
echT PressScienceComputers, Materials & Continua
DOI:10.32604/cmc.2021.018390

Article

An Optimized Design of Antenna Arrays for the Smart Antenna Systems

Fahd N. Al-Wesabi1,2,*, Murad A. A. Almekhlafi3, Huda G. Iskandar2,4, Adnan Zain5, Saleh Alzahrani6,
Mohammed Alamgeer6, Nadhem Nemri6, Sami Dhabi6, Mohammad Medani6 and Ali. M. Al-Sharafi2,7

1Department of Computer Science, King Khalid University, Muhayel Aseer, Kingdom of Saudi Arabia
2Faculty of Computer and IT, Sana’a University, Sana’a, Yemen

3Department of Electrical Engineering – Communication Engineering, Sana’a University, Yemen
4School of Computing, Faculty of Engineering, Universiti Teknologi Malaysia, Malaysia

5Department of Electronics and Communication Engineering, Faculty of Engineering, University of Aden, Yemen
6Department of Information Systems, King Khalid University, Muhayel Aseer, Kingdom of Saudi Arabia

7Department of Computer Science, College of Computers and Information Technology, University of Bisha, KSA
* Corresponding Author: Fahd N. Al-Wesabi. Email: fwesabi@gmail.com

Received: 07 March 2021; Accepted: 17 April 2021

Abstract: In recent years, there has been an increasing demand to improve
cellular communication services in several aspects. The aspect that received
the most attention is improving the quality of coverage through using smart
antennas which consist of array antennas. this paper investigates the main
characteristics and design of the three types of array antennas of the base
station for better coverage through simulation (MATLAB) which provides
field and strength patterns measured in polar and rectangular coordinates for
a variety of conditions including broadsides, ordinary End-fire, and increasing
directivity End-fire which is typically used in smart antennas. The method of
analysis was applied to twenty experiments of process design to each antenna
type separately, so sixty results were obtained from the radiation pattern indi-
cating the parameters for each radiation pattern. Moreover, nineteen design
experiments were described in this section. It is hoped that the results obtained
from this study will help engineers solve coverage problems as well as improve
the quality of cellular communication networks.
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1 Introduction

The concept of smart antennas has existed for many years, and it has received a wide
attention [1]. Cellular networks require coverage, and coverage depends on the type of antenna
and the antenna radiation pattern [2]. The cellular base station antenna in the cell sector uses
a reflective angle antenna that radiates into the cell at a limited angle according to the area’s
coverage requirements. The radiation itself depends on several parameters [3,4].

Single-component antennas have relatively broad radiation patterns because the gain and
direction are low. When the antenna is electric, the size increases by expanding the radiation
dimensions to obtain more excellent directivity, but still, all these methods lead to a decrease
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in the antenna’s efficiency. The radiation model contains several side lobes and when building a
group of radioactive elements that include appropriate electric fields and the correct geometry, we
get an increase in the antenna’s electrical volume. These antennas are called matrix antennas. The
matrix radiation patterns are based on relative positions (single radiators, field currents, individual
radiator currents or fields, and individual radiators) [5–8].

Hence, the representation of the matrix elements gives a radiation pattern characterized by
direction and gains different from that of a single antenna element.

Coverage quality depends on several requirements, such as channel capacity, best signal
quality, lowest transmission capacity, highest data rate, and new added value for existing mobile
wireless communication services in telecommunication networks, to meet these requirements. This
is considered one of the technological challenges that face service providers. It was introduced in
the form of “smart antennas” or “adaptive array antennas,” which has enhanced coverage and
brought many benefits to cellular carriers [9–11].

