobile user location, the number of 
antenna elements in the array, the number of multipaths 
and the influence of power control fluctuations on the sys- 
tem performance are considered in section V, while the 
paper is concluded in section VI. 



11. BER PERFORMANCE CALCULATION 
Figure 1 is a representation of the cellular system under 

discussion, with K subscribers in the reference cell. The 
ouput of the transmitter for user I ;  can then be written as = { by!f?,kl (T:’)) + 6C)kkl ( T / k ) ) }  (6) 

s k ( t )  = Akbk(t)ak(t) COS(Uct + e k )  (1) and 
where Ak denotes the transmitted signal amplitude, bk (t)  

denotes binary data with bit period T seconds, a k ( t )  de- 
notes a random binary spreading sequences with chip pe- 
riod T, seconds and length N = T/T,. Also, standard 3i- 
nary Phase Shift Keyeing (BPSKJ modulation is used with 
a carrier frequency of U ,  rad/s and unknown carrier phase 
#I,, a random variable uniformly distributes over [0,27r). 
The transmitted signal propagates over a radio channel 
modeled as a Rayleigh fading, time invariant, discrete mul- 
tipath channel with equivalent low-pass response 

L 

p p e d k ) b [ T  - T$”]. (2) 
k 1  

Each path is characterized by the variables p/k), a 
Rayleigh distributed random variable denoting the strenght 
of path 1 from user k ,  cpl(k) uniformly distributed over [O, 2x1 
and denoting the phase shift of path 1 from user I ;  and T/”, 
uniformly distributed over [0, T) and denoting the propaga- 
tion delay of path 1 from user k .  Assuming that L = [$j 
multipath components are present, the received signal can 
be written as 

K L  

r ( t )  = Akbk(t)ak(t)Pl(k) ’ (3) 
k l  k 1  

cos(w,t - WcTl(k) + ek + ( p j k ) )  + q(t)  

where q( t )  denotes AWGN with a two-sided power spec- 
tral density of NoT/4. 

Since coherent demodulation is assumed, the receiver co- 
herently recovers the carrier phase and delay locks to the 
desired signal. Assuming that this signa? is that of sub- 
scriber k = 1, the output of the receiver after correlation 
and demodulation can be written as 

T -H 
5 r ( t ) a 1  (t)  cos(w,t)dt c = R e { l  I lW l I I  

(7) 

with ( . )H  denoting the Hermitian transpose and w k  the 
array manifold vector or steering vector optimising the re- 
sponse of the antenna array for user k .  Furthermore, b r )  
denotes current information bit detected for user k = 1 and 
b(ll denotes the previous information bit. Also, 

It should be clear that the detection variable is made 
up of four distinct elements, each represented by a term in 
(4). The first term represents the contribution of the main 
received path of the reference user, the second term all 
multipath components of this user or self-interference, the 
third term all transmissions from interfering users within 
the reference cell and the final term the effect of AWGN. 
Therefore, (4) can be rewritten as the sum of the desired 
signal and some interference term, i.e. 

where 

To calculate the error performance of the system, and 
making use of the Gaussian assumption, that is assuming 
that B is Gaussian distributed, it is then necessary to cal- 
culate the variance of a. In order to simplify the analysis 
it is assumed that ,f3, 6’ and r are all independent random 
variables. Furthermore, from inspection of (10) it is clear 
that the expected value of a, E{a}  must be equal to zero 
as E{cos(B)) = 0. Therefore, the variance of a is equal to 
E{a2} or, 

where B is a random variable uniformly distributed on 
[O,  2n) , 

E { (ti 
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Making use of the results in [6], we can calculate the 
average error rate in Rayleigh fading. The result is stated 
in (12). 

where 

1 Ea - = 1 + 2--E{a'}, 
A NO (13) 

Rik) denotes the average strength of path 1 from user k 
and 9 is the energy per bit to noise ratio. 

