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This paper presents centered element concentric circular antenna array (CECCAA) using variable diagonal loading (VDL)
technique and different filtering windows. The different filtering windows are modified to apply in the CECCAA system. The
modified novel technique not only is able to reduce the side lobe level (SLL) but also has the ability to detect and highly attenuate
the directional interferences. However, the performance of CECCAA system is degraded in the presence of array imperfections.
This performance degradation problem due to array imperfections can be improved by using robust techniques. The proposed
technique is also robust against array imperfections and improves the performance. Moreover, the performance of the proposed
structure is better than a concentric circular antenna array (CCAA). Several examples are presented to analyze the performance of
proposed beamformer by using different tapering windows.

1. Introduction

The technique that combines signals from array elements of
an array antenna system after multiplying signal from each
antenna element with a specified weight to steer the beam
towards the desired direction is called beamforming [1, 2]. A
concentric circular antenna array (CCAA) consists of more
than one circular antenna array and all the ring antenna
arrays having different radius share a common center. A
CCAA structure can be converted into the proposed centered
element concentric circular antenna array (CECCAA) struc-
ture by simply using an extra antenna element at the center
of the structure. The entire space can be covered and the
main lobe can be oriented in any desired direction by using
CECCAA beamformer. Using same space, a large number
of antenna elements can be used in a CECCAA system
in comparison to a uniform circular array (UCA) system,
whereas it is difficult to install UCA systemwith large number
of antenna elements because of its size limitation [2]. As the
CCAA processor offers better performance than the existing
UCA processor [3], a CECCAA structure is chosen in this
paper.

The algorithm called cat swarm optimization (CSO) is
presented in [4] to reduce the side lobe level (SLL) and to
improve the directivity of a CCAA system with isotropic
elements. To optimize the radius of the ring and the interring
spacing of a CCAA system with both reduced SLL and
reduced number of antenna elements, adaptive techniques
are discussed in [5–7]. A hybrid method based on convex
optimization and a deterministic approach to optimize both
SSL and first null beamwidth (FNBW) for sparse concentric
ring arrays is addressed in [8]. The direction of arrival
(DOA) estimation technique in the presence of high and low
noisy environment for both circular and concentric circular
antenna arrays is discussed in [9, 10].

A popular array geometry is CCCA in which the rings as
well as the individual ring elements are separated by almost
half of the wavelength. That means the distance between
the elements of a ring should be half-wavelength and the
interring spacing also should be half-wavelength [11, 12].This
geometry can be obtained, if the number of elements of the
neighbored rings is incremented by 6 elements [12]. Conse-
quently, the rings will be separated by the nearest distance
to a half-wavelength (about 0.4775 of the wavelength) [6].
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The proposed CECCAA beamformer with half-wavelength
interelement spacing can be obtained by using 6 elements
at the first ring and number of elements of the neighbored
ring is incremented by 6 elements and interring separation is
about 0.4775 times of the wavelength. The CECCAA at this
separating distance will have the optimum radiation pattern
and desirable side lobes locations but still has higher side
lobes levels which are not appropriate in many applications
demanding lower side lobes. To reduce the SLL of the
CCAA system, different taperingwindows such as Triangular,
Hamming, Hanning, Blackman, and Binomial windows are
modified and used in [6]. However, the conventional tapered
CCAA beamformers discussed in [6] are able to reduce SLL
only and are not able to attenuate directional interferences.

This paper proposes tapered minimum variance distor-
tionless response (MVDR) CECCAA beamformers by using
different windows, which have the ability to attenuate direc-
tional interferences. The performance of a MVDR beam-
former degrades if there is any difference between steering
direction and actual signal direction [13–18]. To improve the
performance of the beamformer, different loading techniques
are used in [19–25]. This paper also proposes a novel tech-
nique named tapered robust MVDR CECCAA beamformer.
The proposed beamformer not only is able to reduce the SLL
but also attenuates the directional interferences and improves
performance in the presence of look direction disparity
by using different modified filtering windows and variable
diagonal loading (VDL) technique.

The proposed beamformer has the following desirable
properties:

(i) The main beam can be steered at any arbitrary
direction by using CECCAA beamformer.

(ii) CECCAA offers better performance than existing
CCAA beamformer.

(iii) The proposed beamformer by using different modi-
fied filtering windows provides lower SLL.

(iv) The proposed processor is also robust against look
direction mismatch.

(v) It provides the ability to cancel directional interfer-
ences.