Several types of antennas have been used in various smart communication and detection
systems. In [12], an antenna system has been proposed and controlled by p-i-n diodes with
the ability of radiation pattern changing between six states in the azimuth plane. In [13], a
smart antenna with beam switching capability has been proposed that can realize beam switching
between 0, 90, 180, and 270◦ by using diodes. In [14], a two-dimensional scanning smart antenna
has been developed for cognitive radio. In [15], a smart antenna array has been designed by using
various types and nonuniformly distributed elements to process multiple signals at multiple fre-
quencies simultaneously. In [16], a shape changeable parabolic smart antenna system is presented
to transmit a signal with a predefined gain to desired positions by controlling the shape of the
antenna using a shape-memory alloy. In [17], a smart antenna system has been proposed with
interfering moderation capability that is realized by generating radiation nulls in the interferer
direction. In [18], a novel reconfigurable adaptive linear array has been designed for providing the
optimal radiation direction in which the spatial correlation coefficient is minimal, and in [19], the
antenna is further formed to minimize the spatial correlation coefficient. In. [20], a beam-steering
reconfigurable antenna system has been developed to searching for the maximum receiving signal
energy. In [21], a beam tracking scheme has been proposed in the downlink of 5G cellular radio
access that can choose candidate beams based on mobility-reference signals.

Although all of these antennas have been used in wide applications of smart mobile com-
munication systems, the external control systems must be used, and more of those antennas do
not have the capability of sensing and setting their features to fit with environmental information.
However, these antennas presented in the literature [12–21] cannot be seen as smart antennas.

This research aims to study and analyze three types of antenna array (broadside array,
ordinary End- fire array, and increased directivity end–fire array) and select the best type for ideal
coverage. The antenna array design relies on two main parameters (distances between sources
in radians, and the number of sources, to plot the radial field and energy pattern. The shape
and energy of the radiation pattern depend on the values of the main parameters (half-power
beamwidth (HPBW), the phase between sources, gain in (dB), gain in (dBi), and first beamwidth
blank (BWFN)).

Therefore, the research’s importance is completed by designing a simulation that includes
designing three types of antenna array and showing the radiation pattern, energy, and the values
of its main parameters. Under which the best kind is chosen to meet the coverage quality of
cellular communication cells.
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The remainder of the article is structured. In Section 2, we explain the proposed system
model. In Section 3, we present the theoretical analysis and formulation. Software develop-
ment and simulation are provided in Section 4. Results analysis and discussion are provided in
Section 5. Discussion is provided in Section 6, and finally, we conclude the article in Section 7.

2 System Model

Suppose a system model has three core types of antenna arrays which are broadside array,
ordinary end-fire array, and increased directivity end-fire array. Input and output simulation has
been performed for each of those antenna arrays to get better coverage. Input simulation covers
main three issues which are the select type of antennas array (T), spaces between the sources (D),
and the number of sources (N). However, the output simulation covers main seven issues which
are field patterns, power patterns, half-power beamwidth (HPBW), beamwidth first null (BWFN),
gain (G) in (dBi), gain (G) in (dB), and phase between sources (δ) as illustrated in Fig. 1.

Figure 1: The main components of the proposed system model

3 Theoretical Analysis and Formulation

3.1 Linear Arrays of Isotropic Point Sources of Equal Amplitude and Spacing
Consider now the case of the sources, the characteristics of the equivalence point of capac-

itance and spacing in a linear array and the whole field spacing between sources is λ/2. These
arrays have no minor lobes. E at a considerable distance in the direction is ϕ as given by Eq. (1).

E = 1+ e jψ + e j2ψ + e j3ψ + . . .+ e j(n−1)ψ (1)



1982 CMC, 2021, vol.69, no.2

where:

ψ—The total phase difference of the fields from adjacent sources.

d—The spacing between sources.

n—Is any positive integer.

Fig. 2 represents a unit source so that the breadth of the field of all sources is equal and
taken as a unit source and the shape is considered a reference stage. At a distant point in the
direction, we found that:

Figure 2: Isotropic point sources are produced from a linear array

— The field from source 2 is advanced in phase concerning to source 1 from ψ .
— The field from source 3 is advanced in phase concerning source 1 by 2 ψ , etc. equal

amplitude and spacing in a linear array.

