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Performance of UWB Multiple-Access Impulse Radio Systems
With Antenna Array in Dense Multipath Environments

S. S. Tan, B. Kannan, Member, IEEE, and A. Nallanathan, Senior Member, IEEE

Abstract—In this letter, the influence of temporal and spatial
diversities on the performance of ultra-wideband time-hopping
pulse-position modulated multiple-access impulse radio (IR) sys-
tems is analyzed. We investigate how an antenna array can be used
at the receiver to improve the bit-error rate (BER) performance
and can cope with the effects of multiple-access interference of IR
system in dense multipath environments. Analytical and simula-
tion results show that the BER performance of the IR systems can
be improved when the number of array elements is increased. The
performance can be further improved by coherently adding more
multipaths at the receiver.

Index Terms—Antenna array, impulse radio (IR), multipath,
multiple access, ultra-wideband (UWB).

I. INTRODUCTION

IMPULSE RADIO (IR) is based on an ultra-wideband
(UWB) time-hopping (TH) spread-spectrum technique,

in which subnanosecond pulses are modulated to convey in-
formation by shifting the relative time position of the pulses.
Performance of IR under ideal propagation conditions, where
there is only a single path between each user’s transmitter and
receiver, has been investigated in [1]. A Rake receiver can be
used positively to reap the benefits of multipath diversity in
UWB systems [2], [3]. Analysis on Rake-type receivers for
UWB systems in dense multipath environments is discussed
in [4]. The multipath characteristics of IR systems based on
single-antenna reception are discussed in [5] and [6]. Antenna
array is a promising approach for capacity enhancement and
performance improvement in wireless systems. In dense mul-
tipath environments, antenna array can be used in conjunction
with the Rake receiver to exploit the spatial and temporal
diversities. This letter presents the diversity performance of
the IR systems with antenna array in the presence of multipath
and multiple access interference (MAI). Specifically, uniform
rectangular and linear arrays with selective Rake (SRake)
are employed at the receiver. Particular attention is given to
the effects of the number of antenna elements and selected
multipaths on the bit-error rate (BER) performance.
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II. SYSTEM MODEL

A. TH-PPM Signal Model

In this letter, binary IR modulation is considered. A TH pulse-
position modulated (TH-PPM) signal for the th user can be
modeled as

(1)

where represents the received monocycle waveform,
corresponds to the frame interval, and is the chip duration.
In order to support multiusers, each user is assigned a distinc-
tive TH sequence . The PPM is used for bit encoding,
whereby each bit is encoded by delaying the pulses with
an additional time shift. The data sequence of
the th user is a binary stream that conveys the information.
The modulating data symbol changes only after every hops.
Therefore, for all
, where is the th transmitted bit, and is the th repeated

transmitted bit in the th frame for ,
.

B. Antenna-Array Geometry and its Parameters

In this letter, we consider uniform rectangular
and linear arrays at the receiver. The beamformer
output for an array steered towards an azimuth angle of and
an elevation angle of on the incidence of a plane wave from
an azimuth angle of and an elevation angle of is defined
as [7]

(2)

where is the pattern of the th antenna element,
and is the time delay of the received signal at the th
element, which is measured with respect to the reference ele-
ment , is given by

(3)
In (3), , , ,

, and is the speed of light. The spacing
between the antenna elements in and directions are denoted
by and , respectively. The antenna elements are equally
spaced, where . We assume that the signals are
on the plane, and hence, the elevation angle, . The
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channel model used in this letter is similar to the one described
in [8] and [9], which is also the recommended channel model of
IEEE 802.15.3a.

III. RECEIVER PROCESSING

Consider an antenna array with antenna
elements. Each and every element is equipped with an SRake
with -Rake fingers. Without loss of generality, we assume
that the receiver is perfectly synchronized to the hopping se-
quence of the desired user (user 1), the delays and channel co-
efficients of the selected paths are known at the receiver, and
the receiver selects dominant paths of user 1. Besides, the
time delay between the desired user and each interference user is
uniformly distributed. The received signal can be written as (4)
where is the self-interference (SI), is the MAI,
and is the additive white Gaussian noise (AWGN) at
the th element with double-sided power spectral density
of . In (4), is the channel gain of the th path at
the th antenna element for the th user, and is the
time delay of the th path at the th element for the th
user. Without loss of generality, we assume . The
total number of multipath for the th user is denoted by

(4)

The received signal is correlated with the correspondent tem-
plate waveform at each finger of every antenna element, fol-
lowed by sampling and summation. Thus, the correlator output
at the th finger of the th element during the th symbol
period is given by (5), shown at the bottom of the page, where

is the template signal for one bit duration, and is defined as

(6)
The bit waveform in (6) is defined as

(7)

The test statistics of the th transmitted symbol depends
on the sum of the pulse correlator outputs of each selected
path of each antenna element, and is given by (8), shown at the
bottom of the next page. The noise term in (8) is the
summation of the total SI , MAI , and AWGN at
the receiver output. The receiver makes binary decisions based
on the test statistics as shown in

(9)

IV. BER ANALYSIS

Assuming that the channel coefficients remain constant
during one symbol duration, the total desired signal energy
contained in all selected paths from all antenna elements is
given by

(10)
where .

