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ABSTRACT: A coaxially pin-fed multiband fractal square antenna is proposed in this paper. The designed antenna resonates in five bands:
5GHz, 10 GHz, 13.2 GHz, 16 GHz, and 20.5 GHz. The multibands are achieved by using a fractal square antenna. The fractal square is
formed from an initial square patch and then optimized with increasing fractal iterations to resonate at these bands. The fractal property
of the design also helps in the miniaturisation of the antenna. The proposed antenna has gain ranging from 4.9 dB to 9.7 dB and radiation
efficiencies from 70% to 98%. The proposed antenna is simulated using the CST microwave studio. The antenna is then fabricated, and
its performance parameters are measured. After finding a match between simulated and measured results, the same antenna and its array
are tested in a MATLAB simulation environment for direction of arrival (DOA) and adaptive beamforming (AB) at all five bands. Using
different DOA and AB algorithms, the performance of the antenna array is evaluated. The ability to accurately estimate the DOA of
all signals delivered to the adaptive array antenna allows it to maximise its performance in terms of recovering the required transmitted
signal and suppressing any interference signal. Then, the beam of the antenna is modified using the DOA algorithm to generate a beam
in the desired direction and nulls in the unwanted direction for proposed satellite communications.

1. INTRODUCTION

roadcast television transmissions, internet delivery, data
Bcommunication, voice telephony, and aviation systems all
make use of satellite communications technologies operating in
the C band. When national administrations permit broadband
wireless access systems like Wi-Fi and Wi-Max to share the
same spectrum bands currently used by satellite services, the
satellite systems operating in the C band experience severe in-
terference, sometimes to the point of system failure [1]. The use
of the Standard C and Extended C bands for terrestrial wireless
networks poses a serious danger to satellite services. Hence,
the SATCOM industry has moved to higher frequency bands
to avoid this congestion. ITU has defined new bands such as
X, Ku, K, and Ka bands for SATCOM [2]. Here, high-speed
communication can be achieved by using small antennas with
a larger bandwidth of operation. Due to the higher wavelength
in the C band, the signals are less affected by rain and other
obstacles, but the attenuation due to rain is greater in the Ku
and Ka bands due to their smaller wavelengths [3]. Hence, we
can use C-band antennas in places with frequent rainfall den-
sity areas, and in other locations, we can go for K or Ku-band
antennas for SATCOM.

The present work proposes a fractal antenna resonating at
multiple bands that allows simultaneous reception of RF signals
from different satellites transmitting at multiple frequencies. In
such cases, higher bands (Ku and K bands) can be used for high-
resolution images and video transmissions with high bandwidth
requirements, and lower bands (C and X bands) can be used for
low-bandwidth data transmissions like voice and text messages.
In today’s world, many such applications necessitate the utilisa-
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tion of multiband antennas as opposed to single band antennas
in order to mitigate costs and complexities. Hence, in this pa-
per, a multiband antenna is proposed which can operate in C,
X, Ku, and K bands.

The main limitation of a multiband antenna is its inabil-
ity to sustain gain and radiation patterns over all the resonat-
ing bands. The addition of slots to the antenna’s radiating
surface can cause the antenna to resonate across various fre-
quency bands. It is well known that slots generate multibands
and operate as numerous radiating elements, resulting in mul-
tiresonant behaviour. By modifying the current flow, this can
shift the antenna’s working frequency, thereby shifting the fre-
quency to a higher or lower band. A planar multiband antenna
with a hexagonal patch is constructed [4]. On the hexago-
nal patch, two pairs of modified L-shaped resonator slots are
etched to provide multibands. To increase the impedance band-
width of the patch antenna, several types of defects are intro-
duced at the ground. Defected Ground Structure (DGS) is a
technique used to increase the impedance bandwidth of an an-
tenna and explore additional resonance frequencies. In [5], a
four-band patch antenna with DGS is proposed and tested. An-
other fundamental method for creating multiband antennas is
multi-layered structuring [23], which includes stacking a num-
ber of microstrip patches that operate over a variety of frequen-
cies vertically onto a ground plane to increase the antenna’s
height. [24] presents a miniaturised multiband two-element
coaxial continuous transverse stub antenna for satellite C-band
applications. The continuous transverse stub (CTS) technol-
ogy incorporates the use of coaxial lines to produce effective
microwave antenna structures that radiate an omnidirectional
pattern with high efficiency and low return loss. For multiband
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applications, [6] presents a substrate-integrated suspended-line
(SISL) triple-band multi-mode antenna with a stacked patch
and two L-strips. To create two resonant frequencies, two L-
strips coupled to the stacked patch by vias are inserted. The
stacked patch and via, which connect the feed line and driven
patch, respectively, produce resonant frequencies in the higher
frequency region. Metamaterials are artificial materials that are
designed to have properties that are not found in naturally oc-
curring materials. Metamaterials also have the advantage of
being able to operate in multiple frequency bands. This is due
to their ability to tailor both permittivity and permeability in-
dependently, which allows them to interact with electromag-
netic waves in a variety of ways, resulting in multiple bands.
[7, 8] exhibit metamaterial-based multiband antennas compris-
ing complementary split-ring resonators. A multiband antenna
that is loaded with parasitic components is presented in [9].
The radiator has a loop of nested hexagons with a top open-
ing. A microstrip line with two parasitic components at the
top feeds the three hexagonal open loops, which have a small
hexagonal radiator in the centre that provides the multiband.
[10] presents the design of a CPW-fed, metamaterial-inspired,
octagon-shaped antenna on a frequency-selective surface (FSS)
for multiband operations. This antenna is ideal for 5G mobile
communications and satellite applications.