This paper is divided into six sections. Section 2 intro-
duces the array geometries and signal model used in this
work. Section 3 discusses ring coefficient by using differ-
ent windows. Section 4 proposes a novel tapered robust
beamforming technique. Section 5 analyzes and discusses the
simulation results, and, finally, Section 6 concludes the paper.

2. System Model

Inmany applications, it is essential to scan the object between
0∘ and 360∘. However, linear antenna array is able to scan
the object between 0∘ and 180∘. CECCAA beamformer is able
to cover the entire space because of its circular structure.
The block diagram of a communication system using antenna
array is depicted in Figure 1. After receiving the signal, signal
of each antenna element is multiplied by adjustable weight
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Figure 1: Block diagram of a communication system using an
antenna array [1].
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Figure 2: Geometry of CECCAA system.

andweights are calculated according to the direction at which
one wants to receive the desired signal.

The geometry of CECCAA is displayed in Figure 2. A
CECCAA beamformer consists of more than one uniform
circular antenna array with an element in the center. All
the ring arrays in a CECCAA system share a common
center. The antenna elements are uniformly distributed,
either equal or unequal in number. Referring to Figure 2,
the CECCAA geometry comprises 𝑀 circular ring. The 𝑚th
ring consists of 𝐿𝑚 isotropic elements equally spaced with
the center at the origin and 𝑟𝑚 is the radius of the ring,
where 𝑚 = 1, 2, 3, . . . ,𝑀. The elements in each ring are
assumed to be omnidirectional and the interelement spacing
is kept approximately half-wavelength.TheCECCAAgeome-
try with interelement spacing approximately half-wavelength
can be obtained if the number of elements in the rings is
incremented by 6 or 𝑁𝑚+1 = 𝑁𝑚 + 6 and interring spacing
is kept approximately 0.4775 times of the wavelength [12]. In
Figure 2, the dashed double-dotted line signifies a plane wave
front incident on the array at an angle 𝛼. Let us consider that
the two elements of the geometry are positioned at 𝑃𝑎 and 𝑃𝑏.
The time required for the wave front to arrive from point 𝑃𝑎
to 𝑃𝑏 is given by

𝜏 = ((𝑥𝑎 − 𝑥𝑏) cos (𝛼) + (𝑦𝑎 − 𝑦𝑏) cos (𝛼))
𝑐 , (1)

where 𝑐 is the velocity of the signal to be received.
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The induced signal on any array elements due to 𝑘th
source at any time instant is articulated in complex repre-
sentation as 𝑚𝑘(𝑡)𝑒𝑗2𝜋𝑓𝑡. The signal from the 𝑘th source is
assumed to be arrived at an angle (𝜑𝑘, 𝜃𝑘). If the time needed
to induce the signal in the 𝑙th element is 𝜏𝑙(𝜑𝑘, 𝜃𝑘), then
induced signal on any array elements can be expressed as
𝑚𝑘(𝑡)𝑒𝑗2𝜋𝑓(𝑡−𝜏𝑙(𝜑𝑘,𝜃𝑘)). 𝑚𝑘 and 𝑓 represent the complex modu-
lation frequency and carrier frequency, respectively. With 𝑁
directional sources and in the presence of background noise,
signal induced in the 𝑙th element can be expressed as

𝑥𝑙 (𝑡) =
𝑁

∑
𝑘=1

𝑚𝑘 (𝑡) 𝑒𝑗2𝜋𝑓(𝑡−𝜏𝑙(𝜑𝑘 ,𝜃𝑘)) + 𝑛𝑙 (𝑡) , (2)

where 𝑛𝑙 is the noise component at the 𝑙th element. It is
supposed that the noise is uncorrelated with directional
sources; that is,𝐸[𝑚𝑘(𝑡)𝑛𝑙(𝑡)] = 0. Noise ondifferent elements
is assumed to be uncorrelated; that is, 𝐸[𝑛𝑘(𝑡)𝑛𝑙(𝑡)] = 0 for
𝑘 ̸= 𝑙 and 𝐸[𝑛𝑘(𝑡)𝑛𝑙(𝑡)] = 𝜎2 for 𝑘 = 𝑙, where 𝜎2 denotes the
noise power.

3. Tapered CECCAA Beamformer

Conventional windows like Triangular, Hamming, Hanning,
Blackman, and Binomial windows that can be modified and
applied for amplitude tapering on a CCAA system to reduce
SLL of the output power pattern are discussed in [6]. Each
array element of a conventional linear tapered array uses
a specified tapering coefficient. However, we consider the
individual ring to be equivalent to an element of the one-
dimensional linear array in case of CCAA. So, equal weights
are used by the elements of a particular ring in CCAA
beamformer. As an element is used in the center of the
CECCAA beamformer, 𝑀 + 1 weights are required in a 𝑀-
ring CECCAA beamformer. The ring coefficient by using
different windows for CECCAA system is given below.

