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ABSTRACT: The suitable use of an array antenna at the base station
of a wireless communications system can result in improvement in the
signal-to-interference ratio (SIR). In general, the SIR is a function of the
direction of arrival of the desired signal and depends on the configura-
tion of the array, the number of elements, and their spacing. In this pa-
per, we consider a uniform linear array antenna and study the effect of
varying the number of its elements and inter-element spacing on the SIR
performance. © 2002 Wiley Periodicals, Inc. Microwave Opt Technol
Lett 35: 445–449, 2002; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.10634
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1. INTRODUCTION

In recent years, a lot of interest has been shown in smart antennas
with respect to existing and future wireless communications sys-
tems. An attractive feature of the smart array antenna is that when
suitable weights are applied to the signals received by individual
antenna elements, the discrimination of the receiver against unde-
sired/interfering signals, in comparison with a single antenna sys-
tem, can considerably be improved. Before developing a smart
antenna system it is important to assess the potential of a given
array configuration to reject the interference. An important perfor-
mance measure in this regard is the interference rejection or SIR
improvement capability. This capability of rejection of undesired
signals is in general a function of the array geometry (for example,
linear or circular), the number of antenna elements (including their
spacing), and the direction of signal arrival of the desired user and
the interferers. It is defined as a reciprocal of the spatial interfer-
ence suppression coefficient, which is determined as an average
cross-correlation between the array-steering vector toward a given
user and the steering vector toward the interferers. In many papers,
addressing the topic of smart antennas, the SIR improvement
capability of an antenna array has been only vaguely addressed [1,
2, 3].

In this paper we provide a detailed presentation of the SIR
improvement ability of a uniform linear array, which, for example,
can be located on one side of a triangular panel as part of a larger
base-station antenna system. In particular, we consider the effect
of varying the number of antenna elements and the inter-element
spacing on the SIR improvement. Due to the applied signal pro-
cessing method, these considerations are valid for an array oper-
ating within the code division multiple access (CDMA) system.
However, the findings can be extended for alternative access
systems.

2. THEORY

Consider a linear array of N antenna elements, which forms one
side of a triangular panel array of the base station and is located at
the origin of the Cartesian coordinate system. The array receives M
narrowband signals from mobile users, which are randomly dis-

tributed in the azimuthal direction (the xy or � � 90° plane). For
simplicity, we consider a uniform linear array (ULA) of omnidi-
rectional antenna elements, spaced a distance d � �/ 2 along the
x-axis. We assume that with regard to this array the users are
located in the far-field region. In this case, the parameter that
characterizes the location of the source is its direction of arrival
(DOA) �, or alternatively �, which is conventionally measured
from the array broadside, as shown in Figure 1. The received
signal at the mth antenna can be expressed as

xm�t� � �
k�1

M

sk�t�e�j2��dm/�c�sin�k � nm�t�, (1)

where dm � distance between the mth and reference antenna
element (element number 1), sk(t) � signal transmitted by the kth
source as received by the reference antenna, �k � angle of arrival
of the kth source as measured from the array broadside, �c �
carrier frequency wavelength of the signals, and nm(t) � additive
white Gaussian noise at the antenna arrays with zero mean and
variance �2. Using vector notation, Eq. (1) can be expressed as

x�t� � �
k�1

M

a��k�sk�t� � n�t� � A��k�s�t� � n�t�, (2)

where x(t) � [ x1(t), x2(t), . . . , xN(t)]T is N � 1 vector of
measured voltages, s(t) � [s1(t), s2(t), . . . , sM(t)]T is M � 1
signal vector, n(t) � [n1(t), n2(t), . . . , nN(t)]T is N � 1 noise
vector, A(�) � [a(�1), a(�2), . . . , a(�M)] is N � M steering
matrix whose columns are steering vectors of the sources and �T

denotes transpose operation.
The array correlation matrix Rxx, associated with vector x(t),

contains information about how signals from each element are
correlated with each other and is given by

Rxx�t� � E�x�t�xH�t��, (3)

where E[ � ] denotes expectation or statistical averaging operator.
The N � 1 steering vector a(�k) models the spatial response of

the array due to an incident plane wave from the �k direction. In
general, it is the product of antenna response H(�) and the geo-
metrical array factor [4] and is given as

Figure 1 Array geometry for an N element uniform linear array with
inter-element spacing d
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a��k� � �H1��k� H2��k�e
�jkdsin�k H3��k�e

