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I Introduction
CDMA systems are commonly deployed for second and third generation wireless systems.
Due to the fact that in CDMA systems all users communicate simultaneously in the same
frequency band, Multiple Access Interference (MAI) is a major cause of transmission im-
pairment. Additionally, the ever present multipath fading significantly degrades the uplink
(or reverse link) performance. In order to reduce MAI and avoid adverse effects of multi-
path, the use of smart antenna systems is postulated [1]. Many authors use the mean bit error
rate(BER) as a figure of merit in determining the performance of smart antennas and their
respective algorithms [2] [3]. However, theBERdoes not provide a true reflection of the
system performance. Furthermore the performance of practical CDMA systems is usually
characterised by the frame bit error rate(BERf ). System engineers like to know how often
BERf , averaged over the ensemble of channel parameters and Direction of Arrival (DOA),
exceeds a given threshold. This is known as outage probability. The main contribution of
the work in this paper is that we relate the frame bit error rate to outage probability and then
analyse the outage performance(Pout) of the smart antenna system for CDMA as a function
of the number of users, number of antenna elements, doppler frequency and noise levels.
These results are derived via simulation of the reverse link of an IS-95 CDMA system.

The paper is organised as follows. In Section II, we present the simulation methodology and
define the new figures of merit used to investigate the performance of smart antennas. Sec-
tion III contains the simulation results and discussion. Finally, summary and conclusions
are presented in Section IV.

II System Model
Block diagram of the investigated smart antenna system is shown in Fig. 1. We evaluate
its performance by means of Monte Carlo simulations that are run over 5000 frames for
each value of the variable of interest (Eb/No or K or N). All the K users are modelled
according to the IS-95 CDMA reverse link frame format [4]. The main parameters of the
simulation model are summarised in Table 1. The channel model considered is a double
spike(L = 2), equal strength Rayleigh fading multipaths per user respectively in Additive
White Gaussian Noise (AWGN) with the maximum Doppler frequency offD = 100 Hz,
which corresponds to a fast vehicular case, and a constant path delayτ = 5Tc. Angle spread
is assumed zero for simplicity. This model is valid for suburban areas. The base station uses
a uniform linear array ofN omni-directional antenna elements to receive the signal. The
mutual coupling between antenna elements is ignored due to the fact that its inclusion only
negligibly affects interference rejection capability of a smart antenna system [5]. The smart
antenna weight vector adaptation is assumed to be perfect i.e. the weight vector is assumed
to match perfectly with the array response vector. As a result, the simulation results are
regarded as an upper bound of the performance of a practical system. The following figures
of merit are used to study the performance of smart antennas: (i)BER, defined as the ratio
of total number of bit errors to the total number of bits simulated, (ii)BERf , defined as
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the ratio of number of bit errors in a frame to the number of bits/frame. TheBERf is
dependent on the particular value of fading amplitudeα and DOA θ present during the
frame (iii) Outage ProbabilityPout, defined as the probability thatBERf exceeds a given
BER threshold(BERth), averaged over the ensemble of channel parameters and DOA of
the multiple users. This is given by the following integration:

Pout =
Z π/2

−π/2

Z ∞

0
Pr(BERf ≥ BERth)dα dθ

=
Z π/2

−π/2

Z ∞

0

Z ∞

BERth

pBERf (BERf )
∣∣
α,θ pα(α) pθ(θ)d(BERf )dα dθ (1)

where,pBERf (BERf )|α,θ is the probability density function (pdf) of theBERf conditioned
overα andθ, pα(α) is the Rayleigh pdf andpθ(θ) is a uniform pdf of the DOA. The averag-
ing over the ensemble of channel parameters and DOA is done by running the simulations
for 5000 frames. To ensure averaging over fading, the fading generators are run continu-
ously over the 5000 frames. To ensure averaging over DOA’s, the DOA of the desired user
is linearly increased or decreased with0.01◦ per snapshot, while the DOA of interferers is
randomly selected. We have also confirmed via Chi square test [6] that 5000 frames are
adequate for average value to be obtained.