Miniaturised high-gain multiband antennas [11-13] can also
be efficiently designed using fractals. Self-similarity and repli-
cation at different sizes characterise the fractal antenna, which
efficiently fills the available area. Due to the property of self-
similarity, fractal antennas exhibit multiband behaviour. Since
small regions of fractal geometry are copies of the entire struc-
ture on a smaller scale, identical electromagnetic behaviour can
be achieved at various frequencies. The space-filling feature
of a fractal structure allows for the creation of extremely long
lengths or broad surfaces in a compact area [22]. Fractals can
be used in antenna design to meet multiband, wideband, and
size reduction goals. Antennas have been designed using a
wide variety of fractal patterns, including Hilbert curves, Sier-
pinski gaskets, and Koch snowflakes. The multiband antennas
designed above do not have constant gain and stable radiation
pattern over all the resonating bands. Hence, there is a need to
design a multiband antenna with constant gain, stable radiation
pattern, and high efficiency over all resonating bands covering
2-3 bands for satellite communication.

Here, we have used the fractal concept to design our multi-
band antenna. Different iterations of the fractal are realized to
achieve the required bands for satellite communications. Later,
the same antenna and its array are tested ina MATLAB simula-
tion environment. The performance of the antenna and its array
are evaluated with different Direction of Arrival (DOA) [20]
and Adaptive Beamforming (AB) algorithms [21] to find the
best for satellite communication. After finding the best-case
scenario for both DOA and AB for the first resonating band, all
four other bands of the proposed antenna are tested with the best
DOA and AB algorithms. The article is structured as follows.
The fractal antenna is designed with multiple iterations in Sec-
tion 2. All the simulated and measured results are discussed in
Section 3. The performances of the proposed antenna are com-
pared with other similar designs from literature in the same sec-
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tion. Then, the proposed antenna and its array are evaluated for
different DOA and AB algorithms in MATLAB in Section 4.
Finally, the article is concluded in Section 5.

2. PROPOSED FRACTAL ANTENNA DESIGN

Figure 1 shows the structure of the proposed multiband mi-
crostrip patch antenna. The antenna is printed on a Rogers
RT 5880 substrate with Epsilon 2.2 and substrate thickness
0.787 mm. The size of the ground plane is 32 mm by 32 mm.
By using the parameters frequency, €,., and &, and with the help
of the following equations, dimension of the microstrip patch
antenna (MPA) is evaluated.
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L2
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v

FIGURE 1. Design of the proposed multiband fractal antenna. (W's =
Ls =32 Wp=1ILp=13,Wl=11=43 W2 =L2=13,all
units in mm).

The width (W) of the antenna is calculated by the following

formula.
1 2
W pr—
2fr/1ho €0 V € +1

Substituting ¢,, h, and calculated W value in the following
equation, the effective dielectric constant (e,.) and the exten-
sive length (A L) are calculated.

(M
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Now, the actual length (L) of the MPA is found out by the fol-
lowing equation.

1
L =
2fr\/ Erefrv/ 1o €0

As the width of the patch is much smaller than the operating
wavelength, the input resistance at the edge (R;,(y = 0)) of
the patch can be evaluated from:
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The radiator of the proposed antenna is a fractal square-shaped
structure, which is fed by a simple coaxial pin feed. The dis-
tribution of impedance is minimum at the centre and maximum
on both edges of the patch. So there is a point inside the sur-
face of the radiating patch where the impedance is 50 €2. The
simplest method for impedance matching is to locate the posi-
tion of the 50 (2 point and connect the feed probe at this point.
The microstrip line must have the appropriate width to match
the patch with the feed line. The width of the microstrip feed
line (W) and distance y can be calculated by using following
equations.

h
Zo = 60 In 8—+% (7
Véag  |Wo | 4h
Rin(y = yo) = Rin(y = 0) cos? (%) Yo (8

where L is the length of the patch; the required impedance
Rin(y = o) is 509; and the edge impedance R;,(y = 0)
is 209.268 2. o is found to be 4.4 from the above equation.
The position of the feed from center (Vc) calculated from it
was found to be 2.1 mm to match the 50 €2 impedance.

