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Abstract: Smart Antennas are important to provide mobility support for many enhanced 5G and
future wireless applications and services, such as energy harvesting, virtual reality, Voice over 5G
(Vo5G), connected vehicles, Machine-to-Machine Communication (M2M), and Internet of Things (IoT).
Smart antenna technology enables us to reduce interference and multipath problems and increase the
quality in communication signals. This paper presents a number of nonlinear configurations of dipole
arrays for forming a single beam in any desired direction. We propose three, four, six, and eight-element
array structures to perform this single beam-steering functionality. The proposed array configurations
with multiple axes of symmetry (in the azimuthal plane) decrease the computational repetitions in
optimizing respective weight factors for beam-steering. The optimized weight factors are obtained
through the Least Mean Square (LMS) method. MATLABTM is used to calculate optimized weight
factors as well as to determine the resulting radiation patterns. Since antennas are bidirectional
elements, beamforming in one direction means that the antenna will also have high receiving gain
in that direction. Performances of differently configured models are compared in terms of their
directivity, sidelobe reduction, and computational complexities for beam-steering.

Keywords: smart antenna; array structure; adaptive array; beamforming; beam-steering

1. Introduction

The need for wireless communication rapidly increases in various systems and applica-
tions. Higher channel capacity, increased data rates, and spectrum efficiency with reduced
interference are the challenges for today’s wireless communication technologies [1]. The
demand for wide bandwidth channels has resulted in new approaches for the efficient use
of the available spectrum [2]. The vast increment in the number of wireless users and IoT
nodes gives rise to a spectrum crunch. Wireless energy harvesting approaches are on the
rise to address the energy crunch of low-power IoT nodes. Space Division Multiple Access
(SDMA), adaptive beamforming, and smart antennas are key technologies for the current
fifth-generation (5G) and future sixth-generation (6G) communication systems [2,3].

A Smart Antenna or Adaptive Antenna is an antenna array aided by a processing
system that operates on the transmitted or received signals with signal processing algo-
rithms to enrich the system performances [4]. Smart Antenna Technology enables us to
reduce interference and multipath problems while increasing the quality of communication
signals [3].

Smart antennas are essential to boost the harvested energy in energy harvesting
systems as well. This is done by maximizing reception in the received signal direction [5,6].
Smart Antennas are also crucial to provide mobility support for many new and enhanced 5G
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applications and services such as Voice over 5G (Vo5G), self-driving automobiles, connected
vehicles, virtual reality, IoT, and Machine-to-Machine Communication (M2M) [7]. Note,
since antennas are bidirectional elements, beamforming in one direction also means that
the antenna will have high receiving gain in that direction.

Conventional cellular base stations are not aware of a mobile device’s location and
they transmit power omnidirectionally [2]. This wastes power, increases interference, and
makes it difficult to detect weak incoming signals. On the other hand, the smart antenna
technology can spatially track mobile devices by adjusting the radiation pattern to optimize
both transmission and reception to/from each user’s device. By rapidly adjusting the signal
phase of several antennas, the base station can effectively steer a beam or receive Radio
Frequency (RF) energy from any direction [1,2].

Single beamforming and beam-steering will completely avoid the problematic sidelobe
radiations. Single beamforming is achieved by combining signal streams from multiple
elements of a non-linear antenna array in both constructive and destructive ways [8]. Beams
are steered to the required directions and controlled by different configurations of antenna
arrays with designated phase delays to the respective elements. While multi-beam antenna
arrays with steerable beams are attractive to achieve high channel capacity and multispot
coverage [9], here we focus on single beam antennas.

Beam-steering is the technique of sending/receiving information from/to the intended
users while minimizing it to interferers in the form of radiation nulls [10,11]. Advanced sig-
nal processing methods incorporated with artificial intelligence are used in beam-steering
techniques to achieve the optimum power to/from the user while minimizing interference.
Hence, the efficiency improves as interference and noise are reduced [12].