Table 1: Main parameters of the simulation
Chip time Tc = 1

1228800s Modulation OQPSK
Carrier frequency 900 MHz Frame length 20 ms
Base Station Asynchronous Spreading Codes Long code and
synchronisation operation I and Q sequences
Power Control Ideal Channel Coding No
Oversampling factor Q = 4 Pulse shaping No
Antenna Geometry Uniform Linear Array Antenna distance d = λ/2
BER threshold BERth = 10−3 Bits/frame 576
Direction of Arrival −π/2≤ θ≤ π/2 User motion 0.01◦ per snapshot

III Results & Discussion
We start our results and discussion for the case of a single user. These are followed by a
multiuser case.
Mean Bit Error Rate vs. Number of antennas
The BER results for a single user withL = 2 paths (M = 64-ary orthogonal modulation with
non-coherent detection) for a single antenna (conventional case) are well known [4] and are
used as reference. It is apparent that there is no MAI in the case of one user.
Fig. 2 shows the plot of mean BER(BER) versusEb/No for the case of a single user
for different number of antennas. We see that for the conventional case, the simulation
results show good agreement with the theory. Fig. 2 illustrates the performance gain in
Eb/No achieved by the use of smart antenna combining. We define thesmart antenna
gain as the reduction inEb/No relative to the conventional case at a given BER. The smart
antenna gain from simulations is found to follow the well known linear relationship in array
processing of Signal to Noise Ratio (SNR) gain versusN [3] i.e. the reduction inEb/No is
equal to10log10(N). Thus smart antenna can be used for either increasing the coverage or
improving capacity or both. Also as seen in Fig. 2, the mean BER decreases as the number
of antennas increases. Therefore in addition to the capacity and coverage improvement,
smart antennas also offer an improvement in system performance measured in terms of
reduction inBER.



Outage Probability vs. Number of antennas
Fig. 3 shows the plot of Outage Probability(Pout) vs. number of antenna elements for a
single user under three different noise conditions (Eb/No = 0,10 and 15 dB respectively)
for fD = 100Hz. We see that for all the simulated casesPout improves asEb/No increases.
In additionPout also shows an exponential improvement asN increases. As seen in Fig. 3,
when only one user is present in the system, the most significant improvement inPout occurs
when the array size is increased up to 4 elements.
Fig. 4 shows the plot ofPout versusN for a single user withEb/No = 10dB for the following
three cases:- (i) uncorrelated fading, (ii)fD = 100Hz which corresponds to a fast vehicular
channel and (iii)fD = 10 Hz which corresponds to a pedestrian channel. From Fig. 4,
we see that uncorrelated fading results in higher outage than the corresponding correlated
cases. i.e. vehicular channel shows higher outage than pedestrian channel, e.g. from the
figure for N = 4, the vehicular channel outage is roughly 4 times the pedestrian channel
outage. ForEb/No = 15 dB, there is little improvement inPout asN increases from 4 to 8
for pedestrian channel.
Mean BER and Outage Probability vs. Number of users
All the results presented earlier were for a single user. In commercial systems there are
typically 20 users/sector (for IS-95). Fig. 5 shows howBERvaries with number of usersK
for Eb/No = 10dB and may be used to determinePout as system load increases. This figure
also shows the effect of varying the number of users on Outage Probability. In the range
simulated,Pout shows a linear increase with the number of users. We can, however, expect
that at some large value ofK, when the system is heavily dominated by Multiple Access
Interference (MAI),Pout will become asymptotic at value of 1.

IV Conclusions
In this paper, we have reported on the BER and outage analysis of a smart antenna system
for reverse link of IS-95 CDMA. We have defined new figures of merit for smart antennas
(smart antenna gain and outage probability). Simulation results have been presented show-
ing how these figures of merit, and additionally the mean BER, vary with the number of
antennas (N) and number of users under different channel conditions. It has been found
that significant improvement in outage occurs in the range1≤ N ≤ 4. WhenN increases
from 4 to 8, the outage probability reduction is not significant, especially for pedestrian
channels. This observation is of value in the planning of smart antenna structures for urban
areas. The reported results assume perfect adaptation. Effect of imperfect adaptation is the
goal of future work.
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Figure 1: The block diagram of the receiver incorporating the smart antenna for the CDMA
reverse link.
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Figure 2: Mean BER versusEb/No for
single user for various number of antenna
elements.
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Figure 3: Outage probabilityPout versus
number of antennasN for a single user for
differentEb/No ( fD = 100Hz).
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Figure 4: Outage probabilityPout versus
number of antennasN for a single user
for different fD (Eb/No = 10dB).
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Figure 5: Mean BER and Outage Probability
respectively versus Number of usersK for
N = 4 smart antenna array.