The antenna is designed in three steps using an initiator and
generator structure. The starting shape is known as an initia-
tor. As seen in Figure 2, a generator is an ordered collection
of scaled replicas of the initiator. Replace each copy of the
initiator with a scaled copy of the generator at each stage, i.c.,
replace each line segment with the scaled copy of the genera-
tor as illustrated in Figure 3. Step 1 involves replacing a single
line segment in the initiator with the generator. In the second
step, each of the four line segments from the first step has to
be replaced with a scaled copy of the generator. There are four
line segments in step 1. Hence, step 1 requires a total of four
copies of the generator. Step 2 includes 20 line segments. As a
result, step 2 necessitates the use of twenty copies of the scaled

generator.

Initiator Generator

FIGURE 2. Structure of initiator and generator for fractal design.

Step 1 Step 2 Step 3

FIGURE 3. Fractal antenna design stages.
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The square side length of the first generation is 13 mm. A
square of side length 4.33 mm is placed on each side of the
first generation square to get the second generation. The square
of side length 1.4 is the third generation. All the sides of the
square are reduced by a factor of 1/3 to maintain self-similarity.
The scaling that occurs between generations is determined by
a fixed value called ‘ f’ that lies within the range 0 to 1, and it
is set up in such a way that the n + 1 generation has a square
side-length that is f times smaller than the nth generation. This
reduction in size between generations helps to maintain self-
similarity. n + 1 generation squares are attached only to the
exposed edges of the nth generation elements.

3. RESULTS AND DISCUSSION

Antenna performance can be analysed by its reflection and radi-
ation characteristics. The scattering parameter, or S-parameter,
determines how the antenna radiates or receives power. The
return loss plots for Step 1, Step 2, and Step 3 are included
in Figure 4. Voltage standing wave ratio (VSWR) is less than
2 for all the 5 resonating bands of step 3, which can be seen
from Figure 5. It is illustrated from the VSWR graph that the
proposed antenna shows the required multiband characteris-
tics. The antenna resonates over 5 frequency bands with oper-
ating frequencies of 5 GHz, 10 GHz, 13.2 GHz, 16.2 GHz, and
20.5 GHz. The first frequency band is 57 MHz; the second fre-
quency band is 49 MHz; the third frequency band is 386 MHz;
the fourth frequency band is 558 MHz; and the last frequency
band is 343 MHz. Here, Step 1, Step 2, and Step 3 are desig-
nated as Design 1, Design 2, and Design 3, respectively. De-

0 -

a -10 1
2
=
2
@
£
s
5 20
-
-
-
)
...... Design 1
-30 + == == Design 2
= Design 3

4 6 8 10 12 14 16 18 20 22
Frequency (GHz)

FIGURE 4. Si; plots of Design 1, Design 2, and Design 3 of the pro-
posed square fractal antenna.

sign 3 is the final modification for the proposed fractal antenna.

Figure 6 shows the surface current distribution for the pro-
posed fractal antenna at all five frequencies. The different
colours represent the different magnitudes of current. Red is the
maximum value, and blue represents the least value in magni-
tude of the surface current. At the lower frequency, the current
is distributed almost all over the patch. By introducing pertur-
bations at the boundary, we can alter the distribution of surface
current, which tends to cause the antenna to resonate at different
frequencies.

The gain of the antenna is shown in Figure 7. The gain
and radiation efficiency of the antenna are stabilized at multi-
ple resonating frequencies by realizing repetitive fractal design
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FIGURE 5. VSWR of the proposed fractal square antenna.

with self-similar properties. The maximum gains obtained are
6.6dB, 4.9dB, 5.5dB, 7.8dB, and 9.7dB at 5 GHz, 10 GHz,
13.2 GHz, 16.2 GHz, and 20.5 GHz, respectively. The radia-
tion efficiency of the radiating element is mostly determined by
the impedance match between the port and the element. The ef-
ficiency of the proposed antenna at 5 GHz, 10 GHz, 13.2 GHz,
16.2 GHz, and 20.5 GHz is 77%, 70%, 98%, 94%, and 90%,
respectively, as shown in Figure 8.

The prototype of the antenna is fabricated, and its perfor-
mance parameters are measured as shown in Figure 9. The re-
flection characteristics of the fabricated prototype are measured
with a vector network analyzer. The simulated and measured
S-parameters are shown in Figure 10. The results reveal that
reasonable agreement between measurements and simulations
has been achieved. The proposed fabricated antenna also res-
onates in five bands, as discussed. A minor mismatch is found
between the simulated and measured S71 due to a possible fab-
rication error at the feed connection point.

The fabricated antenna was then placed in an anechoic cham-
ber for radiation pattern measurement. In this setup, a horn an-
tenna is placed as the transmitter antenna, and the proposed an-
tenna is placed as an antenna under test (AUT). The received
power at the AUT is noted against the angle for all five resonat-
ing frequencies. Then, the gain of the proposed antenna is cal-
culated and plotted using Frii’s equation. Figure 11 shows the
radiation pattern match between simulated patterns and mea-
sured patterns at all five frequencies. The radiation patterns are
plotted for both the E¥ and H planes. From the figure, it can
be seen that a matching pattern is found between the simulated
and measured patterns. These matchings found both in reflec-
tion and radiation characteristics prove the authenticity of the
proposed design and its concept.