Most of the past smart antenna research has been on array systems where the antenna
elements are placed along a straight line, as a uniform linear array (ULA). Random place-
ment of dipoles arranged in a ULA would generate a symmetrical radiation pattern on
both sides of the line of the axis where the dipoles are placed [13–17]. As a result, it is
not possible to form a single beam by placing any number of dipoles in a ULA setup. A
ULA setup has the disadvantage of unproductive power transmission due to the multi-
path reflections that could occur when a duplicate of the main beam is generated in the
opposite direction on the axis of the dipole placement [14–18]. The drawback of such an
antenna is more extensive at the receiving end, where reflected waves from both sides of
the axis are received, lowering the signal quality and performance. Therefore, we propose
a single-beam smart antenna for 5G and 6G applications. Many patch-type antennas are
proposed and published; however, we review only the most relevant ones [19,20] in our
literature review since, although different antennas are designed with different shapes for
operating at different frequency bands, their beamforming mechanism remains the same.
In almost every case, multiple directional patch-type radiators are placed in fixed directions.
These radiators are sequentially activated with the help of a tuning circuit; thus, only a
single radiator is active at a particular instant and the radiation directions are fixed for that
particular patch element. Consequently, these antennas cannot be used for directing beams
in random directions. As opposed to the fixed direction of beamforming using patch-type
antenna array systems, our proposed array model is capable of directing the beam in any
desired direction. Note that we are not proposing another patch antenna system here.

In our proposed dipole array scheme, a minimum of three dipoles are required to
make a non-linear configuration that can be used to steer a single beam in the azimuth angle
range [14]. Furthermore, more elements promise a narrower beam with higher directivity.
It is obvious that compared to omnidirectional radiation, a narrow, highly directional beam
would provide long-distance coverage using less power.

Even more accurate beamforming with less computation is possible when the dipoles
are placed at the vertices of a structure that has multiple symmetrical axes in the azimuthal
plane. In this scenario, shifting weights through adjacent vertices would shift the entire
field pattern by the same angle. This characteristic will help us to steer the beam in small
increments without having to recalculate the weights. According to the existing configu-



Electronics 2022, 11, 2658 3 of 18

rations, the minimum number of dipoles required to steer a single beam in the azimuth
angle range is three [14]. More elements will ensure a narrow beam with the desired shape.
Compared to an omnidirectional antenna, a narrow beam would provide better coverage
for the target user while using less power. In the study [14,21], a three-element Equilateral
Triangular Model, a four-element Square Model, and a six-element Regular Hexagonal
Model are proposed for the single beamforming antenna array.

In this paper, we propose three, four, six, and eight-element non-linear arrays for the
single beamforming antenna array configurations. Regular polygon array antenna models
that have a maximum number of symmetrical axes in the azimuthal plane, reduce the
computational replication of optimizing the phase delay factors for steering the beam in
each direction. On the other hand, these regular polygon models may not provide desired
single beam solutions for all angles to be steered. Therefore, we have also studied different
array configurations for six and eight-element models with multiple symmetrical axes in
the azimuthal plane.

We have used a Least Mean Square (LMS) approach based on closed-form solutions
to optimize the phase delay factors. MATLABTM is used as the software tool in software
programming of the simulation codes to optimize weights as well as to determine and
display the subsequent radiation patterns. Our study shows that using a six-element
two-triangular array configuration, we can direct the single beam to different angles
by the step of 30◦ throughout 0◦ to 360◦, similar to the six-element regular hexagonal
configuration in [14]. However, both configurations are failing at different sets of angles to
have an exact match with the desired radiation pattern. Thus, in these studies, we have
proposed a regular octagon configuration and two models of two-square configurations
using eight elements. Moreover, we test for steering the single beam through 0◦ to 360◦

angles in steps of 15◦. As a result, the Smart Antenna design permits us to have coverage
of the entire spatial area surrounding the antenna.

2. Antenna Array Configurations for a Single Rotatable Beam

As mentioned previously in [14], the minimum number of dipoles required to steer
a single beam in the azimuth angle range (0◦ to 360◦) is three. In the study [14], a
three-element equilateral triangular configuration, a four-element square configuration,
and a six-element regular hexagonal configuration were proposed for the single beamform-
ing, non-linear array antenna. These configurations are shown in Figure 1. W1, W2, W3, etc.
are the complex phase delay factors of the respective antenna elements in the array model.

