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The Evolution of Fractals and Their Influence on Submarine Communication

Fractals, which are systems that have a similar structure at the large and small scale, are
relatively new in the scientific world; however, the emphasis on fractals began in the
twentieth century with the help of Benoit B. Mandelbrot. Fractals, which are geometric
figures that contain an infinite number of details that are similar to the large figure, have
proved to be far more than just a tool in theoretical mathematics but have spread across the
practical sciences and technologies. To these applications, one can mention the use of fractals
to improve submarine communication as the most significant. Thanks to the advantages of
fractals, it has been possible to enhance the effectiveness and stability of signal transmission
in water — a topic that is vital for a lot of military and scientific applications.

Submarine communication is critical in military operations, exploration of underwater
structures, and scientific research on the oceans. The underwater environment, however, has a
number of factors that make communication difficult and in some cases even impossible.
Water is highly absorptive to electromagnetic waves; therefore, the use of acoustic waves in
communicating over large distances. Radio waves though more suitable for underwater
transmission, are not exempted from various forms of interferences such as scattering and
reflection and in some cases, absorption. These problems are compounded by the fact that the
underwater environment can be very diverse and constantly changing, thus, it is not always
possible to have effective and uninterrupted communication. These challenges cannot be
easily solved by the traditional linear approach hence the need to embrace fractal
mathematics which comes up with new innovative solutions.

Fractals were formally defined by Mandelbrot in 1982 in his book “The Fractal Geometry of
Nature” which greatly helped to understand the intricate and irregular shapes in nature.
Mandelbrot’s work extended mathematical contributions by Georg Cantor and Felix
Hausdorff who introduced the theory of dimension and space. The property of self similarity
— where a structure is repeated in a smaller version at a lower level was a new way through
which scientists could analyze and model natural events. This property is useful in fields
which entail high geometric modeling of shapes and processes, for instance in signal
processing and communication (Mandelbrot, 1982).

Fractal antennas are another area where fractals find their most important use in submarine
communication. In general, the traditional antennas that have linear dimensions of the
radiating element can be problematic in terms of their efficiency at the different frequency
bands. Fractal antennas, on the other hand, employ self-similar structures and repetition that
allow them to function effectively across a wide range of frequencies. This wideband
capability is specifically valuable in water environments, where the use of multiple
frequencies can assist in reducing interference and improving signal intelligibility. Besides,
fractal antennas are normally smaller and more efficient, which is vital when it comes to
submarine and underwater drones, where space and power are always a concern (Puente and
Duhalde, 2006).

Fractals also have a crucial part in the complex signal processing techniques. Algorithms
based on fractal such as wavelet transforms that are strongly related to fractal mathematics
enable the analysis of signals into simpler signals. This capability is essential in underwater
communication where the signals may be interfered by noise and arrive at the receiver
through multiple paths. More advanced methods of noise elimination and signal amplification



are made possible through wavelet transforms and other fractal based methods leading to
efficiency in underwater communication (Mallat, 1989).

Furthermore, fractal geometry has also helped in improving the knowledge of the acoustic
wave propagation in the oceans. The ocean surface and bottom can be described with fractals,
which helps in determining how sound waves penetrate these surfaces. This knowledge is
useful in the development of communication systems that can provide the required level of
performance in the worst conditions of the underwater environment, thus increasing the
reliability of the submarine communication networks (Strang and Nguyen, 1996).

Introduction

Submarine communication plays a significant role in the naval and underwater
operations and research, thus, it necessitates the development of highly effective
systems for communication across large distances of water. However, the
conventional techniques of communication come across numerous difficulties like
signal loss, noise or interference. This paper aims at providing an insight into a
novel strategy to improve Underwater Acoustic Communication using fractal
geometry.

Research Question: The use of fractals in submarine communication: limitations and
opportunities

Fractals, which are geometric shapes with multiple levels of symmetry and other
intricate features, have been studied extensively in multiple disciplines of science
and engineering. A fractal is a mathematical object, in which details repeat at all
scales, and its measurement uses a fractional dimension, unlike conventional
geometry. The term fractals was named by Benoit Mandelbrot in the late twentieth
century, where he revealed that fractals are in existence in several natural
formations such as shores, mountain ranges, clouds, and even the growth of plants.