When adding a phasor (vector), we obtain both the amplitude of the total field E and its
phase angle ζ as given by Eq. (2) and illustrated in Figs. 3a and 3b.

Eejψ = e jψ + e j2ψ + e j3ψ + . . .+ e jnψ (2)

And from Eq. (3) below.

E = 1− e jnψ

1− e jψ
(3)

It may be rewritten as shown in Eq. (4).

E = 1− e jnψ/2

1− e jψ/2

(
e jnψ/2− e−jnψ/2

e jψ/2− e−jψ/2

)
(4)

From Eq. (5) given below.

E = e jξ
sin(nψ/2)
sin(ψ/2)

= sin(nψ/2)
sin(ψ/2)

∠ ζ (5)
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where ζ is referred to the field from source 1, the value of ζ is given by Eq. (6).

ζ = n− 1
2

ψ (6)

If the phase refers to the center point of the array, Eq. (5) becomes as shown in Eq. (7).

E = sin(nψ/2)
sin(ψ/2)

(7)

In this case, the phase pattern is a step function given by Eq. (7). The phase of the field is
constant wherever E has a value but changes sign when E goes through zero. When ψ = 0, 5 or
7 am indeterminate so that in this case, E must be obtained as the limit given by Eq. (7) above
as ψ approaches zero. Thus, for ψ = 0, we have the Relation that (E = n).

Figure 3: Addition of fields of different phases arriving at a distant point from a linear array of
five isotropic sources of equal amplitude with the phase of source 1 for (a) and source 3 for (b)

This is the maximum value that E can attain the normalized value of the whole field for
Emax = n is a normalized array pattern as shown in Eq. (8).

En = 1
n
sin(nψ/2)
sin(ψ/2)

(8)

For a 5-source array with λ/4 spacing and δ=−90 progressive phasing is as shown in Eq. (9).

ψ = βd cosϕ+ δ = 90(cosϕ− 1) (9)

We note that this 5-source array would be called an ordinary end-fire array as shown in
Eq. (10).

ψ = 2π d
λ

cosϕ, δ=−2π d
λ

(10)

3.2 Broadside Array
The broadside array (source in phase) is a linear array of an isotropic source of the same

amplitude and phase. Therefore δ = 0 and to make ψ = 0 requires that ϕ = (2k+1) (π /2).
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Where k = 0.1.2.3. . ., the field is maximum as shown in Eq. (11).

ϕ = π

2
and

3π
2

(11)

Fig. 4 shows the radiation pattern of the broadside array of four-point sources and the phase
spacing by λ/2, and certainly the point sources here have the same amplitude.

Figure 4: The field pattern of broadside array

3.3 Ordinary End-fire Array
The phase angle between adjacent sources is required to make the field a maximum in the

direction array (ϕ = 0). An array of this type may be called an end-fire array. For this we
substitute the conditions (ψ = 0 and ϕ = 0).

From Fig. 5 above, as we observe, represents the radiation pattern of the usual end-fire array
for four isotropic point sources, and the distance between the reference here is λ/2 and δ =−π ,
which is an example of the bidirectional pattern.

Figure 5: The field pattern of ordinary end-fire array
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3.4 End-Fire Array with Increased Directivity
The situation discussed in case 2, namely, for δ =−(2πd/λ), produces a maximum filed at the

direction ϕ = 0 but it does not give the maximum directivity. A larger directivity is obtained by
increasing the phase change between sources as shown in Eq. (12).

δ =−
(
2πd
λ

+ π

n

)
(12)

This condition will be referred to as the condition for “increased directivity,” thus for the
phase difference of the fields at a considerable distance as shown in Eq. (13).

ψ = 2πd
λ
(cosϕ− 1)− π

n
(13)

Any increased directivity end-fire array, with a maximum at ψ =−π /n, has a normalized field
pattern given by Eq. (14) of the array pattern (increased directivity).