When phase delay factors are shifted from end-to-end vertices, the entire radiation
pattern is steered by an angle that the end-to-end vertices make at the origin [11]. This
characteristic will allow us to steer the beam in increments without recalculating the weights
when the dipoles are positioned at the vertices of a structure, which have multiple axes of
symmetry in the azimuthal plane.

In this arrangement, we propose configurations of a six-element two-triangular, eight-
element regular octagon, and two models of two-square antenna array systems to obtain a
single, steerable beam for 5G and future applications. Shown in Figure 2 is the schematic
diagram of the proposed two-triangular antenna array. The distance between the antenna
elements in the larger triangle is λ/2, and it is λ/4 for the smaller triangle. W1, W2, and W3
are the complex phase delay factors of the larger triangle; W4, W5, and W6 are the complex
phase delay factors of the smaller triangle. Here, to steer the beam in a new direction, we
have to simultaneously shift the phase delay factors of both triangles by 120◦.
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Shown in Figure 3 is the schematic diagram of the proposed regular octagonal config-
uration. The distance between the antenna elements is λ/2. W1, W2, W3, W4, W5, W6, W7,
and W8 are the complex phase delay factors of the vertices in the regular octagonal. Here,
to steer the beam in a new direction, we have to move the phase delay factors to adjacent
vertices by 45◦.
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Figures 4 and 5 show the schematic diagrams of the proposed two configurations
of two-square antenna arrays. In both configurations, the distance between the antenna
elements in the larger square is λ/2. The distance between the antenna elements in the
smaller square is

√
2λ/4 in configuration 1 and λ/4 in configuration 2. W1, W2, W3, and

W4 are the complex phase delay factors of the larger square and W5, W6, W7, and W8 are
the complex phase delay factors of the smaller square. Here, to steer the beam in a different
direction, we have to shift the phase delay factors of both squares simultaneously to the
respective adjacent vertices by 90◦.
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Optimization of Phase Delay Factors

The real-time optimization of phase delay factors (weights) is a challenging task.
Research is being carried out to optimize the weights by various algorithms using neural
networks and artificial intelligence techniques [4,8,11,15]; however, the computational
complexities and memory requirements are high for these complex algorithms. In contrast,
we have developed an elegant, computationally simpler, closed-form method based on the
studies published in [22,23], where minimization of the LMS error is used as a basis of the
formulation. The derivation of this closed-form method along with tested solutions for the
equilateral triangular, square, and regular hexagonal configurations have been published
by us in [14] and will not be repeated here. In addition, in this paper, we propose using the
symmetrical properties of the structure to further reduce computational complexities.

When the dipole elements are placed in a regular polygon, as shown in Figure 6, the
resulting beam can be advanced by an angle 2π/N, where N is the number of sides of
the polygon. Here, the angle between the two vertices from the center of the polygon, θ is
2π/N. The mathematics behind this advancement is illustrated in Equations (1)–(6).
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The electric field at point P for the dipoles shown in Figure 6 can be written as:

E(ϕ) = W1ejβa(cosαcosϕ+sinαsinϕ) + W2ejβa(cos(θ+α)cosϕ+sin(θ+α)sinϕ) + W3ejβa(cos(2θ+α)cosϕ+sin(2θ+α)sinϕ) . . .

+WNejβa(cos((N−1)θ+α)cosϕ+sin((N−1)θ+α)sinϕ)
(1)

Equation (1) can be simplified to:

E(ϕ) = W1ejβacos(α−ϕ) + W2ejβacos(θ+α−ϕ) + W3ejβacos(2θ+α−ϕ)) . . . + WNejβacos((N−1)θ+α−ϕ) (2)

The radiation field at point P could be evaluated from Equation (2) for arbitrary phase
delay factors. For the model shown in Figure 7, we name the element with weight W1 as the
1st element, that with weight W2 as the 2nd element, and weight WN as the Nth element,
etc. Now we can shift the weights by angle θ so that the 1st element is with weight WN, the
2nd element with weight W1, the 3rd element with W2, and the Nth element with weight
WN−1. For the new weight factors, the radiation field can be obtained using Equation (2)
and simplified as shown below:

E(ϕ) = WNejβacos(α−ϕ) + W1ejβacos(θ+α−ϕ) + W2ejβacos(2θ+α−ϕ)) . . . + WN−1ejβacos((N−1)θ+α−ϕ) (3)
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Using the trigonometric identity,

cos(α− ϕ) = cos(2π + α− ϕ) = cos(Nθ + α− ϕ) (4)

