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Abstract

This study illustrates the dynamical reconfiguration of a concentric hexagonal antenna array
radiation to generate a pencil beam and flat-top beam simultaneously by electronic control in
two principle vertical planes under consideration. Both the beams share a common
normalized optimal current excitation amplitude distribution while the optimal sets of
phase excitation coefficients are varied radically across the hexagons to generate a flat-top
beam. The proposed approach is able to solve the underlying multi-objective problem and
flexible enough to the efficient implementation of additional design constraints in the
considered w-planes. In this paper, a set of simulation-based examples are presented in an
integrated way. The outcomes validate the effectiveness of the stated optimization using
meta-heuristic optimization algorithms (teaching–learning-based optimization, symbiotic
organism search, multi-verse optimization) to reach the solution globally and prove actual
relevance to the concerned applications.

Introduction

In many practical applications such as high-performance radar systems, Wireless Local Area
Network (WLAN), satellite communications, spacecraft applications, mobile communications
an antenna array should be able to reconfigure different patterns to perform various tasks. The
advantage of such an array design is that it reduces the design cost and save space for the elec-
tronic payload still ensuring the generation of different beam shapes in the radiation pattern
[1]. Among various types of adopted radiating structures, controlling the excitation phase of
the antennas is found to be more efficient because of the flexibility of the reconfiguration
and the ease of ability to act on the design of the feeding network using power divider and
phase shift. Therefore, in practice, phase-only reconfigurable array antennas are preferred
over the amplitude excitation because of their inessentiality of additional hardware [2–10].

The synthesis approach is necessary to fulfil multiple requirements and also it needs to
incorporate the design constraints. The intersection method [2] or succesive projection
approach method [3] are simple, but not fit enough to deal with the non-linear design pro-
blems, sensitive to the initial values and obtain local solutions only. Over the year, different
evolutionary algorithms have proven to be more effective for such synthesis problems and glo-
bally explore the solution in the search space. Particle swarm optimization [4, 5], genetic algo-
rithm [6, 7], biogeography-based optimization [8], invasive weed optimization [9], symbiotic
organism search [10] methods have shown their flexibility to reach the design goal. With the
advancement in technology, the speed of the processors has increased rapidly, resulting in
lower time consumption to reach the optimal solutions and making these methods more
popular with the researchers.

In this paper, meta-heuristic algorithms are applied for the optimization of the problem at
hand and to deal with constraints to make the design suitable for practical realization. The
proposed approach combines multiple objectives such as low sidelobe level and ripple into
a single cost function that needs to be minimized. Moreover, this approach can deal with
the constraint of the mutual coupling effect. Teaching–learning-based optimization (TLBO),
symbiotic organism search (SOS), and multi verse optimization (MVO) methods are chosen
because of their proven effectiveness reported in various kinds of literature [10–13]. The pro-
posed design approach is suitable for effective application in optimal wireless monitoring tech-
nologies, biomedical, and health monitoring systems [14]. The detailed working principles of
TLBO, SOS, and MVO can be found in [15–17], respectively.

Two simulation-based examples for a concentric hexagonal array [18–20] antenna struc-
tures are performed to retrieve the pencil and flat-top beams by exploiting a fixed number
of elements in the array structure. A typical excitation current ranging between 0 and 1 is
fed to the array elements for generating both the beams. The excitation phase is varied
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radically between −180o and 180o for the flat-top beam gener-
ation, whereas the pencil beam is employed with zero excitation
current. The analysis of the results at two principle w-planes
will assess the feasibility and benefits of the proposed approach.
The ability of the proposed hexagonal array to generate reconfig-
urable beam patterns with optimal common current excitation at
different azimuth angles makes this paper unique and suitable for
high-performance radar and satellite communication.

From the literature review, it is found that Mahmoud et al. [20]
and Bera et al. [21] have designed an 18-element hexagonal array
antenna, but the details of the equations to calculate the radial dis-
tance and the angular positions are not provided in this paper.
Here we have presented the design equations along with the simu-
lated structures to generate a pencil beam and a flat-top beam by
varying phase only in the principle vertical planes.

The rest of the paper is presented as follows. “Problem state-
ment” is allocated to the construction of the problem and details
discussion of the proposed design. “Simulation-based perform-
ance assessment” is devoted to some simulation-based examples
and analysis of the outcomes. “Conclusion” illustrates the paper
with conclusions and followed up by some possible future exten-
sion of the proposition.