Table 1 comprises a comparison of performance parameters
among the proposed antenna and other similar designs available
in the literature. Among all the designs, [19] and the proposed
design have achieved the most resonant frequencies. However,
the range of gain in [19] is from —1.8 dB to 6.2 dB, which is
less than the proposed design with a gain range of 6.6dB to
9.7 dB. Compared to all other designs, our proposed antenna
has the maximum gain and radiation efficiencies with five res-
onating bands. As the designs compared here resonate at dif-
ferent frequencies, it is unfair to compare their sizes in terms
of mm. So, the sizes of all the designs are compared here in
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terms of their lowest operating wavelength. The proposed de-
sign has the size of 0.53\ * 0.53\ compared to other designs.
From these comparisons, it can be concluded that the fractal
design proposed here may not be the best among all the similar
designs available, but most importantly, it has balanced perfor-
mance characteristics with a stable gain and radiation pattern at
all five resonating bands. This makes the proposed design a per-
fect choice for satellite applications. Finally, the performance
of the proposed antenna is evaluated in MATLAB simulation
environments. The reflection and radiation characteristics of
the antenna are exported to MATLAB, and a replica of the de-
sign and its array is developed in MATLAB. Then, different
Direction of Arrival (DOA) and Adaptive Beamforming (AB)
algorithms are tested to determine which is best suited for the
proposed antenna. Finally, the desired signal is received with
the best-found DOA and AB algorithms for all five resonating
frequencies. All these procedures and steps in MATLAB are
discussed in detail in the coming section.

4. DOA AND AB OF PROPOSED ANTENNA IN MATLAB

With an increasing number of wireless users, smart antennas
are being employed to replace traditional antenna systems in
order to enhance system efficiency and reduce co-channel inter-
ference. An antenna array with a beam-forming network [18],
microwave circuitry, and signal processing units comprises a
smart antenna. Reflector antennas are commonly used for satel-
lite earth stations because of their high gain, large bandwidth,
and inexpensive cost. Yet they are large and can only monitor
satellites through mechanical movement. To communicate with
numerous satellites, several reflector antennas are also required.
However, several satellites can be tracked with a single smart
antenna. Smart antennas are used to estimate the signal’s direc-
tion of arrival (DOA). DOA estimation and beamforming are
the two most important aspects of smart antennas. The ability
to accurately estimate the DOA of all signals delivered to the
adaptive array antenna allows it to maximise its performance
in terms of recovering the required transmitted signal and sup-
pressing any interference signal. The beam of the smart antenna
can be modified using the DOA algorithm [17] to generate a
beam in the desired direction and nulls in the undesired direc-
tion.

The DOA method is applied to signal samples taken from
each element of the array in order to calculate an estimate of
the direction from which incoming signals are coming. The
signals that have been detected are then classified as either sig-
nals of interest or signals not of interest. Then beamforming
algorithms are used to compute the necessary weights, obtain
the desired pattern, and point the antenna in the direction of
interest of signals.

Smart antenna systems consist of antenna arrays. For design-
ing an array, we import the pattern from CST to MATLAB, de-
sign a custom antenna, and create an array in MATLAB to test
our antenna. To design an array in MATLAB, we first need to
specify the number of elements in the array and their spacing.
We can use various array geometries, such as linear, circular, or
planar one, depending on the application requirements. Next,
we use the custom antenna designed to specify the element pat-
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(b)

(d)

FIGURE 6. Surface current distribution at (a) 5 GHz, (b) 10 GHz, (¢) 13.2 GHz, (d) 16.2 GHz, and (e) 20.5 GHz.

TABLE 1. Comparison table among the proposed design with other designs available in the literature.

Resonating
Reference Dimension Frequency (GHz), Gain (dB) | Efficiency (%)
Bandwidth (MHz)
8.95, 450
[14] 2014 0.52) * 0.60 11.06, 1010 (3.99-4.45) 95
11.85, 450
[15] 2017 0.85)\ * 0.85\ 12.07, 130 (4.8-7.4) 78
14.44, 120
4.53,70
[16] 2017 0.75)  0.51\ 5.01,20 (5-5.9) 86
5.47,20
3.24, 400
[17]2018 0.54\ * 0.54) 5.17,200 (2.25-4.11) 80
5.85, 100
12.25, 1510
[18] 2020 0.80\ * 0.80\ 14.16, 670 (2-6) 70
17.5, 660
5.16, 350
6.6, 200
[19] 2021 0.68) * 0.60\ 7.2,380 (~1.8-6.2) NA
8.3, 600
9.96, 1100
0.77, 150
[25] 2023 0.44) x 0.24) 1.37, 550 24-4 81
2.12,750
5.1, 850
[26] 2023 0.82) % 0.79X 6.6, 325 2.78-5.91 69
8.2, 469
1.56, 40
[27] 2023 0.42) % 0.42) 249,90 3.49-6.49 95
3.5, 100
5.24,90
5,57 6.6 77
10, 49 4.9 70
Proposed antenna | 0.53X x 0.53\ 13.2, 386 5.5 98 98
16.2, 558 7.8 94
20.5, 343 9.7 90
tern for each element in the array. Finally, we combine the indi- vidual element patterns and obtain the overall radiation pattern
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FIGURE 7. Total Gain of the antenna at (a) 5 GHz, (b) 10 GHz, (¢)