We can rewrite Equation (3) as:

E(ϕ) = WNejβacos(Nθ+α−ϕ) + W1ejβacos(θ+α−ϕ) + W2ejβacos(2θ+α−ϕ)) . . . + WN−1ejβacos((N−1)θ+α−ϕ) (5)

By further rearranging, we can write Equation (5) as:

E(ϕ) = W1ejβacos(θ+α−ϕ) + W2ejβacos(θ+θ+α−ϕ)) . . . + WN−1ejβacos(θ+(N−2)θ+α−ϕ)+

WNejβacos(θ+(N−1)θ+α−ϕ) = E(θ + ϕ)
(6)

Since E(ϕ) = E(θ + ϕ) . By shifting the weights to end-to-end vertices, we may say
that the entire radiation pattern can be steered by the same angle. This will allow steering
the beam in the steps of the same angle without reevaluating the weights.
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3. Numerical Evaluations

We have developed MATLABTM codes to numerically compute the closed-form so-
lution that optimizes the phase delay factors. MATLABTM is also used to graphically
display the radiation patterns. MATLABTM inbuilt functions such as integration, matrix
inversion, and matrix multiplication can be easily converted to C language or something
similar at the implementation stage. Numerical evaluations of different configurations are
compared below.

3.1. Beam Shifting at 30◦ Steps

In this section, the results generated by the realistic simulations of the array designs
shown in Figures 3–6 are reported, in order to demonstrate the single beam pattern and
steered beam pattern achieved by these novel array antenna configurations. In order to
obtain the smart antenna phase delay elements, we specify ideal, desired beams in specific
directions, to computationally determine the optimized weights. Subsequently, we test the
optimized weights to determine the beam shapes in other directions with phase shifting.
The optimized phase delay factors are obtained through the LMS method. MATLABTM

is used to first optimize the weights in the LMS method, and then to use these optimized
weights on the array antennas to obtain the radiation patterns.

Beam patterns generated by six-element array configurations when using LMS op-
timization are shown in Figures 7 and 8. After calculating the weight values for 0◦ and
30◦, we can again steer the beam to 60◦, 90◦, 120◦, 150◦, 180◦, 210◦, 240◦, 270◦, 300◦, and
330◦ for the regular hexagonal configuration as shown in Figure 7b. When considering
the regular hexagonal configuration, we have a perfect beam match at 0◦ but not at 30◦.
Therefore, when the desired angle is at 30◦, 90◦, 150◦, 210◦, 270◦, and 330◦, we get a beam
pattern with a larger beam-width than the desired single beam width.
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In the Two-Triangular Configuration, after calculating the weight values for 0◦, 30◦,
60◦, and 90◦, we can again steer the beam to 120◦, 150◦, 180◦, 210◦, 240◦, 270◦, 300◦, and
330◦ as shown in Figure 8b. In the two-triangular configuration, we obtained an almost
perfect beam match to the desired single beam pattern when the desired angle is 30◦ or
90◦ but not at 0◦ or 60◦. Consequently, at 0◦, 60◦,120◦, 180◦, 240◦, and 300◦, we get a beam
pattern with a larger beam width than the desired single beam pattern. Therefore, we
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observe that we can steer the beam through 30◦, 90◦, 150◦, 210◦, 270◦, and 330◦ with an
almost perfect match to the desired beam.

Note that, in the 6-element structure, with reference to one of the dipole positions,
five different space vectors exist toward the rest of the dipole positions. Every space vector
contributes as different space harmonics (phase shifts) components to direct the beam to the
desired direction. The number of space harmonics (five in number) may not be enough to
perfectly direct the beam throughout the angles of 0◦ to 360◦. On the other hand, depending
on the configuration where the same number of dipoles are placed in a different order,
we were able to get a perfect match at a different set of angles. Hence, we can say that
by increasing the number of elements and identifying the appropriate dipole positioning
configurations, we can have the perfect match for more desired angles. This is tested in the
next section.