E = sin
( π
2n

) sin(nψ/2)
sin(ψ/2)

(14)

Fig. 6 shows the radiation pattern of end-fire array four isotropic point sources where equal
amplitude spacing is λ/2 and the progressive phase angle δ =−(5π /4).

Figure 6: The field pattern of the end-fire array

4 Software Development and Simulation

To evaluate the performance of the proposed system model and select the best antenna array,
the self-developed software has been developed using Visual Basic.net programming language and
simulated software has been developed using MATLAB environment. This section explains in
detail the developed and simulation software.

The simulation has been performed using MATLAB programming language. The simulation
aims to study each type of antennas array (broadside array, ordinary end-fire array, and increased
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directivity end-fire array) and choose the best type for ideal coverage. The simulation depends on
two main parameters which are spaces between the sources (D) in radians, and several sources
(N) to plot the field and power patterns. These parameters allow the user to enter the values after
the selected type of antenna arrays (T).

The simulation of the proposed system model shows the radiation pattern and calculates the
main parameters as follows:

• The half-power beamwidth (HPBW).
• The Phase between sources (δ).
• Gain (G) in (dBi).
• Gain (G) in (dB).
• Beamwidth first null (BWFN).

Fig. 7 shows the main window of the developed software.

Figure 7: The core parameters of the developed software of the proposed system model

5 Results Analysis and Discussion

In this section, the simulated antennas arrays are critically analysed which are (broadside
array, ordinary end-fire array, and increased directivity end-fire array) through two stages. The
first stage is space between the sources (D). However, the second stage is a number of sources
(N) as shown in Fig. 8 to plot the field and power patterns (pattern construction) with calculates
the main parameters (half-power beamwidth (HPBW), the phase between sources (δ), gain (G) in
(dBi), gain (G) in (dB), and beam width first null (BWFN).

Fig. 8 shows some examples of the effect of the number of sources (N) and the space between
the sources (D) for pattern construction. The method of analysis was to apply twenty experiments
of process design to each antenna type separately, so sixty results were obtained from the radiation
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pattern indicating the parameters for each radiation pattern, and nineteen design experiments were
described. The following subsection shows each branch of the mentioned stages.

Figure 8: The effect of a number of sources (N) and the space between the sources (D) for the
field and power patterns: (a) (N = 5) and (D = λ/2). (b) (N = 2) and (D = λ)

5.1 Space Between Sources
This subsection explains the simulation using the parameters of space between sources to

analyze these effects on the field pattern.

5.1.1 For Broadside Array
We used the Broadside array type to examine the spacing effect on the pattern field. When the

space between sources equals 0.25 λ, the antenna radiates in two directions, and the half-power
beamwidth in two approaches is the same as shown in Tab. 1. When space increases up 0.25 λ,
the half-power beamwidth decreases and shows a side lobe. When the space increases to λ, the
half-power beamwidth for side lobes increased. When space is smaller than 0.25 λ, the radiation
pattern approaches from a circular shape. The perfect case for broadside is when space equals
0.25 λ as shown in Tab. 1 and illustrated in Fig. 9.

Table 1: Parameters for broadside array

Spaces and sources BWFN HPBW G (dBi) G (dB) δ

N 5 183.35 81.28 1.618 1.451 0
D 0.125
N 5 91.67 40.64 40.32 2.704 0
D 0.25
N 10 45.84 20.32 7.131 5.167 0
D 0.25
N 5 22.92 10.16 6.99 5.000 0
D 1
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It can be noted From Fig. 9b that the antenna radiated in two directions, front and back. This
radiation has the same half-power beamwidth. We found that half-power beamwidth (HPBW) of
the pattern has little radiation and the gained coefficient is more extensive, so it is very appropriate
to cover limited areas.