13.2GHz, (d) 16.2 GHz, and (e) 20.5 GHz.
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FIGURE 8. Radiation Efficiency of the antenna.

FIGURE 9. (a) Fabricated antenna with scale, (b) Antenna connected
with VNA, (c) Antenna in anechoic chamber.
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FIGURE 10. Simulated and measured S11 vs. frequency for the pro-
posed antenna.
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FIGURE 11. Simulated and measured E-plane and H-plane radiation
patterns at (a) 5 GHz, (b) 10 GHz, (¢) 13.2 GHz, (d) 16.2 GHz, and (e)
20.5 GHz.

of the array. Once the array is designed, we can use MAT-
LAB to simulate its performance in different scenarios, such
as varying the direction of the incident wave. This can help
us optimise the design of the array and ensure that it meets the
desired performance requirements. Overall, designing a cus-
tom antenna and array in MATLAB allows us to simulate their
performance and optimise their design before actually building
them. This can save time and resources and ensure that the fi-
nal product meets the desired performance specifications. For
this, we need to first import the radiation pattern of our antenna
for all the frequencies from CST to MATLAB. An M-by-3 ma-
trix is used in CST to represent the simulated radiation pattern.
The first column of this matrix indicates the angle ¢; the second
column represents the angle #; and the third column represents
the radiation pattern in dB. It is considered that the antenna’s
main beam is oriented along the Z axis. The range for ¢ is 0 to
360 degrees, and the range for 6 is 0 to 180 degrees. However,
azimuth and elevation angles are used to express the radiation
pattern in MATLAB. It is presumed that the primary beam of
the antenna is aimed in the direction of 0 degrees of azimuth
and 0 degrees of elevation, which is the x axis. The azimuth
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value ranges from —180 to 180 degrees, and the elevation value
ranges from —90 to 90 degrees. Thus, to import the values of
¢ between 0 and 360 and convert them into azimuth values be-
tween —180 and 180 degrees, as well as to import the values of
0 between 0 and 180 degrees and convert them into elevation
values between —90 and +90 degrees, the CST pattern import
MATLAB function is used. The steps involving all this are dis-
cussed in detail in the flowchart in Figure 12.
< Start >

‘ Select the bands for which the antenna need to be design |
¥

| Design a simple square patch at the center frequency of that band ‘

| Add Fractal Iterations until the desired resonating multiband are achieved |

Import Radiation Characteristics and reflection characteristics of the design
from CST to MATLAB to design Custom antenna element in MATLAB
1

‘ Match radiation patterns of the designs in both the simulation Environments |

‘ Design the Antenna array from the custom antenna Element and test ‘

different DOA algorithms at a single resonating frequency
,T\“

- Find the best ™.
array
combination
(ULA or URA)
and bestDOA
algorithm

N0
¥
Use different array combination and optimize it with
different DOA algorithms

h 4
Use the best array combination from prev. |
step to evaluate different AB algorithms
:

Generate a random signal. Test the designed antenna array with different AB
algorithms for receiving the generated signal and find the best AB algorithm for
the proposed array

Use the best case of DOA and AB algorithm with appropriate array
combination, for other available multibands to get best match between the
received signal and the generated signal

< End >
FIGURE 12. Flow chart describing the whole process, starting from the

multiband fractal antenna design, fabrication, and testing in MATLAB
for DOA and AB.

At first, we import the frequency vector. Then we include
the gain and pattern of the antenna in all the frequencies. After
importing the radiation pattern data into MATLAB using the
command CST pattern import MATLAB, we create a custom
antenna. The custom antenna can be created using the speci-
fied radiation pattern, frequency range, and gain of the antenna
designed in CST.

After designing a custom antenna from a corresponding an-
tenna in CST, we can confirm that they are the same antenna by
comparing their radiation patterns. The radiation pattern of an
antenna is the spatial distribution of the electromagnetic fields
radiated by the antenna. It provides information about the an-
tenna’s directivity, gain, and polarization. Once the custom an-
tenna is designed in MATLAB, we can use it to design an array.
An array is a collection of multiple antennas that work together
to achieve a desired radiation pattern. 3D radiation patterns of
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the proposed antenna are compared in Figure 13 in both the
simulation environments of CST and MATLAB. From the fig-
ure, a good match is found, which proves the accuracy of the
replicated custom antenna design in MATLAB.

dBi
6.68
317
-0.342
-3.85
-7.36
-10.9
-14.4
-17.9
-21.4
-24.9
-28.4

-33.3

(a)

azo
30 Diroctivity Patterm

(b)

mE=
1

FIGURE 13. 3D directivity pattern in (a) MATLAB and (b) CST for the
designed antenna.