3.2. Beam Shifting at 15◦ Steps

It is preferred to steer the beam with 15◦ steps of angles in the regular octagonal
configuration since there are 8 elements. Having more elements enables us to steer the
beam in multiple directions with high accuracy. Having calculated the phase delay factors
for 0◦, 15◦, and 30◦, we can again steer the beam to 45◦, 60◦, 75◦, 90◦, 105◦, 120◦, 135◦, 150◦,
165◦, 180◦, 195◦, 210◦, 225◦, 240◦, 255◦, 270◦, 285◦, 300◦, 315◦, 330◦, and 345◦ as shown
in Figure 9b. In the regular octagonal configuration, we obtained a narrower beam than
the desired single beam pattern when the desired angle is 0◦, 45◦, 90◦, 135◦, 180◦, 225◦,
270◦, and 315◦. When the desired angle is at 15◦, 30◦, 60◦, 75◦, 105◦, 120◦, 150◦, 165◦,
195◦, 210◦, 240◦, 255◦, 285◦, 300◦, 330◦, and 345◦, we obtain a beam pattern that could
not direct the beam towards the desired direction as shown in Figure 9b. In addition, for
the specific angles, the beam-width is larger than the desired beam pattern. Overall, we
obtain narrower beams than the desired beam at 0◦, 45◦, 90◦, 135◦, 180◦, 225◦, 270◦, and
315◦, with an inferior performance at 15◦, 30◦, 60◦, 75◦, 105◦, 120◦, 150◦, 165◦, 195◦, 210◦,
240◦, 255◦, 285◦, 300◦, 330◦, and 345◦. The inferior performance is due to inappropriate
positioning of the dipoles in the stated configuration so the beam could not be steered to
those particular angles.
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Therefore, we observe that a regular octagonal configuration is not suitable for steer-
ing the beam towards all the desired directions though it has the lowest computational
requirement to optimize the phase delay factors to do so.

Since the regular octagonal configuration is unsuccessful in steering the beam in all
directions with a good pattern, we consider two special eight-element array configurations
that are shown in Figures 10 and 11. Both are named as two-square configurations. Having
calculated the weight values for 0◦, 15◦, 30◦, 45◦, 60◦, and 75◦, we can again switch the
beam to 90◦, 105◦, 120◦, 135◦, 150◦, 165◦, 180◦, 195◦, 210◦, 225◦, 240◦, 255◦, 270◦, 285◦, 300◦,
315◦, 330◦, and 345◦ as shown in Figures 10b and 11b. In both two-square configurations,
we obtained a nearly perfect match to the desired beam pattern for all the angles. Therefore,
we observe that we can steer the beam in steps of 15◦ from 0◦ to 360◦ with a nearly perfect
beam with both of the two-square configurations.
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In the 8-element structure, with reference to one of the dipole positions, seven different
space vectors exist toward the rest of the dipole positions. Every space vector contributes
a different space harmonics (phase shifts) component to direct the beam to the desired
direction. The number of space harmonics (seven in number) seems to be enough with
appropriate dipole positioning to perfectly direct the beam throughout any desired angle
of 0◦ to 360◦. Finally, we have shown that while increasing the number of elements and
identifying the appropriate dipole positioning configuration, we can have the perfect match
for every desired beam angle.

Next, we wanted to test if the two-triangular, regular octagonal, and both two-square
configurations can be used to obtain single beam patterns. We have already shown that the
regular hexagonal configuration and proposed two-triangular configuration can be used to
obtain a nearly perfect match to the desired single beam patterns for some set of angles,
while the patterns deviate from the desired pattern for another set of angles. Comparing
the regular hexagonal and two-triangular configurations, the computational burden is high
in the two-triangular configuration for the same set of steering angles. Hence, the regular
hexagonal model is superior among these models.

In the proposed regular octagonal configuration, the beam-width is narrower with
higher directivity than the desired single beam in a specific set of directions. However, the
beamwidths are wider with poor alignment for another set of angles.

However, in the proposed two-square configurations, a nearly perfect beam match to
the desired beam pattern is obtained for all possible angles, even though the computational
burden is high. Therefore, two-square configurations are superior in performance in
comparison to the regular octagonal configuration.

Next, we optimized the phase delay coefficients to steer the beam to 0◦, 15◦, 30◦, 45◦,
60◦, and 75◦ angles for two-square configurations. This proves that the beam can be steered
in steps of 15◦ angles from 0◦ to 360◦ almost perfectly.