In a uniformly fed CECCAA system, the coefficients of all
rings are the same and they are given as

𝛼𝑚 = 1, 𝑚 = 0, 1, 2, . . . ,𝑀. (3)

For Triangular amplitude tapering in a CECCAA system
of 𝑀 rings, the ring coefficients can be expressed as

𝛼𝑚 = (𝑀 − 𝑚 + 1)
𝑀 + 1 , 𝑚 = 0, 1, 2, . . . ,𝑀, (4)

where the coefficient for element in the center is 𝛼0 = 1 and
coefficient for outermost ring is 𝛼𝑀 = 1/(𝑀 + 1).

The ring coefficient by using Hamming window for aM-
ring CECCAA system can be modified as

𝛼𝑚 = 0.54 − 0.46 cos(𝜋 (𝑀 − 𝑚 − 2)
𝑀 + 2 ) ,

𝑚 = 0, 1, 2, . . . ,𝑀.
(5)

Similarly, Hanning window provides ring coefficient for a
𝑀-ring CECCAA system as

𝛼𝑚 = 0.5 − 0.5 cos(𝜋 (𝑀 − 𝑚 − 2)
𝑀 + 2 ) ,

𝑚 = 0, 1, 2, . . . ,𝑀,
(6)

where total number of rings is denoted by𝑀 and ring number
is denoted by 𝑚. For the element in the center, 𝑚 = 0; for
innermost ring, 𝑚 = 1, and, for outermost ring, 𝑚 = 𝑀.

4. Proposed Tapered Robust Beamformer

The tapered beamformers discussed in previous section using
different windows are able to reduce SLL level but are not
able to detect and attenuate directional interferences. To
detect and attenuate the directional interferences, MVDR
beamformer is used. However, performance of a MVDR
CECCAA beamformer is degraded in the presence of look
direction error. Moreover, the conventional MVDR beam-
former has higher SLL level. So, a novel tapered robust
MVDR beamformer, based on different modified filtering
windows and robust VDL technique, is proposed in this
paper.The steering vector for the proposed beamformer with
𝑀 circular ring and an element in the center is modified as

S𝑁0 = [𝑎0S0, 𝑎1S1, 𝑎2S2, . . . , 𝑎𝑚S𝑚, . . . , 𝑎𝑀S𝑀] ,
𝑚 = 0, 1, 2, . . . ,𝑀, (7)

where 𝑎𝑚 is the coefficient for 𝑚th ring obtained from
modified filtering windows discussed in previous section; S𝑚
denotes the steering vector of the 𝑚th ring of the circular
antenna and it can be expressed as

S𝑚 = [𝑒𝑗2𝜋𝑓𝜏𝑚1 , 𝑒𝑗2𝜋𝑓𝜏𝑚2 , . . . , 𝑒𝑗2𝜋𝑓𝜏𝑚𝐿𝑚 ] , (8)

where 𝐿𝑚 is the total number of antenna elements of the𝑚th
circular ring.

In the presence of noise and interference, the array
correlation matrix of the tapered MVDR beamformer can be
given as [1]

R = 𝑝𝑠SN0S𝐻𝑁0 + 𝑝𝐼S𝐼S𝐻𝐼 + 𝜎2𝑛I, (9)

where 𝑝𝑠, 𝑝𝐼, and 𝜎2𝑛 symbolize the desired signal power,
interference signal power, and random noise power, respec-
tively. S𝑁0 and S𝐼 are themodified steering vectors at the look
direction and interference direction, respectively.

To make the system robust against look direction error,
diagonal loading technique is used with the proposed tapered
MVDR beamformer. The new array correlation matrix due
to array imperfections by using VDL technique can be
calculated as [17]

Rnew = R + R−1𝜆 ∗ I, (10)

where 𝜆 is expressed as

𝜆 = 𝜀 (𝜎2𝑛 + 𝑝𝑠 S𝑁02)S𝑎𝑐 − 𝜀 , (11)
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with 𝑝𝑠 denoting the signal power and 𝜎2𝑛 denoting the
noise power; norms of the steering vectors without array
imperfections and with array imperfections are denoted by
‖S𝑁0‖ and ‖S𝑎𝑐‖, respectively. The steering vector distortion
bound 𝜀 is given by

𝜀 = max (S𝑁0 − S𝑎𝑐
) . (12)

After calculating steering vector S𝑁0 and correlation
matrix Rnew, the weighting vector for the proposed beam-
former can be calculated as

𝑊 = R−1newS𝑁0
S𝐻𝑁0R−1newS𝑁0

. (13)

5. Performance Evaluation

In this section, the performance of CECCAA system is
evaluated. For analyzing the performance, a CECCAA system
with 6 antenna elements in the innermost ring is considered.
The interelement spacing within a ring is considered as half-
wavelength and ring separation is considered as 0.4775 times
of wavelength. The directional interferences are assumed to
be uncorrelated with the look direction signal. The signal
frequency is taken as 300MHz.