For further analysis of DOA and AB, an array needs to be
designed from the custom antenna in MATLAB. Hence, our
smart antenna system consists of a uniform linear array of the
proposed antenna with 10 elements that are spaced linearly at
a distance of lambda/2. The array geometry is shown in Fig-
ure 14(a). The 3D directivity pattern of the array is shown in
Figure 14(b), with a maximum directivity of 15 dB.

(a)

(b) 3D Directivity Pattern

AzD
rum
¥
¥ az o0
Ao B0
B0 4

FIGURE 14. (a) Linear antenna array geometry and (b) 3D directivity
pattern of array.

Array Geomelry

Directivity (0Bi)

fou..

After the construction of the linear array, several DOA algo-
rithms are then applied to the array. Minimum variance distor-
tion less response (MVDR), multiple signal classification (MU-
SIC), and beam scan algorithms are all useful techniques for
estimating the direction of arrival of signals in various applica-
tions. The MVDR algorithm is a signal processing technique
that is used to estimate the DOA of signals in the presence of
noise and interference. The algorithm works by computing a set
of weights for a linear array of sensors such that the response
in the direction of the desired signal is maximized while the re-
sponse in the directions of the noise and interference sources is
minimized. The resulting MVDR beamformer output is a signal
that has a minimum variance and is therefore free from distor-
tion. Similarly, the beam scan algorithm is another technique
that is used for DOA estimation. It works by steering a beam of
sensors in different directions and measuring the received sig-
nals. The signals are then processed to estimate the DOAs of
the sources. The performance of the smart antenna relies on an
accurate estimation of DOA. Conventionally, a beam scanning
algorithm was used to estimate DOA. Assume that two narrow-
band signals impinge on the array. The first signal arrives from
30° in azimuth, and the second signal arrives from 35° in az-
imuth, but when the two signals are closely spaced, the beam
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scanning algorithm wrongly detects the incoming signal. The
power responses of all three algorithms are compared in Fig-
ure 15. The beam scanner estimates the DOA at 32 degrees. To
resolve this problem, we use the MVDR algorithm and MU-
SIC algorithm. The MVDR algorithm correctly estimates the
DOAs that are unresolvable by beam scanning. The MUSIC
algorithm gives maximum power in the directions of interest
and minimum power in directions not of interest. In the beam
scan algorithm, we get side lobes. In MVDR, we do not get the
side lobes. The MUSIC algorithm gives an even more accurate
spectrum.

Fower (dB)
[

=100 80 &0 =40 =20 o 20 40 60 BO 100
Broadside Angle (degrees)

FIGURE 15. DOA spectrum of beam scan, MVDR and MUSIC algo-
rithms.

In the next step, we examine the sources that are even closer
together to compare the performances of the MVDR and MU-
SIC estimators for the proposed array. Compute the spatial
spectrum of two sources located at 10° in azimuth and sepa-
rated by 2° in elevation (40 and 42 degrees) using MVDR and
MUSIC. In this particular instance, only MUSIC provides esti-
mations that are accurate regarding the directions of arrival for
the two sources, which are 40 and 42 degrees, respectively, as
shown in Figure 16. The MUSIC spectrum, which has higher
spatial resolution than the MVDR spectrum, is able to correctly
identify the sources, whereas the MVDR spectrum is unable to
do so. MVDR identifies 41 degrees.

DOA Spectra at 10 Degrees Azimuth

MVDR | 4
music| |

Power (dB)

38 39 40 41 42 43 44
Elevation Angle (degrees)

FIGURE 16. DOA spectrum for closely spaced angles 40 and 42 degrees
in MVDR and MUSIC.

The designed uniform linear array (ULA) has the ability to
scan only between scan angles of —90° and +90°. For a sin-
gle value of elevation, we can scan for the azimuth angles us-
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ing ULA. Hence, we design another uniform rectangular array
to scan in both azimuth and elevation angles for all 360° scan
ranges. Using a 10-by-5 uniform rectangular array (URA), the
DOA is estimated. The element spacing between each row and
column is kept at 0.3 lambda and 0.5 lambda, respectively. The
array geometry is shown in Figure 17(a). The 3D directivity
pattern of the array is shown in Figure 17(b).

A URA is capable of estimating both the azimuth and ele-
vation angles. Assuming that the first signal impinges on the
URA at 30° in azimuth and 40° in elevation, while the second
signal impinges at —10° in azimuth and 15° in elevation, Fig-
ure 18 shows the 3D spectrum of the URA for the frequency
5 GHz using beam scan, MVDR, and MUSIC algorithms. The
MUSIC algorithm has a better resolution than beam scan and
MVDR.