Figure 9: The perfect case for broadside with: (a) (N = 5) and (D = 0, 125), (b) (N = 5) and (D
= 0, 25), (C) (N = 10) and (D = 0, 25), and (d) (N = 5) and (D = 1)

5.1.2 For Ordinary End-Fire Array
The antenna radiates in two directions, also front and back at the same of broadside array

type, but the half-power beamwidth is more extensive. Since the half-power beamwidth is com-
plete, we used this type when the regional coverage is open because the radiation pattern does
not meet obstructions. The results show an HPBW, phase between sources (δ), gain (G), and
beamwidth first null (BWFN) from the simulation, which can be seen in Tab. 2 and illustrated in
Fig. 10.

Table 2: Parameters for an ordinary array

Spaces and sources BWFN HPBW G (dBi) G (dB) δ

N 5 25.62 136.61 4.320 2.70 −45
D 0.125
N 5 36.23 96.59 6.990 5.00 −90
D 0.25
N 5 51.24 68.30 6.990 5.00 −180
D 0.5
N 5 72.47 48.29 6.990 5.00 −360
D 1
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Figure 10: The perfect case for ordinary end–fire array with: (a) (N = 5) and (D = 0.125), (b) (N
= 5) and (D = 0.25), (C) (N = 5) and (D = 0.5), and (d) (N = 5) and (D = 1)

5.1.3 For Increased Directivity End–Fire Array
The antenna for increased directivity end-fire radiates in two directions, but the half-power

beamwidth is different from one order to another. The radiation pattern has taken a concavities
shape, as shown in Tab. 3 and illustrated in Fig. 11.

Table 3: Parameters for an ordinary array

Spaces and sources BWFN HPBW G (dBi) G (dB) δ

N 5 18.11 65.77 11.08 12.82 −81
D 0.125
N 5 25.62 46.51 13.19 20.84 −126
D 0.25
N 5 36.23 32.88 6.99 5.00 −216
D 0.5

Figure 11: The perfect case for increased directivity end–fire with: (a) (N = 5) and (D = 0.125),
(b) (N = 5) and (D = 0. 25), and (C) (N = 5) and (D = 0.5)
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Therefore, we used this type when the regional coverage is contained not a desired coverage.
It can be concluded that: each antenna has a different radiation pattern, and each type pattern
has an application characteristic that depends on the geographical nature of the region, which
desired coverage; also it can be mixed between those types in one part according to the object of
coverage.

5.2 Number of Sources
This subsection explains in detail the simulation using the parameters of a number of sources

to analyze these effects on the field pattern, and we note that changing the number of sources
caused changing in the shape of the radiation pattern.

5.2.1 For Broadside Array
It can be observed that the changed number of sources caused half-power beamwidth changes.

If the number of sources increases, the half-power beamwidth decreases. The radiation pattern
takes an asymmetric shape. However, when the value of N up to 10, the radiation pattern takes a
non-symmetric shape. The perfect case of this type is at N ring as shown in Tab. 4 and illustrated
in Fig. 12.

Table 4: Parameters for broadside array with different number of sources

Spaces and sources BWFN HPBW G (dBi) G (dB) δ

N 2 229.18 101.6 0.87 1.22 0
D 0.25
N 8 57.29 25.4 6.19 4.16 0
D 0.25
N 15 30.56 13.55 8.83 7.65 0
D 0.25
N 100 4.58 2.03 17.03 50.19 0
D 0.25

Figure 12: The perfect case for increased directivity end –fire with: (a) (N = 2) and (D = 0.25),
(b) (N = 8) and (D = 0.25), (C) (N = 15) and (D = 0.25), and (d) (N = 100) and (D = 0.25)
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As observed, the width of the half-power beam for side lobes increases when the space
between the arrays begins to rise and approaches the wavelength. The radiation pattern is close
to the circular shape when the space between the arrays is smaller than 0.25 λ. When crowded
(throttling) areas are to be covered, the Broadside array can help prevent a large number of
radiation reflections from the barriers.