The directivity comparison between the conventional
CCAA and CECCAA beamformers is shown in Figure 3.
It is observed from Figure 3 that the directivity gain of the
CECCAA beamformer is 14.62 dB, whereas, without using
center element, the directivity gain is 14.43 dB, which is
lower compared to using center element. Moreover, SLL
is much lower in CECCAA beamformer in comparison to
the conventional CCAA beamformer. Figure 4 depicts the
variation of SLL with the variation of the number of rings in
the CECCAA structure. From Figure 4, one can observe how
SLL varies with the variation of the number of rings and it
is also observed that the SLL of the CECCAA beamformer is
much lower than the CCAA beamformer.

Figure 5 depicts the comparison of the different types
of CECCAA beamformers by using different tapering tech-
niques described in Section 3. In the above-mentioned figure,
the black curve is for conventional (uniformly tapered)
beamformer; on the other hand, the red and blue curves
are for the CECCAA beamformer with Triangular amplitude
tapering and Hamming amplitude tapering, respectively.
From Figure 5, it is observed that the SLL is reduced
by using different tapering windows in comparison to the
conventional CECCAA beamformer.

Figure 6 represents the SLL comparison of tapered beam-
formers using different tapering windows with the variation
of the number of rings in the CECCAA structure. For a
10-ring CECCAA structure, though the SLL of a uniformly
tapered conventional beamformer is −8.676 dB, it is reduced
to −15.97 dB, −13.51 dB, and −13.91 dB by using Triangular,
Hamming, and Hanning tapered CECCAA beamformers,
respectively. It is also observed that, with the increase of the
number of rings in a CECCAA structure, the SLL of the
output power pattern is reduced and CECCAA beamformer
using different tapering windows shows better performance
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Figure 3: Directivity pattern comparison between the CCAA
beamformer and CECCAA beamformer.
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Figure 4: Variation of the SLL between the CCAA beamformer and
CECCAA beamformer with the variation of the number of rings.

in comparison to the uniformly tapered CECCAA beam-
former.

The normalized power pattern of the Triangular tapered
CECCAA beamformer by using different beamforming tech-
niques is shown in Figure 7. The steering direction at 40∘
and directional interferences at an angle of−40∘ and −20∘ are
considered to depict those curves. Figure 7(a) represents the
normalized power pattern of Triangular tapered CECCAA
beamformer by using conventional technique. From this
figure, it is observed that although the directional inter-
ferences are considered at −40∘ and −20∘, the Triangular
tapered beamformer by using conventional technique has no
ability to detect directional interferences and attenuate the
interferences. It only has the ability to reduce SLL compared
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Figure 5: Normalized power pattern comparison of conventional CECCAA beamformer with tapered CECCAA beamformers.
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Figure 6: Side lobe level comparison of tapered beamformers using different windows with the variation of the number of rings.

to the uniformly tapered beamformer. Normalized power
pattern of Triangular tapered MVDR CECCAA beamformer
without presence of array imperfections is depicted in Fig-
ure 7(b). From this figure, one can observe that Triangular
tapered MVDR CECCAA beamformer is able to detect
and attenuate directional interferences that are considered
at −40∘ and −20∘ and also has the ability to reduce SLL
in comparison to uniformly tapered beamformer. However,
the performance of the system is degraded in the presence
of array imperfections. The performance degradation prob-
lem of Triangular tapered MVDR CECCAA beamformer is

shown in Figure 7(c). For depicting the figure, the original
signal is considered at 45∘. It is observed that there is high
attenuation at the actual signal direction due to mismatch
between steering direction and original signal direction.This
performance degradation problem due to array imperfec-
tions can be minimized using the proposed tapered robust
MVDR CECCAA beamformers. Figure 7(d) represents the
comparison of normalized power pattern of MVDR CCAA
and proposed Triangular tapered robust MVDR CECCAA
by using modified triangular window and VDL technique in
the presence of array imperfections. From this figure, one can
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Figure 7: (a) Normalized power pattern of Triangular tapered CECCAA. (b) Normalized power pattern of Triangular tapered MVDR
CECCAA without presence of array imperfections. (c) Normalized power pattern of Triangular tapered MVDR CECCAA in the presence of
array imperfections. (d) Normalized power pattern comparison of the Triangular taperedMVDRCECCAA and proposed Triangular tapered
robust MVDR CECCAA in the presence of array imperfections.

observe that the proposed beamformer not only is able to
reduce SLL and attenuate directional interferences but also
is robust against look direction error.

