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Abstract

As the growing demand for mobile communications constantly increases, the need for better coverage, improved capacity,
and higher transmission quality rises. Thus, a more efficient use of the radio spectrum is required. Smart antenna systems are
capable of efficiently utilizing the radio spectrum and, thus, hold a promise for an effective solution to the present wireless
systems’ problems, while also achieving reliable and robust high-speed high-data-rate transmission. Althcugh numerous
studies for smart antennas have already been conducted using rectilinear arrays, including mostly uniform linear arrays
(ULAs) and uniform rectangufar arrays (URAs}), not as much effort has been devoted to other configurations. In this paper, the
performance of smart antennas with uniform circufar arrays (UCAs) is examined. A profound justification for this selection is
the symmetry possessed by uniform circular arrays. This property provides uniform circular arrays with a major advantage: the
ability to scan a beam azimuthally through 360° with little change in either the beamwidth or the sidelobe level. With the use of
uniform circular arrays, the two main issues related to smart antennas — estimation of the direction of arrival from incoming

signats and beamforming — are both examined.

Keywords: Antenna arrays; adaptive arrays; circular arrays; land mobile radio cellular systems; smart antennas; MUSIC;
ESPRIT,; direction of arrival estimation; array signal processing

1. Introduction Deployed at the base station of the existing wircless infra-
structure, smart antennas are capable of bringing outstanding
capacity improvement {(very important in urban and densely popu-

mart antennas, or adaptive arrays, have gained great interest lated areas) to the frequency-resource-limited radio-communica-
among researchers during recent years. Wireless operators are tions system by an efficient frequency-reuse scheme [1]. This
currently searching for new technologies that would be imple- unique feature has been made feasible through the impressive
mented into the existing wireless communications infrastructures advances in the field of digital signal processing, which enable
to provide broader bandwidth per user channel, better quality, and smart antennas to dynamically tune out interference while focusing
new value-added services [1]. Such research efforts will enable on the intended user [3, 4].
wireless carriers to maximize the spectral efficiency of their net-
works so as to meet the explosive growth of the wireless commu- With the direction-finding ability of smart antennas, new

nications industry, and so as to take advantage of the buge market value-added services, such as position location (PL) services for an
opportunity {2]. emergency call, fraud detection, intelligent transportation systems,
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law enforcement, accident reporting, etc., are also becoming reality
[4-6). Smart antennas are also deployed in ad hoc networks or
wireless local-area networks {(WLANS), for example, with mobile
terminals (notebooks, PDAs, etc.) in a wireless network. The
direction-finding ability supports the design of the packet-routing
protocol, which decides the manner in which packets are relayed.
The beamforming or interference-suppression ability makes it pos-
sible to increase the throughput at the network nodes, which is
limited by interference from neighboring nodes [7, 8].

Until now, the investigation of smart antennas suitable for
wireless communication systems has involved primarily rectilinear
arrays: uniform linear arrays (ULAs) and uniform rectangular
arrays (URAs). Different algorithms have been proposed for the
estimation of the directions of arrival (DOAs) of signals arriving
at the array, and several adaptive techniques have been examined
for the shaping of the radiation pattern under different constraints
imposed by the wireless environment, Furthermore, in the litera-
ture for adaptive antennas, so far little attention has been paid to
circular array topologies, despite their ability to offer a number of
advantages. An obvious advantage resuits from the symmetry of
the uniform circular array structure. Due to the fact that a uniform
circular array does not have edge elements, directional patterns
synthesized with a uniform circular array can be electronically
rotated in the plane of the array without significant change in the
beam shape.

A key component of smart antenna technology is adaptive
beamforming, which simultaneously places an antenna radiation
pattern beam maximum towards the intended user or signal of
interest (SOL), and ideally places nulls toward directions of inter-
fering signals or signals not of interest (SNOIs). In this letter, we
investigate adaptive beamforming with uniform circular arrays. In
addition, we compare the beamforming performance of uniform
circular and uniform rectangular arrays.