@ (b)

Array Geometry

3D Directivity Pattern

Directivity (dBi)

ElD

h......l..

¥

FIGURE 17. (a) URA geometry and (b) 3D directivity pattern of URA.

Adaptive beamforming is the process that produces radiated
beams in the direction of desired signals and cancels the beams
of interfering signals. There are three types of beamforming
techniques that are discussed here. As in the DOA algorithm,
where the URA is found to be better than the ULA, these AB al-
gorithms are tested with the designed URA. A phase shift beam-
former is used to separate the noise from the signal when the
received signal consists of noise. In the presence of a strong in-
terference signal, the phase shift beam former cannot detect the
exact signal. So, we use adaptive beam forming to extract the
desired signal from the received signal, which consists of sig-
nal, noise, and interference. Three beamforming algorithms are
illustrated: the phase shift beamformer (Phase Shift), the min-
imum variance distortion less response (MVDR) beamformer,
and the linearly constrained minimum variance (LCMV) beam-
former. Figure 19 shows the signal’s baseband representation
as a simple rectangular pulse. This is the generated signal.

It is assumed that the signal is received by the array at an az-
imuth angle of 45 degrees and an elevation angle of 0 degrees.
Thermal noise is frequently present in the received signal. The
overall outcome includes the signal received and the accompa-
nying thermal noise. A beamformer can be viewed as a spatial
filter that suppresses the signal from all directions other than
the one desired. The outputs of the phase shift beamformer and
MVDR beamformer are illustrated in Figures 20 and 21, respec-
tively, for the generated rectangular pulse signal. From these
figures, it can be clearly observed that the URA with MVDR
beamformer is able to recover the original signal even in the
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FIGURE 18. DOA estimation at 5 GHZ using (a) Beam scan, (b) MVDR, and (c) MUSIC algorithm.
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FIGURE 19. Generated Rectangular pulse signal.
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FIGURE 20. Output of phase shift beamformer in the presence of inter-
ference.

presence of interference, whereas the phase shift beamformer
does not have the capability to recover the original signal.
Figure 22 illustrates that the primary beam of the beamformer
is aligned with the intended direction (45 degrees). Subse-
quently, the beamformer is used to amplify the received signal
in the presence of interference. When there is significant in-
terference, the interference signal may mask the target signal.
For instance, interference from a neighbouring radio tower can
make it impossible for the antenna array to detect signals com-
ing from that direction. Consequently, adaptive beamformers
have been developed in order to solve this issue. We have devel-
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Output of MVDR Beamformer With Presence of Interference
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FIGURE 21. Output of MVDR beamformer in the presence of interfer-
ence signal.
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FIGURE 22. Output of MVDR and phase shift beamformer where SOI-
0° and 45° and signal not of interest 30° and 50°.

oped a model to represent the arrival of two interference signals
originating from azimuth angles of 30 and 50 degrees. The am-
plitudes of the interference exhibit a significantly greater mag-
nitude than the intended signal. The phase shift beamforming
technique is used to extract the signal in the direction of arrival.

When we examine the response pattern of the MVDR beam-
former, which is depicted in Figure 22, we notice that there are
two significant nulls along the interference directions (30 and
50 degrees). A gain of 0dB is also maintained by the beam-
former along the target direction at 0 and 45 degrees. The
MVDR beamformer is able to maintain the target signal while
at the same time suppressing the interference signals. Also, as
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FIGURE 23. (a) output of LCMV beamformer with signal direction mismatch (b) output of MVDR beamformer with signal direction mismatch.
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FIGURE 24. 3d pattern of single antenna, URA and Music spectrum for the designed antenna at (a) 10 GHz, (b) 13.2 GHz, (c¢) 16.2 GHz and (d)

20.5 GHz.

shown in Figure 22, the response pattern from phase shift does

not null the interference at all.

Signal direction mismatch refers to a situation in which sig-

nals between two devices are not properly aligned or synchro-
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nized. This can result in data loss, errors, or incorrect pro-
cessing of information. For example, if one device is sending
signals in a certain direction while another device is expecting

257

signals to come from a different direction, this can lead to a
signal direction mismatch, which can happen with satellite sys-
tems. Beamforming techniques can be used to resolve signal
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direction mismatches in satellite communication systems. In
a satellite communication system, a signal direction mismatch
can occur when the satellite’s antenna is not properly aligned
with the ground station or the user’s device. This can result in a
weaker or distorted signal being received by the ground station
or the user, leading to data loss or errors.