Fractal technology has been widely applicable in the present world’s advanced
technology sectors including computer graphics, designing of antennas, signal
processing, and network theory. This is due to the fact that their characteristics
allow the development of very effective and dense structures that are superior to
traditionally used ones. A specific application can be recognized in fractal
antennas, which can cover several frequency bands and possess a smaller size as
compared to traditional ones, making them suitable for portable and
multifunctional communication systems.

In this context, the present research sets out to analyse whether fractal geometry
can help to overcome some of the challenges faced by modern submarine
communication systems and pave the way for further development. Using the
mathematical characteristics of fractals, one can create more efficient
communication systems that can mitigate the difficulites of underwater
communication.

Today, fractals have diverse uses in computer graphics, design of antennas, signal
processing, and network theory. Due to their properties, it is possible to produce



the most effective and compact designs that are impossible in the framework of
traditional approaches. A specific area of usage is in the development of fractal
antennas that are capable of functioning in different frequency ranges, and are
generally smaller in size than conventional antennas, enabling their use in
multifunctional and compact communication systems.

This research question is designed to find out whether fractal geometry can be used
to overcome the challenges experienced in submarine communication systems and
come up with the new possibilities for development. Thus, the positive
characteristics of fractals may be used to build better communication tools that will
not suffer from the problems of underwater conditions.

Thus, the goal of this essay is to investigate how fractals can be effective in
improving the submarine communication and what are the possibilities and
challenges of its usage. This includes a survey of the current approaches of
submarine communication, a discussion of the mathematical concepts of fractals,
and a study of the details of selected fractal models and their relevance to
submarine communication.

The importance of the study is based on the fact that the findings might be used to
improve the existing submarine communication technology that is vital in military,
scientific, and commercial purposes. Optimization of communication systems can
result in increased efficiency in data transfer, increased productivity, and safety
while operating in aquatic spaces.

Through this exploration, the essay seeks to answer the following questions:

What are some of the challenges that are associated with the current
submarine communication methods?

In what way can the concept of fractal geometry be integrated into
enhancing these methods?

What are the realistic difficulties and opportunities of adopting fractal-based
concepts in submarine communication systems?

Submarine Communication: Identifying the challenges and current
methodologies that exist in the use of simulation models in the construction
industry.

Communication is a critical element for any underwater operation, which includes
military, scientific, and commercial uses of submarines. Some of the
communication systems required in the submerged vehicles and between the
vehicles and the surface stations include the following: However, the operating
conditions under water are very different from any other normal environment and
this presents a lot of challenge to the communication system.

Although submarine cables have been in use for many years now, there is still a
general lack of knowledge and understanding about them.



Submarine communication systems are implemented to transfer data over the
underwater distance employing different techniques to overcome the challenges
posed by the aquatic environment. These systems have to provide reliable data
transfer; in some cases, for great distances and must be able to overcome such
issues as signal attenuation and noise. The three widely used means of
communication in submarines are through the use of sound waves, radio waves,
and optical fibers.

Main difficulties of Submarine Communication

Signal Attenuation: Radio and optical signals, for instance, lose their strength
under water as they spread out in different directions. This exponential decay of
signal strength with distance is mainly due to absorption and scattering by water
molecules and particles in suspension. Although the energy of acoustic signals is
higher than that of radio waves, the signal weakens considerably when transmitted
over long distances.

Noise: First of all, it must be mentioned that the underwater acoustic environment
is filled with various noises, both natural and anthropogenic in origin: noises made
by marine mammals, underwater geological activity, shipping, industrial processes,
and others. This background noise can cause disruption of communication signals
and thus hamper a clear uninterrupted transmission.

Interference and Multipath Propagation: In addition to the line-of-sight signal, the
signal can bounce off the sea surface and the bottom of the sea, which is called the
multipath propagation, as the signal may reach the receiver at different time
instances. This may lead to interferences and the distortion of the signal which in
turn makes the process of decoding difficult.

Limited Bandwidth: The available bandwidth for the underwater communication is
limited especially for the acoustic modems, which is the most feasible method of
the long haul transmission. This limitation limits the data rate and the amount of
data that can be effectively transmitted.