In this paper, we investigate uniform circular arrays for
smart-antenna purposes. Two key components of smart-antenna
technology examined here are direction-of-arrival (DOA) estima-
tion and adaptive beamforming. With the former, and the aid of a
signal processor, it is feasible to determine the angles from which
sources transmit signals towards an antenna array. With the latter,
an antenna radiation pattern beam maximum can be simultaneously
placed towards the intended user or signal of interest (SOI), and,
ideally nulls can be placed towards directions of interfering signals
or signals not of interest (SNOIs). We consider two different
approaches for DOA estimation, the MUSIC and the ESPRIT algo-
rithms. For beamforming with uniform circular arrays, we examine
both the one-dimensional and two-dimensional cases. For the one-
dimenstonal case, beamforming is performed either along a conical
cut for a fixed elevation, or along an elevation for a fixed azimuth.
Furthermore, for each beamforming example, the corresponding
amplitude and phase excitations of each antenna element of the
uniform circular array are provided.

2. Narrowband Beamforming with a
Uniform Linear Array

Pattern-synthesis methods with uniform linear arrays have
been extensively studied in the context of adaptive beamforming.
Whereas the uniform linear array is the simplest array geometry
that allows array-processing techniques to be easily applied, it pos-
sesses some drawbacks, which lead to the necessity of studying
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other geometries, as well. Because uniform linear arrays utilize
edge elements, all azimuths are not treated equally, and their field-
of-view is limited.

To demonstrate this deficiency, and referring to Figure 1, we
assume that a uniform linear array is employed at the base station
(BS) of a wireless communication system for narrowband beam-
forming applications. During reception, the weighted signals are
summed together, producing an output signal that is expressed as
19, 10]

y(1,8)= wa[ nismej 1

where x(t) is the signal received at the first element, 4 is the dis-

tance between adjacent elements, ¢ is the free-space propagation
speed (the speed of light), and @ is the angle of arrival. In the fre-
quency domain, Equation (1) can be written as follows:

N-1 ¥3 —‘-i-sin
)= ZmX(1)e e, @

or
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For narrowband beamforming, f'is constant and @ is variable. For
the beam to be directed towards the desired direction, @, the
weighting coefficient, w, , must be set equal to [10]
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Figure 1. The array response vector for a unif' ofm linear array
(11].
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In other words, for 8 = 6,, Equation (3) reduces to

H(f.6)=N, (5)

which is the maximum attainablevamplitude obtained by beam-
forming for complex weights of the same magnitude.

Figure 2a shows the normalized |H (f,0)| for a uniform lin-
ear array with N =8, d=¢/2f =A4/2, and 6,=60°. As can be
seen, a symmetrical pattern appears about the antenna axis
(6 =290°), since sin(90° - 6) = sin (90° + 6) and
sin{~90°-6) = sin(-90°+6). This produces one more undesired

main beam towards $6 =120°. This is a major drawback in smart-
antenna applications since it causes front-back ambiguity. The use
of directive elements can eliminate the additional undesired main
beam. Typically, the azimuthal field of a uniform linear array must
be restricted to a haif plane (6 <180°). However, in practice the
field of view of a uniform linear array is restricted to 120°. To jus-
tify this bound, we consider another example of a uniform linear
array with N =10, d = /2, and 6 = 45°. As shown in the result-

ing beam pattern of Figure 2b, there is a loss of spatial resolution
near the end-fire directions since the sharpness of the beams
reduces considerably for f6‘0|> 60°. (Spatial resolution influences

the performance of an antenna array. For instance, lower resolution
leads to lower directivity of the main beam in beamforming appli-
cations, and a reduced ability to separate between two closely
spaced signals in direction-of-arrival estimation [12].) For this
reason, the angular range of operation for a uniform linear array is
restricted to |fy| < 60° and, therefore, the total angle of coverage is

not more than 120°. Moreover, with uniform linear arrays, the
beams formed as the array is steered away from boresight broaden
significantly [13].

A short-term solution to providing full azimuthal coverage is
to use several uniform linear arrays, arranged in a triangular or
rectangular shape, as shown in Figure 3, or to rotate the uniform
linear array a few times in order to cover the full azimuthal spread
[14). However, the drawback of the former solution is the require-
ment of using several uniform linear arrays, and hence inCreasing
the cost, as well the collection and processing of additional data.

In general, uniform linear arrays do not provide an appropri-
ate solution to scenarios wherein 360° fields of view are required.
In terms of radio propagation, especially in a multipath-rich envi-
ronment, the signals arrive at the mobile terminal potentially from
any azimuthal angle. In these scenarios — which are common in
surveillance, celtular phones, etc. — the natural choice is a uriform
circular array (UCA) [14]. Beyond entire azimuthal coverage,
uniform circular arrays can provide a certain degree of source-
elevation information (depending on the array’s element beam
pattern). Note that a uniform rectangular array with non-omnidi-
rectional elements is not able to provide full azimuthal coverage,
due to the directional beam pattern of its elements.