Problem statement

The geometry of a hexagonal array antenna can be developed
using two concentric ring arrays of different radius. Figure 1
represents a hexagonal array of 2N isotropic elements placed in

the x–y plane. The general array factor expression of a hexagonal
array antenna can be given as:

AF(u, w) =
∑N
n=1

[An e jk r1 sin u( cosf1n cosw+sinf1n sinw)

+Bn e jk r2 sin u( cosf2n cosw+sinf2n sinw) ],
(1)

where An represents the excitation current amplitude of the nth
element located at the vertices of the hexagonal array and Bn

Fig. 1. Hexagonal antenna array.

Fig. 2. A concentric hexagonal antenna array.

Fig. 3. 18-Element uniform hexagonal array antenna.

Fig. 4. Flowchart of the synthesis process.
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represents the current excitation amplitude of the nth element
located in the middle of each arm of the hexagonal array antenna.
Here θ is the elevation angle (θ∈[−π/2, π/2]) and w is the azi-
muth angle (w∈ [0, 2π]).

The circumferential curve of the vertices of the hexagonal array
is contrived by a circular array of radius r1 and consists of N num-
ber of isotropic array elements. The circumferential curve consists
of the array elements present in the middle of each arm of the
hexagon can be depicted using a circular array of radius r2, com-
prising N isotropic elements. These r1 and r2 are related as
follows:

r2 = r1 × cos (p/N),

r1 = de × sin (p/N),
(2)

where de is the inter-element spacing. The angular location of the
antennas located at the vertices of the hexagonal array antenna is
given as follows:

f1n =
2p(N − 1)

N
. (3)

The angular location of the antennas present at the middle of
each arm of the hexagonal array is given as follows:

f2n = f1n +
p

N
. (4)

In this paper, we have considered a concentric array of hex-
agonal antennas to reconfigure the beam shaped in the radiation

pattern. The geometry of a concentric hexagonal array antenna is
shown in Fig. 2. The array factor for M concentric hexagonal
array antennas is expressed as

AF(u, w) =
∑M
m=1

∑N
n=1

[Am e jk r1m sin u( cosf1n cosw+sinf1n sinw)

+Bm e jk r2m sin u( cosf2n cosw+sinf2n sinw) ].

(5)

Each hexagon in the array has a 2N number of isotropic anten-
nas. Am and Bm are the amplitudes of the excitation current of the
elements present at the vertices and the middle of each arm of the
mth hexagon, respectively,

r1m = r + (m− 1) dh ,

r2m = r1m × cos (p/N),
(6)

where r represents the radius of the outer circle of the innermost
hexagon of a hexagonal antenna array.

A hexagonal array antenna with 3N isotropic antennas is
shown in Fig. 3. There are one element in each vertex and two ele-
ments in each arm. The array factor can be expressed as

AF(u, w) =
∑M
m=1

∑N
n=1

[An e jk r1 sin u( cosf1n cosw+sinf1n sinw)

+Bn e jk r2 sin u( cosf2n cosw+sinf2n sinw)

+Cn e jk r3 sin u( cosf3n cosw+sinf3n sinw) ].
(5)

where Cn is the amplitude of the element having the radial dis-
tance r3. r2 and r3 represent the radial distance of the antennas

Fig. 5. Normalized power pattern in w = 0o plane for Example 1. Fig. 6. Normalized power pattern in w = 90o plane for Example 1.

Table 1. Desired and obtained simulation values for Example 1.

Case Design variables Desired value TLBO obtained value SOS obtained value MVO obtained value

Case 1 (w = 0o) SLL (pencil beam) −20 dB −18.44 −19.27 −18.33

SLL (flat-top beam) −20 dB −19.91 −19.91 −19.07

Ripple 0.5 1.01 0.88 1.63

Case 2 (w = 90o) SLL (pencil beam) −20 dB −20.01 −19.92 −20.02

SLL (flat-top beam) −20 dB −20.18 −19.91 −20.45

Ripple 0.5 0.45 0.79 0.48
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Table 2. Optimal set of radial phase excitation (in degrees) for flat-top beam and common normalized amplitude distribution for both the beams in Example 1.