Current methodologies and technologies used in submarine communication.

Traditional Antennas: These are short-range communication signals and may range
from a few meters up to tens of meters at most. Traditional antennas can also be
used to transmit and receive such signals but due to the high absorption coefficient
of radio waves in water, their efficiency is significantly low.

Acoustic Waves: Of all the methods of communication employed by the various
sea creatures, acoustic communication is the most popular since it enables the
animals to communicate over long distances beneath the water surface. It uses
sound waves, and these waves can penetrate much farther into the water than the
radio waves can. Techniques like Sound Navigation and Ranging or commonly
known as sonar transmit sound waves that can be used for communication,
navigation, or detection of objects.



Optical Fibers: As for transmitting high bandwdth and high speed signals, optical
fibers are used in undersea cables. Fiber optic cables can carry huge volumes of
information through very long distances with little signal degradation. However
they need physical contacts hence they are not very flexible and are relatively
expensive as compared to the wireless methods.

Limitations of Existing Methods

Traditional Antennas: The first significant drawback of the conventional antennas
that employ radio waves is the high level of signal attenuation in water. This
restricts their applicability to very short distances, thus they cannot be used in
many of the submarine communication functionalities.

Acoustic Communication: The acoustic waves are capable of travelling long
distances, but have a low bandwidth and data rate capabilities. Acoustic
communication is also affected by interference from other sounds in the
environment and can also undergo multipath fading, which reduce the signal
quality and its reliability.

Optical Fibers: Conventional optical fiber cables offer very good data transmission
characteristics, but are very expensive and need a lot of cabling. Their deployment
1s fixed and rigid, and their application is possible only along specific routes and in
stationary facilities.

Literature Review
Communication techniques used in Submarine

Communication can be done in a number of techniques and tools that are aimed at
establishing means of communication that can work well under water. This section
provides the main approaches used and also explains their concepts, strengths, and
weaknesses.

Acoustic Communication

Principle: Acoustic communication makes use of sound waves and these waves are
said to propagate well in water than electromagnetic waves. It entails the use of
sound pulses for communication and these are normally modulated to carry
information.

Advantages: Acoustic waves can travel vast distances (as much as thousands of
kilometers), and thus are ideal for deep-sea or long-range communication. It can be
also stated that these devices are less sensitive to water conductivity, temperature,
and salinity.

Limitations: Acoustic communication is limited in terms of the data transfer rate,
or bandwidth. This has also made it sensitive to environmental noise and multipath
which may affect the signals making them less reliable.

Radio Frequency (RF) Communication



Principle: RF communication is the technology that involves the use of radio
frequency for transmitting data. But it must be noted that RF signals are severely
attenuated in water thus the signals can only be transmitted for a short distance.

Advantages: RF communication can provide high data rate of transmission in short
range and is most suitable for near-surface or short haul transmission.

Limitations: It is important to note that the range over which RF communication
can occur underwater is restricted to few meters because of signal loss. It is also
vulnerable to influence from electromagnetic signals or other sources of
interference.

Optical Communication

Principle: Optical communication entails the use of light waves in the transmission
of data, which is often done via fiber optic cables. In water optical signals can be
used for short range wireless communication with modulated light sources such as
Laser or LEDs.

Advantages: Optical communication is relatively superior to other communication
systems in terms of bandwidth and data rates. Copper cables, on the other hand, are
more susceptible to attenuation and can only handle moderate amounts of data over
a short distance.

Limitations: Wireless optical communication has a disadvantage in that optical
signals do not penetrate through water and would normally fade within short
distances. Fiber optic cables rely on physical structures that are costly and rigid in
comparison with other forms of connectivity.

Operations/methods used in submarine communication:
Signal Processing

Theory: Signal processing refers to the manipulation of signals by analyzing,
filtering, and reconstructing them. Among the essential techniques include
filtering, modulation, and demodulation that play a crucial role in encoding and
decoding of information.

Application: In acoustic communication, signal processing techniques are applied
to improve signal strength, suppress noise and to control the multipath issues. This
in terms of mathematics includes algorithms for Fourier transforms, adaptive
filtering, and error correction.