111. OPTIMUM ANTENNA SPACING CRITERIA 
In this section we derive a parameter for the optimum 

antenna spacing from (11) in a cellular CDMA environ- 
ment. It is clear that if E { a 2 }  = 0 the system will have 
optimal performance, i.e. no multiple access interference. 
This can only happen when there is no multiple access in- 
terference or when (Re [11;y~k])2 = 0, which is essentially 
the spatial correlation between and $(&I. This is only 
possible when the interferers, relative to the reference user, 
are in the antenna nulls. Since we are considering a multi- 
ple access system, we would like to optimise E(a2} in the 
presence of multiple acces interference. The only parame- 
ter which can be optimised for this purpose when a ULA is 
assumed, is to determine an optimal antenna spacing. In 
order to achieve this, we define the following. 

It is well known that for a broadside ULA, there is always 
a maximum gain at  90" [5]. We therefore assume that the 
desired user is at a spatially optimal position, $ ( l )  = 90". 
This is arbitrary since it is assumed that, in the case of 
an adaptive antenna, the main beam of the antenna will 
always be on the desired user. The other users can be 
distributed anywhere in the cell. For our derivation of the 
optimal antenna spacing, we assume the mobile users to  
be uniformly distributed, that is, the pdf of $(k) can be 
written as 

We can therefore determine 

= E ( ( R e [ 4 % & ] ) 2 }  

I)'} e- jymd,  cos(n/2)efymd. cos q+') 

where JO is the zeroth order Bessel function and 

where d 1 1 is an integer. Figure 2 shows R as a function 
of d for different values of M .  

It is clear that for a given number of antenna elements 
M ,  the optimum value of d = 2. Therefore an optimum 
antenna element spacing for a ULA is d, = 4 and will be 
used in the performance calculations of section V. 

IV. MOBILE LOCATION DISTRIBUTION 
The position of mobiles in a cellular system has a signifi- 

cant influence on the system performance. To describe this 
effect, the cellular multiple access system is assumed to be 
constituted by a number of non-overlapping cells, each of 
radius R (in our analysis we only consider one cell). Each 
cell has a base station located at its center, with mobile 
users distributed throughout the cell. The position of a 
mobile user in the cellular structure is fully defined by its 
distance from the reference base station T ,  and its angle, 
$o, measured from some reference, both of which can be 
considered random variables. This is shown in Figure 3. 
As the performance of the cellular system depends on the 
spatial distribution of mobiles, true pdf's for both the an- 
gular and distance distributions of mobiles are required in 
order to calculate the performance of the system. These 
are, however, not available in the literature and various 
approximations such as uniform angular and distance dis- 
tributions [7] and modified Gaussian distributions [a] are 
used. These assumptions are either not a good representa- 
tion of the real world scenario or are somewhat inflexible as 
it is clear that these distributions will vary from situation 
to situation. Specifically, a single pdf applicable to many 
scenarios would be extremely useful. Thus, in terms of the 
angular distribution of mobiles the authors propose a pdf 
of the form 

+ rect (+ - al - 2n)] 

* C O S ~ ( W ~ $ ~  - ai)] 0 5 $0 5 2n (17) 

where A,o,m is a normalizing factor to ensure that 
s ,2"p0. , ($~)d4~ = 1 and PIpea& is the number of peaks in 
the pdf. This factor (Npeak) is a measure of the angular 
clustering of mobiles in a cell. Clearly, if PIpea& = 0, (17) 
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denotes a uniform angular subscriber distribution. Fur- 
thermore, rect(z) is defined as 

with wz an integer controlling the width of peak 1. Typ- 
ically, values for WI wilI be chosen to  yield angular peaks 
of different maximum and minimum widths. For instance, 
if wi = 10 the width of peak E in the pdf of the angular 
distribution of mobiles will be ~ / 1 0  rad. The angular lo- 
cation of peak 1 is given by ai, whilst the relative size of 
each peak is determined by (̂I (typically values between 0 
and 1). 

In our BER calculations, the pdf of (17) is used to gen- 
erate the 4(k)  values, using a procedure in [9] to  generate 
variables of arbitrary distributions. 

Figure 4 shows the ULA radiating pattern for M = 3 
with the reference user located at go", while the interfering 
mobiles are clustered, according to (17), in one of the zeros 
of the antenna pattern. For these graphs the total number 
of users K = 50. For a antenna element spacing of d = X/2, 
the zeros in the radiation pattern are located at  

When M = 10, it is clear that the zeros located at 0" 
and 180" are wider than the other zeros. When interfering 
users are located here, the toal inference would be less and 
a system performance improvement will be achieved. These 
type of improvements will be quantified in the next section 
as a function of the average error rate. 