(5)
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Transmission time difference between the selected th path
of user 1 for the th element and the other paths from
the same user or the other active users is defined as

, where is the
value of time uncertainty rounded to the nearest integer, and

is the error in this rounding process which is uni-
formly distributed over .

In this letter, we assume that the number of users and the
number of multipaths are sufficiently large. Hence, by using the
central limit theorem (CLT), and in (8) can be modeled
as Gaussian random variables. Furthermore, and can
be considered as independent random variables as the user sig-
nals are all assumed to be independently generated. Therefore,

can be modeled by a Gaussian random variable with zero
mean and variance, where . The
notations , , and are the variances of the decision vari-
able caused by SI, MAI, and AWGN, respectively.

The overall AWGN noise at the receiver output, , which is
defined in (8), has zero mean and its variance can be written as

(11)

The variance of zero-mean MAI at the receiver output is given
by

(12)

Similarly, we can show that the SI has zero mean and its vari-
ance is

(13)

The probability of error with MAI and SI conditioned on
a particular instantaneous signal-to-interference-plus-noise
(SINR) per bit can be written as

(14)

The average bit-error probability in the presence of fading,
, is computed using Monte Carlo method, where

(15)

In (15), is the number of channel realizations, which is taken
as 10 000.

V. NUMERICAL RESULTS

We select the Gaussian monocycle pulse shape to be

(16)

in which pulses represent one bit, whose energy is normal-
ized to one. In (16), ns corresponds to the location
of the pulse center, and ns determines the width
of the pulse. The monocycle duration is ns. The
system parameters are as follows: frames, ns,

ns, ns, and . The angles
of arrival of the signals at all antenna elements are assumed to
be the same where , , and . The pa-
rameters for the channel model are taken as: cluster decay factor

, ray decay factor , dB.
The constant ray and cluster arrival rate are assumed to be 0.5
and 0.1 ns, respectively.

Fig. 1 illustrates the theoretical and simulation results of the
system’s BER performance for different numbers of antenna
elements and selected paths for users. The results
in this figure show that the performance of a UWB system can
be improved by increasing the number of Rake fingers and/or

(8)



IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 54, NO. 6, JUNE 2006 969

Fig. 1. BER versus E =N for different numbers of antenna elements and
selected paths.

Fig. 2. Tradeoff between the number of Rake fingers and the size of antenna
array.

the array size. This improvement is due to the fact that the total
energy captured by the receiver increases when the number of
Rake fingers and/or the array size is increased.

In Fig. 2, we compare the tradeoff between the number of the
Rake fingers and the antenna array size in a 50-user environ-
ment. In this letter, the total number of collected paths by the
antenna array is kept at a constant value, and the BER perfor-
mance of the system is evaluated for different array sizes. This
figure shows that a system with a higher array size gives better
performance. This result also demonstrates that the performance
improvement from spatial diversity is greater than that from the
path diversity.

In Fig. 3, with , we compare the performance of
rectangular and uniform linear arrays. The results show that the
BER performance of rectangular array is greater than that of the
uniform linear array. This observation can be attributed to the
geometry of the array. Compared with a uniform linear array,

Fig. 3. Comparison between rectangular array and uniform linear array.

Fig. 4. BER versus number of interfering users, N (= N � 1).

the rectangular array is capable of capturing multipath compo-
nents with shorter propagation delays. Hence, the captured en-
ergy from the received multipath signals is higher than that of
the uniform linear array.

Fig. 4 presents the BER performance as a function of number
of interference users for different numbers of
antenna elements and selected paths. This result demonstrates
that the system with a higher number of array elements and/or
Rake fingers has greater tolerance to MAI and can support a
higher number of users.

VI. CONCLUSIONS

The diversity performance of an IR multiple-access system
by employing antenna array with SRake in an indoor multipath
channel is presented. Antenna arrays can be used to exploit spa-
tial diversity in conjunction with the path diversity provided by
the Rake receiver to capture more energy from multipaths and
improve the performance of the system. The results indicate that
the BER performance of the system improves when the number
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of antenna elements and/or selected multipaths increases. We
have also shown that the performance improvement from spatial
diversity is considerably greater than that from the path diver-
sity. Furthermore, we also studied the impact of array geometry
on the system performance. The results showed that a rectan-
gular array can offer better performance than a uniform linear
array, as the energy captured by a rectangular array is higher
than that of a uniform linear array.
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