5.2.2 For Ordinary End-Fire Array
The same case appears, where, when N increases, the half-power beamwidth decreased, and

the radiation pattern is taking a symmetric shape. The perfect case of this type is at N rung, as
shown in Tab. 5 and illustrated in Fig. 13.

Table 5: Parameters for an ordinary end-fire array with different number of sources

Spaces and sources BWFN HPBW G (dBi) G (dB) δ

N 2 57.29 152.73 3.01 2.00 −90
D 0.25
N 6 33.07 88.18 7.78 6.00 −90
D 0.25
N 15 20.92 55.77 11.76 15.00 −90
D 0.25
N 100 8.10 21.6 20.00 100.0 −90
D 0.25

Figure 13: The perfect case for ordinary end-fire array with: (a) (N = 2) and (D = 0, 25), (b) (N
= 6) and (D = 0.25), (C) (N = 15) and (D = 0.25), and (d) (N = 100) and (D = 0.25)

From Fig. 13, we noted that directionality and gain can be improved. Still, the presence of
side lobes may cause some interference problems, depending on the region in which this radiation
pattern will be used.
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5.2.3 For Increased Directivity End–Fire Array
We noted that when the value of N is small, the antenna radiation in two directions, and

the half-power beamwidth for radiation are massive. When the amount of N increases, the
antenna radiates in one order, and the half-power beamwidth is decreased, as shown in Tab. 6
and illustrated in Fig. 14.

Table 6: Parameters for increased directivity end-fire with different number of sources

Spaces and sources BWFN HPBW G (dBi) G (dB) δ

N 2 40.51 73.53 7.40 5.50 −180
D 0.25
N 15 14.79 26.85 18.18 65.87 −102
D 0.25
N 100 5.73 10.4 26.45 442.47 −91.8
D 0.25

Figure 14: The perfect case for increased directivity end –fire with: (a) (N = 2) and (D = 0.25),
(b) (N = 15) and (D = 0.25), and (C) (N = 100) and (D = 0.25)

6 Discussion

The antenna array’s engineering design process is very similar to the filter synthesis process
because the array is synthesized. Signal processing in the antenna array analysis and synthesis
requires a set of tools based on MATLAB digital computing environment to obtain the radiation
pattern. The synthesis of multiple and different patterns is one of the most important charac-
teristics of antenna arrays. This makes its results almost infinite, as each element is enthusiastic
with the other with an identical signal on one hand and on the other hand to obtain the signal
processing and radiation pattern processes, which are a wide range of instruments from the signs
in the antenna for array analysis, based on the assumption of a narrow band. For several reasons
it is difficult to comprehend because they depend on each other (main or partial dependence). On
the other hand, the radiation pattern may be useful, but lateral lobes or profit factors and the
other parameters determine the radiation pattern. Etc. may not be appropriate for what is stated
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or required for this environment or problem. We found that rising the value of the phase angle
has a very significant and beneficial role because of the beam from the array, so when shifting the
phase (phase gradient) in the paths of the elements from the array and inserting it electronically
so that the phase shifters can be used, it will be handy to direct the beam in better and customized
directions.

7 Conclusion

The process design simulation aims to study each type of antenna and choose the best
style for ideal coverage. We obtained several results for each antenna so that each antenna was
distinguished from the other, according to the type of request or the type of problem in the
quality of coverage. The synthesis of multiple and different patterns is one of the essential
characteristics of antenna arrays. This makes its results almost infinite. The most important results
can be summarized as the Broadside array was used to see the effect of space on the pattern field
when the distance between the sources is equal to 0.25 λ. When space increases up to 0.25 λ,
the half-power beamwidth decreases and appears side lobes. In the ordinary end-fire array, the
half-power beamwidth is complete; we used this type when the regional coverage is open because
the radiation pattern does not meet obstructions. The increased directivity End-fire array uses this
type when the local coverage does not contain the desired range. It is the sea or dissent.
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