V. RESULTS 
In Figure 5 the influence of mobile location is illustrated. 

The reference user was assumed to be at r#(l)  = 90°, while 
the interfering users were moved to fixed locations as in- 
dicated on the graph. Note that the interferers were not 
distributed through the cell according to (17), but were 
fixed to the positions indicated. When the interfering ma- 
biles (interfering relative to the reference user) are moved 
to a null position in the antenna radiation pattern (accord- 
ing to (19)), the BER performance is the same as for a 
single user in a Rayleigh fading environment. When the 
interfering mobiles are all moved to the same location as 
the reference user, 4(k)  = go", the BER performance is un- 
acceptably high. This is expected since the performance 
of a CDMA system in a fading environment is unaccept- 
ably high. n o m  Figure 4, it is clear that the gain at  180" 
is smaller than at 90". By placing the interfering mobiles 
at  q5(k) = MO", the smaller interference is reflected in the 
BER curve of Figure 5. By placing the interferers at two 
arbitrary angles #@) = 75" and q5@) = 30", a feeling of the 
influence of the antenna's radiating pattern can be gained. 

Distributing the mobiles according to (17) with inter- 
ferering mobiles at  different peak locations, Figure 6 re- 
sults. As reference fixed mobile interferers were located at 
the ULA zero. Since we are generating a pdf with a finite 

number of users (in this case K = 30), the average error 
rate has to be derived from a number of trials. In this case, 
and also in all other performance results using (17), thirty 
trial runs were performed to determine the average error 
rate. Again the reference user were assumed to be located 
at #(I) = 90°, with at as indicated in the figure. As can be 
expected, the performance with ai = 0" is the best since 
the antenna null at 0' is the biggest. The performance is 
still not acceptable and some form of coding or diversity 
should be implemented to improve the performance to an 
acceptable level. The system performance for QI = go", 
ai = 75" and a1 = 66.42' degrees are equally unaccept- 
able, although the performance for QI = 66.42' (in one of 
the narrower antenna nulls) is slightly better. 

Next we consider the influence of the number of antenna 
elements on the system performance as depicted in Figure 
7. To make a fair comparison, the mobile location peak al 
was chosen such that it is located at one of the antenna 
array nulls. It is clear that the number of antennas sub- 
statntially improve the system performance. As reference, 
the performance with M = 1 and K = 30 is compared 
to different values of M. It is clear from Figure 7 that a 
large number of antennas are needed to improve the system 
performance to  an acceptable level. 

Figure 8 indicated the influence of multipath on the sys- 
tem error performance. Again antenna arrays improve the 
system performance, but with a realistic number of muli- 
path components, i.e. L = 3, the performance with ten 
antenna elements are not acceptable. A very large num- 
ber of antenna elements are needed to improve the system 
perofrmance in a multipath Rayleigh fading environment 
or additional techniques such as a RAKE receiver or error 
control coding is needed. 

VI. CONCLUSIONS 

In this paper the performance of a multipath Rayleigh 
faded single cell §DMA/CDMA system was investigated. 
A criteria for the optimum antenna spacing in a cellular 
CDMA system employing a ULA was derived. The 
tion is based on reducing the multiple access interference 
by using the spatial correlation as criteria. This criteria 
can also be used to determine the optimum antenna geom- 
etry in a cellular CDMA system. A novel mobile subscriber 
probability density function was derived to more realisti- 
cally calculate system performance. 

From the results it is clear that antenna arrays are an 
effective way to reduce interference and to increase system 
capacity. What is of essential importance is to have an al- 
gorithm to  determine the angle of arrival of the reference 
user and to be able to determine where the strongest in- 
terferers axe. In general, it is clear that, in addition to 
an antenna array, a RAKE receiver in a multipath envi- 
ronment is essential for acceptable system performance. It 
should be noted that the antenna arrays have the ability to 
increase the system capacity substantially, but additional 
gain can be achieved from a combination with other an- 
tenna diversity schemes. 
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Fig. 1. Basic block diagram of cellular CDMA system. 
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Fig. 2. Radiation pattern for M = 3 with mobile users distributed 
randomly in cell 
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Fig. 6. BER for K = 30, M = 10, L = 2 and o(') = 90' 
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