�j2kdsin�k

· · · HN��k�e
�j�N�1�kdsin�k�T, (4)

where Hn(�k) denotes the response of antenna element n and �T

denotes transpose operation.
If mutual coupling between antenna elements is neglected and

the individual element patterns are identical, then scaling them
with respect to element number 1 reduces Eq. (4) to

a��k� � �1 e�jkdsin�k e�j2kdsin�k · · · e�j�N�1�kdsin�k�T. (5)

Note that when the mutual coupling is neglected the steering
vector, as given by Eq. (4), is independent of the actual types of
elements forming the array. This justifies our assumption that
omnidirectional antenna elements constitute the considered linear
array.

The collection of these steering vectors over the parameter set
of interest � � {a(�)�� � �} is called the array manifold, where
� denotes the set of all possible parameter vectors. The array
manifold is assumed to be unambiguous, that is, the matrix A(�)
has full rank for all distinct �k � �. It can be shown that the
uniform linear array manifold is unambiguous if the direction of
arrivals (DOAs) are confined to the set � � [��/2, �/2] as in [5].

Let s1(t) be the desired signal source arriving from the direc-
tion �1 and consider the rest of the signals sk(t), k � 2, . . . , M
as interferences arriving from the respective directions. The array
output is given by

y�t� � wHx�t�, (6)

where w is the weight vector that is applied to the antenna array to
produce a beam pattern with its main lobe in the direction of the
desired user and �H denotes Hermitian (complex conjugate)
transpose.

For a conventional beamformer, all the weights are of equal
magnitudes while phases are selected to steer the array in a
particular direction known as look direction. In a CDMA signal
environment, where the desired signal is dominant due to the
CDMA signal processing gain, we can use the eigenvector e1,
corresponding to the maximum eigenvalue �1 of the array corre-
lation matrix Rxx, as the value of the weight vector to track the
desired user [1]. Thus, w is given by

w �
1

�N
a��1� (7)

and the array becomes the phased array as the magnitudes of the
weight vector are constant and only phases are varying.

Substituting this value in Eq. (6), and using Eq. (1) and sim-
plifying, we get

y�t� � s1�t� �
1

N �
k�2

M

sk�t�aH��1�a��k� �
1

N
aH��1�n�t�. (8)

The mean output power of the processor is

P�t� � E� y�t� y��t��

� E��s1�t��2� � �
k�2

M
1

N2 �aH��1�a��k��2E��sk�t��2�

� E�1

N
�aH��1�n�t��2�

� E��s1�t��2� � �
k�2

M

	k��1, �k� E��sk�t��2� �
�n

2

N
, (9)

where 	k(�1, �k) � (1/N2)�aH(�1)a(�k)�2.
The first term on the right side of Eq. (9) is the desired signal

power, whereas the second and third terms represent interference
and noise power, respectively.

The Signal-to-Noise ratio (SNR) at the array output (SNRo) can
be written as

SNRo �
E��s1�t��2�

E�1

N
�aH��1�n�t��2�

� N
E��s1�t��2�

�2

� N�SNRin�, (10)

where �2 denotes noise power, while SNRin is the signal to noise
ratio at the input of each antenna element. Eq. (10) shows that the
SNR at the array output is improved N times or by 10 log 10(N)
in dB.

The SIR at the array output (SIRo) can be written as

SIRo �
E��s1�t��2�

�
k�2

M

	k��1, �k�E��sk�t��2�

. (11)

We see that the SIR at the array output is a function of �1, the
direction of the desired user. The mean SIR at the array output
(SIRo) can be written in terms of input SIR (SIRin) [2] as

SIRo �
SIRin

Gavg��1�
, (12)

where Gavg(�1) is the spatial interference suppression coefficient.
Assuming �k is uniformly distributed in the range [��/2, �/2]
(meaning that the interfering signals are equally probable from any
direction in the specified range), it is given as the mean value of
	k(�1, �k) by

Gavg��1� � E�	k��1, �k�� �
1

� �
��/ 2

�/ 2

	k��1, �k�d�k, (13)

where

	k��1, �k� � � wH

�wH�
a��k�

�a��k��
�2

�
1

N2 �aH��1�a��k��2 (14)

and � � � is the vector norm. Substituting the values from Eq. (5),
and using the equality ¥x�0

X�1 ax � (1 � aX)/(1 � a) and
simplifying, we get
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	k��1, �k� �
1

N2

� sin	�N

2
(sin �1 
 sin(�k)
�2

�sin	�

2
(sin �1 
 sin��k�
�2 . (15)

From Eq. (15), we see that coefficient 	k(�1, �k) depends on the
difference between the sines of the angles rather than on the
difference between the angles themselves. Therefore, Gavg(�1)
and SIRo depend on the value of the steered angle �k.