Case Algorithms Position of the elements Amplitude and phase excitation

Position of the hexagonal array

1 2 3 4 5 6 7 8

Case 1 TLBO Vertices Phase excitation −87.68 28.23 65.48 55.34 42.03 90.92 86.38 146.21

Amplitude excitation 0.42 0.94 0.98 0.66 0.40 0.27 0.37 0.20

Arm Phase excitation −87.26 −79.37 43.60 −59.33 −20.26 96.86 150.56 −149.46

Amplitude excitation 0.75 0.34 0.25 0.45 0.33 0.34 0.29 0.35

SOS Vertices Phase excitation −108.32 3.81 11.55 −6.35 17.81 8.76 146.94 9.15

Amplitude excitation 0.76 0.72 0.87 0.67 0.42 0.28 0.58 0.33

Arm Phase excitation −127.34 153.10 −48.81 −102.50 −6.19 33.64 147.31 4.40

Amplitude excitation 0.73 0.37 0.37 0.33 0.40 0.15 0.77 0.18

MVO Vertices Phase excitation −5.93 131.85 142.88 158.28 171.07 174.72 4.03 179.72

Amplitude excitation 0.17 0.97 0.86 0.82 0.64 0.72 0.23 0.79

Arm Phase excitation 2.61 4.42 42.44 107.19 18.85 158.36 −14.04 −133.35

Amplitude excitation 0.93 0.24 0.74 0.09 0.22 0.40 0.61 0.37

Case 2 TLBO Vertices Phase excitation −56.22 −15.07 −82.86 68.00 −107.92 120.22 142.90 −167.82

Amplitude excitation 0.47 0.45 0.72 0.30 0.29 0.40 0.58 0.23

Arm Phase excitation −142.00 −74.54 −27.41 29.22 59.52 45.23 −40.22 76.93

Amplitude excitation 0.93 0.57 0.46 0.73 0.44 0.42 0.19 0.25

SOS Vertices Phase excitation −36.31 50.40 −92.77 −18.71 −128.42 −145.24 −145.01 −129.99

Amplitude excitation 0.44 0.52 0.55 0.40 0.43 0.39 0.13 0.37

Arm Phase excitation −120.30 −74.88 43.04 −10.90 53.59 57.34 121.12 79.20

Amplitude excitation 0.99 0.66 0.52 0.67 0.48 0.50 0.37 0.33

MVO Vertices Phase excitation 23.80 −64.01 9.33 37.84 138.91 126.45 98.20 163.21

Amplitude excitation 0.36 0.35 0.27 0.30 0.48 0.17 0.23 0.36

Arm Phase excitation 114.45 31.12 61.19 −83.41 −46.78 −93.55 −126.72 −43.60

Amplitude excitation 0.64 0.46 0.61 0.57 0.31 0.43 0.18 0.25
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present in each arm and r1 represents the radial distance of the
elements present at the vertices of the hexagon, as shown in Fig. 3.

r3 =
��
3

√
× (de / sin (f3n )),

r2 =
��
3

√
/2× (de / sin (f2n )),

r1 = de × sin (p/N),

(8)

where de is the inter-element spacing and f2n, f3nare the angular
positions of the elements present in each arm, calculated from the
positive x-axis, as shown in Fig. 3. These values can be obtained
using the equations below:

f3n = f1n + tan−1 (
��
3

√
/((r/)− 1)),

f2n = f1n + tan−1 (
��
3

√
/((2× r/ de )− 1)),

f1n = 2p(n− 1)/N.

(9)

The normalized far-field radiation pattern in dB can be
expressed as

AFnorm = 20 log10
|AF(u, w)|

|AF(u, w)|max

[ ]
. (10)

To generate reconfigurable beam patterns, we need to achieve
the best common excitation current amplitude distribution across
the radius of the hexagons using meta-heuristic algorithms. The
current amplitudes for all the elements, Am and Bm are kept
between 0 and 1 and varied across the radius of the hexagon of
the hexagonal array antenna. Moreover, a smooth amplitude dis-
tribution with lower variation is targeted to achieve more control
over the mutual coupling effect and to increase the efficiency. For
the pencil beam generation, the phase of the excitation current is
kept at 0. For the generation of a flat-top beam, the phase of the
excitation current is varied radically across the hexagonal array
antenna. The complex excitation of the elements present at the
vertices and the middle of each side of the mth hexagon is repre-
sented as Am ej Phasem andBm ej Phasem , respectively, where
Phasem [ [−2p, 2p].