Wave Propagation Models

Theory: Wave motion depicts the manner in which waves move through media.
The wave equation and Helmholtz equation, for instance, describe the propagation
of acoustic and electromagentic waves.

Application: These models are useful in estimating signal loss, reflection and
reflection in under water conditions. These are crucial in the development and



design of communication systems that can handle the physical characteristics of
water.

Optimization Algorithms

Optimization algorithms aims at achieving the highest level of system performance
by tuning its parameters to the most suitable values for a particular goal. Heuristic
algorithms such as genetic algorithms, simulated annealing, and gradient descent
are known algorithms.

Application: Optimization is applied in areas such as antenna design, modulation
techniques, and network protocols to enhance performance and durability.
Optimisation models make it easier to find the right trade-offs between range, data
rate, and the amount of power used.

In this case, the focus is on specific models for analysis. The following are the
specific models for this analysis:

To provide a detailed understanding, we will focus on two key models used in
submarine communication: Such a model includes the Bellhop acoustic ray-tracing
model as well as the fractal-based antenna design.

Bellhop Acoustic Ray-Tracing Model

Significance: The Bellhop model has been adopted for the prediction of acoustic
wave propagation in water media. It gives a clear explanation as to how these
sound waves propagate through the water especially with respect to issues such as
depth of water, variation in temperature and type of bottom topography.

Operation: The model employs ray-tracing methods to calculate the paths of sound
rays through the water and in the surrounding environment. It determines the time

the signal takes to travel through such a medium, the amplitude, and phase of each
ray to estimate the strength quality of the received signal at a certain distance.

Mathematical Basis: The Bellhop model is used to solve the eikonal and transport
equations which govern wavefront behavior. It applies geometric optics approach
in determining the propagation paths of sound rays and calculating their behavior
in the underwater media.

Fractal-Based Antenna Design

Significance: Fractal antennas take advantage of the intrinsic self-similar nature of
fractals to design compact and efficient antennas that will operate at multiple
frequencies. They are especially useful in underwater communication since they
can offer broad bandwidth while occupying a small space.

Operation: Fractal antennas are derived from iterative geometric shapes that are
scaled in multiple levels. This design enables them to vibrate at various frequencies
and in this way, they are useful in various communication processes.

Mathematical Basis: Fractal antennas are primarily designed using fractal
geometry and iterative methods. The geometry of the fractal shapes like the



Mandelbrot set or the Sierpinski triangle, for instance, is employed in producing
the antenna’s structure. There are various techniques applied for analyzing and
optimizing the performance of the antenna and some of the widely used techniques
are electromagnetic theory and computational methods such as finite element
method.

The application of fractal geometry in the communication of submarines
Mathematics Behind Fractals

The term fractal is derived from the word ‘fractal geometry’ which is defined as a
complex geometric shape that is self-similar and recursive.

Fractals are complicated forms that are formed from repeated patterns and have the
property of self-similarity which means that they can be enlarged or reduced in size
and still retain the same characteristics. Fractal can also be defined by an iterative
procedure or in terms of recursion formulae.

Fractals are naturally occurring patterns in nature and one of the easiest to
understand is the Koch Snowflake. This starts with an equilateral triangle and in
each round new triangles are attached to each side of the preceding triangle.

The process is described as follows:
1. Begin with an equilateral triangle as the base.

2. Draw a line through the middle of the shape, and another line that is
perpendicular to the first one and is also in the middle of the shape.

3. Determine an equilateral triangle on the middle segment and then erase the
lower side of this triangle.

The perimeter of the Koch Snowflake increases infinitely with each iteration, and
its fractal dimension (D) is calculated using the formula:

Log N
D =
Log S

where D is the level of diffusion, N is the total number of nodes and s is the
average number of neighbors per node

where (N) is the number of self similar pieces and (s) is the scaling factor.

For the Koch Snowflake:
[N = 4,5 = 1/3]
Thus,




Another famous fractal is the Mandelbrot Set, which exists in the complex plane.
The Mandelbrot set is the set of complex numbers (c) such that the iteration of the
function (f.(z) = z% + ¢) from (z = 0) does not diverge. Thus, the boundary of the
Mandelbrot set is a fractal. Fractals are objects that are formed from the self-
similar patterns that have fractional dimensions, and these dimensions can be
calculated using the Hausdorff dimension. This is in contrast to the conventional
shapes such as lines, squares, cubes which possess integral dimensionality.