The average improvement in SIR (	) at the array output is then
given as

	 � 10 log 10	 1

Gavg��1�

 � �10 log 10�Gavg��1��. (16)

3. RESULTS AND DISCUSSION

First we investigate the effect of varying the number of antenna
elements N on the spatial interference suppression coefficient

Gavg(�1). The inter-element spacing is set to d � �/ 2. Figure 2
shows the plot of Gavg(�1) for a linear array for different N. The
curves are U-shaped, with a broad minimum, implying that inter-
ference reduction is maximum over a certain range of �1, centred
at �1 � 0° (broadside). However, the exact amount of SIR at the
array output is dependent on �1. The presented result conforms to
the expectation that a linear array’s discrimination against inter-
ferers (in terms of SIR) is best in its broadside direction and
deteriorates in its end-fire direction, for example, given an N � 12
element array, the average improvement in SIR at the array output
is 	 � 12.65 dB for �1 � 0° (broadside) and only 6 dB for �1 �
90° (end-fire).

To characterise this degradation in performance, we can define
an “interference reduction beamwidth” (BWir) as the range of �1

over which Gavg(�1) is within 3 dB of its minimum value at 0°.
Figure 3 shows the variation of BWir with N. For N � 4, the
beamwidth is quite narrow (
48°) but increases to 
59° for N �
12. The range is nearly the same as when N increases from 12 to
27, implying the onset of diminishing returns.

Figure 2 Plot of variation of spatial interference suppression coefficient
Gavg(�1) with direction of arrival (DOA) of desired user �1 for different
number of antenna elements N with d � 0.5�

Figure 3 Plot of interference reduction beamwidth (BWir) with number
of antenna elements N (d � 0.5�)

Figure 4 Variation of spatial interference suppression coefficient
Gavg(�1) with DOA of desired user �1 for an N � 12 element linear array
for (a) d � 0.10�, 0.25�, 0.40�, 0.50�; (b) d � 0.50�, 0.60�, 0.75�,
1.0�
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Next we investigate the effect of varying the array’s inter-
element spacing d on Gavg(�1). Figure 4 shows the variation of
the spatial interference suppression coefficient as a function of
inter-element spacing for N � 12 element array. From Figure 4(a),
we see that interference rejection ability of the array is quite poor
when the antenna elements are very tightly spaced (d �� 0.5�).
This is because in such a situation, the directivity of the array is
reduced and the closely spaced array approximates an omnidirec-
tional antenna. Consequently, the interference rejection property of
the array is reduced. As the array elements are moved apart, the
interference rejection capability increases, for example, for d �
0.1� the average improvement in SIR at the array output for
broadside incidence is 	 � 5.9 dB only, but improves to 	 �

11.67 dB for d � 0.4� and 	 � 12.65 dB for d � 0.5�. For d �
0.5�, there is formation of grating lobes, which degrade the array
performance.

The apparently complicated shapes of the curves in Figure 4(b)
can be explained by looking at the beam patterns for the particular
DOAs. Figure 5 shows the beam pattern for an N � 12 element
array with uniform inter-element spacing d � 0.75� for two
steering angles (a) �1 � 0° and (b) �1 � 20°. We see that for �1 �
0°, the side lobes are narrower, resulting in lower interference
being picked up while for �1 � 20°, the side lobes are broader as
compared to the previous case, resulting in comparatively poorer
SIR performance. This can be confirmed by looking at the curve
for d � 0.75� in Figure 4(b).

Figure 6 shows the plot of the total average value of Gavg(�1)
over �1 versus inter-element distance for different number of
elements. The results of the curve for an N � 12 element array, for
example, are obtained by averaging the curves for the different
element spacings from Figure 4 over �1. From Figure 6, we see
that the optimum value of d (local minimum of the curve) is
between 0.4� and 0.5�, its exact value depending upon the number
of antenna elements. For this separation range (0.4� � d �
0.5�), the grating lobes disappear and a fairly narrow beam can be
formed on the reference user leading to good performance of the
receiving system involving the array.