3.3. Beamsteering towards an Arbitrary Angle

Finally, for practical applications, the beam has to be steered to any given angle. We
have tested this on the two-square configuration 1 and two-square configuration 2 for
angles 10◦, 22.5◦, 35◦, 50◦, and 70◦. The results are shown in Figures 12 and 13, respectively,
where again an almost perfect match is achieved. Therefore, we can say that a nearly perfect
match for any given angle is possible with both two-square configurations studied.
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3.4. Further Observations

Tables 1 and 2 summarize the comparisons between different nonlinear antenna array
configurations used to obtain single beam smart antennas. The comparisons include critical
factors such as directivity, sidelobe reduction, and the accuracy of single beam patterns.
These tables demonstrate the effectiveness and advantages of the proposed configurations.

Table 1. Directivity, Sidelobe Reduction and Single Beam Patterns for the Array Models pro-
posed in [14], where the blue and read lines are showing the desired beam and optimized beam
patterns, respectively.

Configurations Optimized Angle Maximum Directivity Sidelobe Reduction Single Beam Patterns

Equilateral Triangular

0◦ 2.88 at −0.09◦ 0.38 with the sidelobe
located at 138.56◦
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Table 1. Cont.

Configurations Optimized Angle Maximum Directivity Sidelobe Reduction Single Beam Patterns

60◦ 2.89 at 59.91◦ 0.41 with the sidelobe
located at −76.46◦
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From the Tables, we observe the following. In the two-triangular configurations, better
directivity and improved sidelobe reduction are observed than in previous results in the
proposed configurations at certain angles; however, in some instances, a somewhat larger
beam width is obtained.

Among the previously studied and newly proposed configurations, the regular octag-
onal configuration gives a beam with the highest directivity for a set of specified desired
angles, but with poor sidelobe reduction. For the remaining set of angles, the beam is not
formed at the desired angle for maximum radiation.

Both two-square configurations provide almost identical beam patterns of the desired
beam, directivity, and sidelobe reduction. Among the previously proposed and newly
proposed configurations, only the two-square configurations provide high directivity and
improved sidelobe reduction for all angles throughout the 360◦ space. However, the largest
directivity in regular octagonal configuration for a set of angles is greater than that of
two-square configurations.

In the regular hexagonal and two-triangular configurations, the computational burden
is high in the two-triangular configuration for the same set of steering angles.

In regular octagon and two-square configurations, for the same set of steering angles,
the computational burden is high in two-square configurations. However, almost identical
directivity and beamwidth are achieved throughout all the specified angles.

All newly proposed configurations provide higher directivity and improved sidelobe
reduction compared to the previously proposed configurations. Furthermore, among the
proposed models, the two-square configurations provide high directivity and improved
sidelobe reduction for all the scanned angles.

Finally, we note that the physical realization of these antenna configurations might
bring new challenges. Furthermore, the high-speed controllable phase delay elements may
not be freely available in the market.
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4. Conclusions

This paper presents multiple new antenna structures that will perform single beam-
forming in multiple directions on the move. Namely, two-triangular, regular octagonal,
and two different two-square single beam-steering non-linear antenna array configurations
are proposed for 5G and future 6G energy harvesting applications.

Using the proposed two-square configurations, we can direct the single beam to differ-
ent angles from 0◦ to 360◦. Furthermore, we have used the array antenna configurations
with the multiple axes of symmetry in the azimuthal plane to avoid recalculating the
weights when rotating the beams from 0◦ to 360◦. This characteristic enables multiple
directional steering of antenna beams for two-square configurations while computing the
phase delay factors for only one-fourth of the required rotational angles.

Our studies show that by appropriately increasing the number of dipole elements with
appropriate positioning we can achieve smart array antennas that will receive or transmit
energy with high directivity and narrow beamwidth from/to any direction. Even though
the regular polygon structures have the maximum number of symmetrical axes, regular
polygon configurations may not be the best solution to positioning the dipoles to steer the
beam throughout a 360◦ space. Even though, we have identified suitable configurations
with 8-elements. Further study on optimal positioning of dipoles as well as extending this
work to non-dipole antenna arrays is a challenging area.
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