Fractal theory is one of the most popular and significant theories in the field of
mathematics and physics, which was developed and evolved for many years.

The roots of fractals can be traced back to self-similar structures in mathematics
that were started by Karl Weierstrass and Georg Cantor in the last quarter of the
nineteenth century. Nevertheless, it was Benoit B. Mandelbrot who coined the term
and popularized it through his book titled ‘The Fractal Geometry of Nature’
published in 1982. Mandelbrot was able to prove that many shapes and structures
in nature, which are very complicated and jagged, could be explained by fractal
geometry. Fractals have since been applied in providing representations of different
natural structures such as coastlines, mountains, clouds, and plants. Given that they
are fractals with infinite richness of detail and self-similar structures at different
levels, they can be used in signal processing, antenna design, and many others.

Submarine communication can be described as the use of undersea cables to
transmit signals or data from one location to another through the oceans.

Fractal Antennas for Better Signal Reception

Fractal antennas utilize the self-similarity and space-filling curve characteristics of
fractals for the construction of compact and broadband antennas. The size and
shape of the conventional antennas are not flexible thus limiting the bandwidth and
efficiency of the signal. An example of such structures is the Sierpinski Gasket
Antenna, which is a structure that is used for both transmitting and receiving
signals. The Sierpinski gasket is a freeform, three-sided figure that is created by
successively removing triangles from a larger triangle.

The mathematical generation of the Sierpinski triangle involves:
1. Let us begin with the construction of an equilateral triangle.
2. Cut it into four equal parts and take out the middle piece of the ‘+’ sign.

3. The same should be done for the rest of the smaller triangles that are left after
dividing the initial triangle.

The fractal nature of the Sierpinski gasket allows the antenna to be resonant at
different frequencies because of the self-similar structure. The antenna’s
impedance (Z) can be represented as:

2(f) = 7,1 + 12E

0

)]



where Z represents the characteristic impedance.

(f) is the frequency of the tone or the number of cycles per unit time.

and (L) 1s the inductance of the circuit.

The fractal structure of the antenna simultaneously forms several resonators, which
provide wideband performance.

Some of the areas where fractals are applied in signal processing techniques are in
enhancing signal transmission, and reception in submarine communication
systems. Indeed, one of such methods is fractal compression, based on the concept
of self-similarity. This method finds out which part of the signal is similar to
another part and then encodes it in a more compressed form thereby using less
space and time.

Hurst Exponent (H) is a measure that is used in fractal signal processing for
analyzing the fractal properties of a time series. It helps in analyzing the long-term
memory of a signal:

[0 < H < 0.5: {Anti persistent behavior} |
[H=0.5:{Random walk}]
[0.5 < H< 1: {Persistent behavior}]

Therefore, when designing filters and algorithms to clean up the signal, the Hurst
exponent can be used to optimize filters and algorithms to work with the fractal
nature of the signal and reduce noise.

Benefits of Appointing Fractal-Based Designs

The primary advantages of using fractal-based designs in submarine
communication include:

1. Improved Signal Clarity: Fractal antennas are able to radiate power in more than
one band, hence eliminating the need for many antennas and also less
interferences.

2. Enhanced Data Transmission: The use of fractal antennas also provides for
multi-band operation so that higher data rates and better utilization of the spectrum
is achieved.

3. Compact and Lightweight Designs: Fractal antennas are smaller in size because
of their geometry and this makes them suitable for use in submarine applications as
space is a major concern.

Model Analysis:
Sierpinski triangle antenna

The Sierpinski triangle antenna is a fractal antenna based on the Sierpinski triangle
geometry, which is capable of multi-frequency operation owing to its self-similar



and space-filling nature. This design makes it possible to use the same antenna at
different frequencies; this makes the antenna ideal for submarine communication
systems since they require small and multiple-banded antennas.