4. CONCLUSION

This paper presented an analysis concerning the average SIR
improvement for linear arrays antennas employed at a base station
of a cellular system. It has been shown that the interference
rejection capability of the array improves as the number of antenna
elements increases. However, increasing the number of elements
approximately beyond N � 12 results in diminishing returns. It
has been shown that for a uniform array the inter-element spacing
in the range 0.4� � d � 0.5� is optimum in terms of SIR
improvement.
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ABSTRACT: The Genetic Algorithm (GA) optimization technique is
applied to the optimization of a profiled corrugated horn, designed
as a feed for a space-borne remote sensing reflector-antenna system.
In addition to using the standard GA (SGA) optimization technique,
a profiled corrugated horn is also designed and analyzed using mi-
cro GA (�GA). A comparative study has been performed among the
various designs. © 2002 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 35: 449 – 453, 2002; Published online in Wiley Inter-
Science (www.interscience.wiley.com). DOI 10.1002/mop.10635

Key words: genetic algorithm optimization; micro GA; profiled corru-
gated horn antennas; offset reflector antennas

1. INTRODUCTION

While a profiled corrugated horn is an excellent feed for a reflector
antenna with high beam efficiency requirements, there are many
different parameters, such as the number of corrugations per wave-
length and the ratio of the tooth width to groove width, to consider
when finding an optimum design. Corrugated horns can be rather
heavy and bulky, and it is important to minimize weight without
sacrificing the overall performance of the antenna, especially for
space-borne applications. One way to optimize a profiled corru-
gated horn design is to use the genetic algorithm (GA) optimiza-
tion technique [1]. The GA technique is useful for solving complex
multivariable problems; it accepts parameters specified by the user
and tries different combinations to find the best design. The best
design is the horn that has the highest user-determined fitness
function.

Micro GA (�GA) is an optimization technique closely related
to GA. �GA works the same way as standard GA (SGA), except
that once all the members of a generation have converged within
about 5% of each other, the best design is automatically selected
for the next generation and the other designs are discarded [2]. The
best design participates in the next generation with new randomly
selected designs and the evolutionary process continues. In order
to take advantage of �GA’s restarting feature, a smaller population
size than that for SGA is used. A typical SGA population size is
usually about 100 members, whereas �GA functions best with a

population size of about 10 [2]. Because �GA is repeatedly mak-
ing random selections, mutation is not used when performing a
�GA optimization.

This paper utilizes the capabilities of SGA and �GA to opti-
mize a profiled corrugated horn to be used as a feed for an offset
reflector-antenna system designed for remote sensing of soil mois-
ture from space at the L-band radiometer frequency of 1.414 GHz
[3]. The GA program is set up to accept five different parameters
and come up with the combination that produces the best design.
Additional parameters can also be considered if so desired. The
choice of a proper fitness function is highly critical to finding the
optimum design. Different fitness functions are evaluated in order
to find one that produces a horn that is comparable or better than
a horn designed by many trials and errors in a brute-force fashion.
Once an acceptable fitness function is established, horns designed
using SGA and �GA are compared and contrasted, and the best
horn is considered as a feed for an offset reflector-antenna system.

2. OPTIMIZATION PARAMETERS

For the remote sensing application previously mentioned, and
taking the physical constraints of the horn design into account, five
design parameters are determined by the GA program. The first
optimization parameter is the s parameter, which is related to the
length of the horn by

s �
a2

2�L
, (1)

where a refers to the horn’s aperture radius, � is the design
wavelength, and L is the length of the horn as shown in Figure 1.
The second parameter is the number of corrugations per wave-
length. The third optimization parameter is the ratio of the tooth
width to the total corrugation width (t/w in Fig. 1). The next
parameter is the sine profile parameter, A [4]. The value of A is
used to define the horn profile:

r� z� � rth � �rap 
 rth�� �1 
 A�
z

L
� A sin2	�z

2L
�. (2)

As shown in Figure 1, rth and rap refer to the radii of the throat and
aperture of the horn, respectively. L is the length of the horn and
z is the coordinate along the length of the horn in Eq. (2).
Typically, A is valued between 0.7 and 0.9 for the best results [5].
The fifth optimization parameter is the matching section parameter
�. This is a value that controls the corrugation depth in the
matching section of the corrugated horn. Typically, the matching

Figure 1 Cross section of a profiled corrugated horn
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