The design objective is modeled as a minimization problem.
The goal is to reduce the SLL value for the pencil beam and flat-
top beam. Also, the Reduction of the ripples in the main beam of
the flat top radiation pattern is another objective. The cost func-
tion (CF) to be minimized can be expressed as

CF = C1 · CF1 + C2 · CF2 + C3 · CF3, (11)

where CF1 and CF2 are the cost functions that minimize the side-
lobe levels for pencil beam and flat-top beam, respectively, and are

given as follows:

CF1 = (SLLd = SLLc)2subject to u

[ {[−90◦, − |FN|&|FN|, 90◦]}, (12)

CF2 = (SLLd = SLLc)2subject to u

[ {[−90◦, |FNL|&|FNU |, 90◦]}, (13)

CF3 = (Rd = Rc)2subject to u [ {[|FNL|, |FNU |]}, (14)

where SLLd and SLLc represent the desired and computed side-
lobe levels, respectively. Again, Rd and Rc are the expected and
calculated values of ripples in the main beam of the flat-top radi-
ation, respectively. FN represents the first null value in degree for
the pencil beam and FNL and FNU are the lower and upper first
null values for flat-top beam, respectively. C1, C2, and C3 are the
weighing components that decide the correlative significance of
each term. The values of these coefficients are set as C1 = C2 =
C3 = 1. It is worth noting that different priorities can be assigned
by varying the values of the weighing factors to give more stress
on optimizing particular radiation pattern characteristics to suit
the needs of the design problem. The proposed design is opti-
mized to achieve a reconfigurable radiation pattern at different
w-planes. The proposed synthesis method to design a phase-only
reconfigurable hexagonal array antenna is represented with the
help of a flowchart (Fig. 4).

Simulation-based performance assessment

The method proposed in the paper is applied to several significant
examples to analyze the performance of a reconfigurable array
structure. The meta-heuristic optimization algorithms have an
initial population size of 30 and the maximum iteration number
is 500. The detailed working principles of TLBO, SOS, and MVO
can be found in [14–16], respectively.

In Example 1, we have considered the eight-concentric hex-
agonal array of 3N (N = 6) isotropic antennas in each hexagon.
The spacing between the elements of the first hexagonal array
antenna is kept fixed at de = 0.5λ and the inter-ring spacing is
dh = 0.5λ. Four different cases are considered for other w-planes.
In Case 1, the optimization is carried out at the 0o w-plane and
in Case 2, the optimization is performed at the 90o w-plane.
The normalized synthesized power pattern together using all
three algorithms is presented in Figs 5 and 6, for Case 1 and
Case 2, respectively. The expected and calculated values of all

Table 3. Desired and obtained simulation values for Example 2.

Case Design variables Desired value TLBO obtained value SOS obtained value MVO obtained value

Case 1 (w = 0o) SLL (pencil beam) −20 dB −20.00 −20.37 −20.03

SLL (flat-top beam) −20 dB −20.15 −20.07 −20.11

Ripple 0.5 0.49 0.47 0.53

Case 2 (w = 90o) SLL (pencil beam) −20 dB −20.01 −20.01 −20.65

SLL (flat-top beam) −20 dB −20.01 −20.09 −20.60

Ripple 0.5 0.51 0.49 0.36
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Table 4. Optimal set of radial phase excitation (in degrees) for flat-top beam and common normalized amplitude distribution for both the beams in Example 2.

Case Algorithms Position of the elements Phase and amplitude excitation

Number of hexagons

1 2 3 4 5 6 7 8

Case 1 TLBO Vertices Phase excitation −103.71 −49.96 44.20 7.53 115.92 17.44 120.35 54.52

Amplitude excitation 0.51 0.64 0.70 0.27 0.58 0.64 0.19 0.32

Arm Phase excitation −129.76 −100.72 −75.74 −72.52 −112.76 26.69 −50.56 −149.72

Amplitude excitation 0.68 0.24 0.35 0.29 0.16 0.30 0.23 0.34

SOS Vertices Phase excitation −111.04 −13.18 59.72 56.90 72.27 −3.56 110.57 63.58

Amplitude excitation 0.63 0.71 0.04 0.56 0.60 0.18 0.34 0.38

Arm Phase excitation −111.06 −81.60 −121.82 −24.72 3.32 −84.48 111.10 −109.63

Amplitude excitation 0.59 0.28 0.50 0.43 0.20 0.43 0.02 0.25

MVO Vertices Phase excitation −70.66 11.48 81.10 93.76 160.93 61.81 179.90 114.79