Considering mutual coupling, one should expect that circular
arrays would suffer more severe effects, since significant coupling
can occur between elements located diametrically opposite of each
other, in addition to the strong coupling between adjacent ele-
ments. However, the basic symmetry of circular arrays has been
shown to offer a great ability to compensate for the effects of
mutual coupling, by breaking down the array excitation into a
series of symmetrical spatial components [14]. Also, this unique
feature can deflect directional beams, which remain constant in
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Figure 2a. The directional pattern of the simple narrowband
beamformer applied to an eight-element uniform linear array
with d = 1/2 and 6, = 60°.
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Figure 2b. The directional pattern of the simple narrowband
beamformer applied to a 10-element uniform linear array with
d=2/2 and 6, =45°.

(CH] (b) T

Figure 3. (a) A triangular and (b) a rectangular arran.gement

of the uniform linear arrays, each covering fields of view of
120° and 90°, respectively.
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shape over broad bandwidths. These attractive features, along with
new and more convenient methods of array phasing, give powerful
advantages to circular arrays for those applications where mutual
coupling can limit the performance of the antenna,

Nevertheless, the advantages of uniform circular arrays come
at a cost. Many useful array-processing techniques that are derived
for uniform linear arrays do not extend directly to uniform circular
arrays, due to the mathematical structure of their steering vector
not possessing the convenient Vandermonde form. (A
Vandermonde vector with order n can be written in the form

1.2t . ;
[l,x XX ] [15]). In particular, such techniques are

« Dolph-Tschebyscheff beam pattern design [16], and
« spatial smoothing for D@A estimation [17-19].

Other problems uniform circular arrays are challenged to
solve include the combating of muitipath (introducing highly cor-
related signal paths) and multiple access interference (MAI)
mobile environments. As a result, computationaily intensive array-
processing techniques that are suited for two-dimensional geome-
tries must be employed, such as maximum likelihood (ML) meth-
ods [20], to deal with such environments.

Circular arrays have been used for many years in the HF
band for both communications and direction finding. These sys-
tems employed beam co-phased excitation with time-delay com-
pensation to achieve broad-bandwidth operation [21]. The ele-
ments were usually monopoles, or a combination of driven and
parasitic elements.

3. Circular Array Geometry

Referring to Figure 4, let us assume that a uniform circular
array with radius @ and consisting of N uniformly distributed
antenna elements, assumed to be identical and omnidirectional, is
located on the x-y plane and is illuminated by an'impinging planar
wavefront. A spherical coordinate system is used to represent the
arrival directions from incoming plane waves. The origin of the
coordinate system is located at the center of the array. Source ele-
vation angles, 6 [0,7/2], are measured from the > axis, and azi-

muth angles, ¢ e [0.27:], are measured counterclockwise from the
x axis on the x-p plane.

The anguiar position of the nth element of the array is given
by [10]

@, = 2,;(%}, n=1,2,.,N. (6)

The narrowband planar wave with wavelength A (and correspond-
ing wavenumber k& =2x/2) amrives at the antenna from elevation

angle ¢ and azimuthal angle ¢. The unit vector 4, from the ori-
gin is represented in Cartesian coordinates by

a,=4a,sinfcosg+4,sinfsing +4,cosb. (@)
The unit vector a ,» ffom the origin to the rth element of the amray

is written as

iy, =4, cosg, +4,sing,, n=12,. N, €))
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The vector Ar, represents the differential distance by which the
planar wavefront reaches the nth element of the array relative to
the origin, and it is given by [10]

Ar, =i, acosy,. 9)

Since the wavefront is incoming and not radiating outwards, y,
can be expressed as

cosy, =~8,4,,
—(ﬁx sinfcosg +4, sinfsing +4, cosG]
-(ﬁx cosd, +4,sin ")
~(sinfcosgcosg, +sinfsin gsing, ) (10)
=-sin@(cos$cosg, +sinfsing,)
=-sinfcos(p-4,), n=12,..N
and, therefore, Equation (9) reduces to [10]
Ar, =—é.asinfcos(¢-4,), n=12,..,N. (11

Furthermore, assuming that the wavefront passes through the ori-
gin at time ¢ =0, it impinges on the nth element of the array at the
relative time of