Figure 8 displays the comparison of the proposed beam-
formers by using Hamming and Hanning windows with
the uniformly tapered beamformer. The steering direction
is assumed at 40∘ and two directional interferences are
considered at −40∘ and −20∘. Figure 8(a) represents normal-
ized power pattern of MVDR and robust MVDR CECCAA
beamformer in the presence of array imperfections by using
uniform tapering. On the other hand, Figures 8(b) and 8(c)
represent the normalized power patterns of tapered MVDR
and proposed tapered robustMVDRCECCAAbeamformers

in the presence of array imperfections by using Hamming
window and Hanning window, respectively. All the robust
beamformers are plotted by using VDL technique. From
those figures, it is observed that the different tapering exhibits
different power pattern and by using different filtering win-
dows the SLL is decreased in comparison to the beamformer
using uniform tapering. It is also observed that the proposed
tapered beamformers, by using different tapering windows
and robust VDL technique, are able to attenuate directional
interference and improve the performance in the presence of
look direction disparity.

Figure 9 represents 3D normalized output power pattern
of a 10-ring proposed tapered robust MVDR beamformer
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Figure 8: (a) Normalized power pattern comparison of the MVDR beamformer and robust MVDR beamformer by using uniform tapering
in the presence of array imperfections. (b) Normalized power pattern comparison of the tapered MVDR beamformer and proposed tapered
robust MVDR beamformer by using Hamming amplitude tapering in the presence of array imperfections. (c) Normalized power pattern
comparison of the tapered MVDR beamformer and proposed tapered robust MVDR beamformer by using Hanning amplitude tapering in
the presence of array imperfections.

with an element in the center by using different tapering
windows with the variation of azimuth angle and elevation
angle. To sketch those figures, actual and assumed signal
directions are both considered at 0∘. It is observed that the
proposed beamformer by using Triangular, Hamming, and
Hanning amplitude tapering exhibits low SLL in comparison
to beamformer using uniform amplitude tapering.

Figure 10 depicts the normalized power pattern com-
parison of the proposed CECCAA with the conventional

CECCAA beamformer. From this figure, it is observed that
the proposed beamformer not only is able to attenuate the
directional interferences but also is able to reduce the side
lobe level. Moreover, the proposed beamformer is robust
against array imperfections. It is observed from Figures 8
and 10 that the normalized output power for conventional
beamformer in the presence of array imperfections without
using any robust technique is −49.9 dB, whereas the normal-
ized output powers of the proposed CECCAA beamformer
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Figure 9: Normalized 3D output power patterns of (a) uniform tapered, (b) Triangular tapered, (c) Hamming tapered, and (d) Hanning
tapered MVDR CECCAA beamformers with the variation of azimuth angle and elevation angle.
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Figure 10: Normalized power pattern comparison of the proposed CECCAA beamformer with the conventional CECCAA beamformer.
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are increased to −2.865 dB, −2.395 dB, and −2.195 dB by using
Triangular, Hamming, and Hanning tapering, respectively.
Also, the SLL of the robustMVDRbeamformerwithout using
tapering is −8.88 dB. The SLL of the proposed beamformer
reduced to −17.35 dB, −19.91 dB, and −17.95 dB using Triangu-
lar, Hamming, and Hanning tapering, respectively.

6. Conclusion

Tapered robust CECCAA beamformer by using different
tapering windows and VDL technique has been presented
in this paper. The simulation results have demonstrated that
the proposed beamformer is able to (a) reduce the SLL, (b)
attenuate the directional interfering signals, and (c) improve
the output signal power and signal-to-noise ratio in the
presence of signal direction mismatch. It has been observed
that normalized output of the proposed beamformer using
Hanning tapering has increased by 47.705 dB and SLL has
reduced by 9.07 dB in comparison to conventional CECCAA
beamformer. The numerical examples have also established
that the proposed CECCAA structure offers lower SLL in
comparison to a CCAA structure.
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