Amplitude excitation 0.95 0.53 0.36 0.59 0.52 0.47 0.31 0.28

Arm Phase excitation −60.15 −58.08 −58.56 13.12 7.64 −32.75 62.02 −87.72

Amplitude excitation 0.36 0.40 0.44 0.39 0.06 0.39 0.08 0.48

Case 2 TLBO Vertices Phase excitation 148.76 52.83 118.74 6.76 −141.82 99.30 94.48 98.28

Amplitude excitation 0.18 0.49 0.21 0.36 0.19 0.07 0.20 0.27

Arm Phase excitation 79.18 63.46 −11.53 −158.15 −76.64 −3.32 −125.46 −86.67

Amplitude excitation 0.97 0.29 0.53 0.24 0.32 0.16 0.32 0.29

SOS Vertices Phase excitation −11.46 −2.84 −25.92 −90.97 97.69 −62.47 36.30 31.78

Amplitude excitation 0.69 0.37 0.48 0.51 0.23 0.31 0.50 0.29

Arm Phase excitation 8.14 −56.55 −9.53 152.54 −112.18 114.82 −151.42 179.46

Amplitude excitation 0.97 0.74 0.20 0.60 0.78 0.51 0.49 0.39

MVO Vertices Phase excitation −19.73 −52.20 −37.13 −168.64 −14.73 −29.73 38.07 −8.87

Amplitude excitation 0.79 0.70 0.40 0.46 0.21 0.16 0.41 0.15

Arm Phase excitation −9.64 −72.07 159.50 −79.93 133.43 131.88 −98.99 92.60

Amplitude excitation 0.97 0.66 0.46 0.01 0.64 0.40 0.26 0.36

International
Journal

of
M
icrow

ave
and

W
ireless

Technologies
163

https://doi.org/10.1017/S1759078721000337 Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S1759078721000337


the design variables are summarized in Table 1. Table 2 reports
the phase excitation values corresponding to the flat-top beam
using all three algorithms.

Example 2 deals with the eight-concentric hexagonal array
antennas of 2N (N = 6) isotropic antennas in each of the hexagon.
The antennas are placed uniformly with a spacing de = 0.5λ in the
first ring and the inter-ring spacing is kept at dh = 0.5λ between
two adjacent hexagonal arrays. The desired value for SLL for
the pencil and flat-top beams is kept the same as the previous
example, i.e. 20 dB for both the beams. Table 3 represents the
expected and calculated values of the design variables for
Example 2, using all three algorithms the two w-planes. The glo-
bal best value zero indicates that the obtained values of all the
design parameters are lesser than the corresponding expected
values. Table 4 gives the phase distribution of the elements pre-
sent at the vertices and in the arms of each hexagon. The recon-
figurable power patterns using TLBO, SOS, and MVO are
presented together for 0o and 90o w-planes in Figs 7 and 8,
respectively.

It can be noticed that the inter-element spacing in each hexa-
gon is sufficient enough to eliminate the effect of mutual coup-
ling. All the algorithms prove their efficiency to reach the global
solution of the optimization problem. From Tables 1 and 3, it
can be noticed that the SOS algorithms perform better than the
other two algorithms in terms of SLL and ripple for Case 1 in
both examples. Whereas in Case 2 of Examples 1 and 2, MVO
obtains improved SLL and ripple values compared to TLBO
and SOS optimization algorithms. In general, both examples
were able to produce reconfigurable beam patterns at two prin-
ciple vertical planes. Though the structure considered in
Example 2 can reach the desired values of all the design
parameters with a lower number of array elements and smaller
structures. Also, for Example 2, all three algorithms perform
almost the same and able to achieve the design objectives.
These three optimization algorithms do not have any tuning
parameters; hence they can support stable results with minimal
complexity. Also, the proposed optimization technique can pro-
duce reconfigurable beam patterns in different azimuth planes
successfully with a negligible amount of ripple in the main
beam of the flat-top pattern.

Conclusion

In this paper, three well-performing meta-heuristic optimization
algorithms are used to generate reconfigurable patterns in differ-
ent azimuth planes by controlling the phases only and keeping the
optimal amplitude distribution unmodified for generating the
flat-top and pencil beam patterns. The proposed design allows
us to satisfy the pattern requirements maintaining control over
other design constraints. The proposed approach can essentially
be utilized in high-performance radar systems and other wireless
applications to produce a dynamically reconfigurable radiation
pattern, uniformly at different w-planes. The proposed work
can be extended by placing nulls at desired locations, including
the mutual coupling effect by considering practical antennas.
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