Tn =—%Sin9(:os(¢_¢n)’ n=1125"'5N’ (12)

where ¢ is the speed of light in free space. Positive time delay indi-
cates that the wavefront impinges on the nth element after it passes
through the origin, whereas negative time delay indicates that the
wavefront impinges on the nth element before it arrives at the ori-
gin. Moreover, based on Equation (10), the element-space circular-
arTay steering vector is given by

—an T — i ———

b o - -

X Ph

Figure 4. The geometry of 2 circular array with radius « and ;N
equally spaced elements, along with an impinging planar wave-
front.
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9) a gg’) [gcosqﬁ vi,) gcos((b qiz) . gcos(¢—¢~}j|r’
(13)

where the elevation dependence is through the parameter
¢ =kasin@, and the vector 8 =(5,¢) is used to represent source

arnval directions.

The dominant method in analyzing circular arrays is through
the so-called phase-mode excitation}, which is essentially the
decomposition of the array excitation function into different
Fourier harmonics by using Fourier analysis. !t stems from the fact
that the beam pattemn of the uniform circular array is periodic in
azimuth [21].

4. Direction-of-Arrival Estimation with
Uniform Circular Arrays

In this section, we consider the computation of the directions
of arrival (DOAs) of signals wansmitted towards uniform circular
arrays by several sources. So far, several algorithms have been
proposed in the literature for the two-dimensional angle estimation
(azimuth and elevation) of multiple plane waves incident on a
uniform circular array.

4.1 Real Beam-Space MUSIC
for Circular Arrays

As with other array geometries, a major category in the con-
text of DOA estimation with uniform circular arrays relies on the
MUIltiple Signal Classification (MUSIC) algorithm, which utilizes
the fact that signal vectors are orthogonal to the noise subspace.
MUSIC offers numerous advantages over element-space operation,
including reduced computation, since subspace estimates are
obtained via real-valued eigen decompositions, and enhanced per-
formance in correlated-source scenarios, due to the attendant for-
ward-backward averaging effect [22]. An interesting version of the

MUSIC algorithm is the Real Beam-space MUSIC algorithm for
uniform circular arrays (UCA-RB-MUSIC). The complete devel-
opment of the algorithm can be found in [22].

4.1.1 Simulation Results of Direction
Finding with the
UCA-RB-MUSIC Algorithm

In order to test the UCA-RB-MUSIC algorithm, we consid-
ered two examples with different array geometries and different
numbers of sources, as shown in Table 1. The corresponding
UCA-RB-MUSIC power spectrum for these two cases is displayed
in Figures 5a and 5b, respectively. The performance of the UCA-
RB-MUSIC was indeed excellent, since very sharp peaks appeared
in the directions of arriving signals.

4.1.2 Comparison of Classical MUSIC with
the UCA-RB-MUSIC Algorithm

The classical MUSIC algorithm is a very popular high-
resolution algorithm, applicable to arrays of arbitrary but known
configuration and response [23, 24]. An interesting investigation is
to compare the classical MUSIC algorithm with the UCA-RB-
MUSIC algorithm, developed exclusively for uniform circular
arrays. To compare these two algorithms, we considered the sig-
nals and geometries of Table 2, where the impinging signals were
assumed to arrive from an elevation identical to the plane of the
array (0 =x/2).

The corresponding power spectra for these two cases are
shown in Figures 6a and 6b, respectively. For the first case, both of
the algorithms had great performance, with that of the UCA-RB-
MUSIC algorithm being slightly better (sharper peaks). This is
justified by the fact that while the classical MUSIC algorithm is
applicable to every possible array geometry, the UCA-RB-MUSIC
was explicitly developed for uniform circular arrays, and fully
exploits the array structure. However, for the second case, we
observed that while the performance of the classical MUSIC was

Table 1a. The geometries used to test the UCA-RB-MUSIC algorithm.

Case 1 Case 2
Number of elements N =8 N =10
Radius of the UCA a=0.64 (d,=041274) | @=0.754 (d,=0.47124)
Number of impinging sources K=3 K=4
SNR per equal-power source 10 dB 10 dB
Number of collected samples 3000 4000

Table 1b. The directions of arrival of the signals
used to test the UCA-RB-MUSIC algorithm.

Case 1 Case 2
6,=30°¢ =120° | & =30°4¢ =300°
6, =45°,¢, =210° | 8, =45°¢, =150°
65 = 60°,¢5 =300° =60°,¢; =240°

84 =75°¢,4 = 60°
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