Beamforming is a technique used to focus a signal in a partic-
ular direction by adjusting the phase and amplitude of multiple
antenna elements. By using beamforming, the satellite can ad-
just its antenna to focus the signal towards the ground station or
user device, even if they are located in different directions. This
can help to improve the strength and quality of the received sig-
nal and reduce the effects of signal direction mismatch. There
are several different types of beamforming techniques that can
be used in satellite communication systems. Beamforming uses
complex signal processing algorithms to adjust the signals af-
ter they have been received. Beamforming can be an effective
technique for resolving signal direction mismatches in satel-
lite communication systems. Two popular beamforming tech-
niques are the linearly constrained minimum variance (LCMV)
beamformer and the minimum variance distortionless response
(MVDR) beamformer.

LCMV beamformer is a spatial filter that can attenuate sig-
nals from undesired directions while enhancing signals from a
desired direction. It operates by minimizing the output power,
subject to linear constraints on the filter coefficients. This tech-
nique is useful when the direction of the desired signal is known
but may not be perfectly aligned with the array of receiving an-
tennas. However, if there is a significant mismatch between
the desired signal direction and the actual array response, the
LCMYV beamformer may not perform well. This is clearly seen
from Figure 23(a) which shows the output of LCMV beam-
former with signal direction mismatch. On the other hand, the
MVDR beamformer is designed to overcome the limitations
of the LCMV beamformer in the presence of a signal direc-
tion mismatch. The MVDR beamformer uses a more sophisti-
cated mathematical model that considers the spatial covariance
matrix of the received signals, and it can adaptively adjust its
weights to provide the best possible response to signals coming
from different directions. This technique is particularly useful
when the desired signal is weak or when there are strong inter-
fering signals from other directions. Therefore, in the case of
detecting signal direction mismatch in satellite applications, the
MVDR beamformer is often considered to be a better choice,
as it can adapt to changes in the signal environment and pro-
vide more accurate direction estimates even in the presence of
interference or other sources of noise.

The plot in Figure 23(b) shows that the target signal can be
detected even though there is a mismatch between the desired
and true signal arrival directions. The azimuth range displayed
in this analysis is limited to 0-90 degrees in order to facilitate a
more precise examination of the response pattern in relation to
both signal and interference directions. The MVDR response
pattern shows that the beamformer puts the constraints along
the specified directions while nulling the interference signals
along 30 and 50 degrees. Here we only show the pattern be-
tween 0 and 90 degrees in azimuth so that we can see the be-
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haviour of the response pattern at the signal and interference
directions better.

Until now, all the popular DOA and AB algorithms have
been tested with the proposed antenna array, with our fractal
antenna as the element of the array. All these tests are carried
out at the first resonating frequency, i.e., 5 GHz. Among all test
case scenarios, URA with the MUSIC algorithm and URA with
the MVDR algorithm are found to be the best ones for DOA
and AB, respectively, for our proposed antenna. Hence, these
best cases are now applied to all four resonating frequencies.
URA with the MUSIC DOA algorithm is tested for frequencies
(a) 10 GHz, (b) 13.2 GHz, (¢) 16.2 GHz, and (d) 20.5 GHz, and
their responses are plotted in Figure 24.

Similarly, the MVDR AB algorithm with the same URA was
found to be the better algorithm for beamforming. Hence, we
obtain the output of the MVDR algorithm for beamforming for
the other four frequency bands in Figure 25.

By following these steps, we can create a custom antenna and
array optimized for satellite applications and use MATLAB to
investigate beamforming and direction of arrival algorithms for
improved performance. The best DOA and AB algorithms are
evaluated for the proposed antenna and array for all its resonat-
ing frequencies. After successful recovery of the generated sig-
nal, the proposed fractal multiband antenna is concluded to be
an ideal candidate for satellite communication.

5. CONCLUSION

In this study, a miniaturised coaxially fed pentaband fractal
square antenna is proposed. The antenna resonates at 5 GHz,
10 GHz, 13.2 GHz, 16 GHz, and 20.5 GHz across five bands.
Multibands are accomplished with a fractal square antenna. A
coaxial pin feed is used to supply the antenna. The fractal
square is derived from an initial patch of squares. The fractal
characteristic aids in the antenna’s miniaturisation. The given
antenna has a gain between 4.9 and 9.7 dB and an efficiency
between 70% and 98%. Simulation of the proposed antenna
was done using the CST microwave studio. The antenna is
fabricated, and the measured results are used to create a cus-
tom antenna and its array in MATLAB. Beam forming and the
direction of arrival algorithm are investigated in MATLAB to
find the direction of arrival and beamforming for application in
satellite. The antenna’s performance is measured in terms of its
radiation pattern, impedance matching, and gain. MATLAB
provides a powerful tool set for antenna design, array mod-
elling, and beamforming algorithm implementation. By fol-
lowing these steps, we can create a custom antenna and array
optimized for satellite applications and use MATLAB to inves-
tigate beamforming and direction of arrival algorithms for im-
proved performance. The best DOA and AB algorithms are
evaluated for the proposed antenna array for all its resonating
frequencies. After successful recovery of the generated signal,
the proposed fractal multiband antenna is concluded to be an
ideal candidate for satellite communication.
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