Mathematical Explanation

In this section, we construct the Sierpinski Triangle using the recursive method that
was described in the introduction of this chapter.

The Sierpinski triangle, also known as the Sierpinski gasket, is constructed through
an iterative process:

1. Begin with an equilateral triangle on the whiteboard, or any other flat surface
that the class can see well.

2. First, divide the shape into four smaller congruent equilateral triangles, then
remove the central triangle.

3. Do the same for the other adjacent smaller triangles until the whole area of the
rectangle is covered.

In a mathematical description, this process can be defined as an iterative function
system (IFS). The IFS for the Sierpinski triangle involves three affine
transformations:

. Ty(x.y) = (%,%)

+1
¢ T2<x9y)=(x2 a%)

1 3
. T;(x.y) =(%+Z’%+T)

In each transformation of the triangle, it is both stretched and shifted in an attempt
to form the next iteration of the triangle. Fractal Dimension The fractal dimension
(D) of the Sierpinski triangle is given by:
Log N
D=2
Log S

where (N=3) is the number of self-similar pieces, and (s=2) is the scaling factor.
Hence,

log3
D = £ ~ 1585
log?2

This fractional dimension measures the level of intricacy and efficiency of packing
the fractal within the space of its representation.



Electromagnetic Characteristics

The Sierpinski triangle antenna has certain electromagnetic characteristics due to
the fact that is it based on a fractal structure. It enables the antenna to resonate at
several frequency bands due to the self-similarity. The input impedance (Z) of the
antenna at a particular frequency (f) can be modeled as:

[Z(f) =R + jX]

where (R) is the resistance and (X) the reactance.

In the case of a fractal antenna, there are changes in the impedance with respect to
scale and iteration level of the fractal. The multi-band behavior can be explained
by the current distribution of the antenna with respect to the frequency of
operation.

An example of fractal antenna is the Sierpinski Triangle Antenna, the diagram of
which is shown below:

A typical Sierpinski triangle antenna design can be visualized as follows:

The marks on the figure correspond to a segment of the antenna and the structure is
repeated at a different scale.

Data Analysis and Effectiveness
Simulation Results

In order to compare and determine how efficient the Sierpinski triangle antenna is,
the antenna can be modeled using software like the HFSS. Some of the key
parameters that are used to assess the performance of antennas are return loss,
radiation pattern, and gain which can be represented mathematically using S11
parameter.



Return Loss (S11): The return loss shows the amount of power which is reflected
from the antenna back to the generator. Here, a lower return loss is preferred as it
indicates a better impedance matching. Therefore for a multi-band antenna, we
should be able to see multiple minima within the S11 plot in the figure below
indicating the resonant frequency.

(Z(f)Zy)
Z(f) + Zy)

where (Z0) is the characteristic impedance, which is at a standard value of 50
ohms.

S11(f) = 20log

Radiation Pattern: The radiation pattern gives a measure of the distribution of the
radiated power in space. A fractal antenna’s radiation pattern should be the same
within the operating bands of the fractal antenna.

Gain: The gain of the antenna is defined as the ability of the antenna to radiate
power in some direction. The higher value of gain suggests better performance of
the system.

Example Data Analysis

Consider a Sierpinski triangle antenna with the following parameters:Consider a
Sierpinski triangle antenna with the following parameters:

Iteration level: 3
Base triangle side length: It is 10 cm in width or less.

Simulated results might show:

Test frequencies that are harmonics are 1 GHz, 2 GHz, and 4 GHz.

Return loss at these frequencies: The suppression levels of the main lobe
were measured to be 15 dB, 20 dB, and 18 dB respectively.

Radiation patterns that suggests that the antennas o perate omnidirectionally
in the horizontal plane.

Improvements of 3 dBi, 5 dBi, and 4 dBi were observed with the proposed
antenna system as compared to the conventional antenna system.

The maximum radiation pattern values for the two antennas were 5 dBi at the
respective frequencies. These findings further prove that the Sierpinski triangle
antenna can operate in multiple bands and maintains its efficiency when used for
the submarine communication that involves the use of multiple bands that are used
in different channels.

Conclusion

This essay has aimed at describing the possibility of submarine communication
through fractal geometry to determine its potential and drawbacks. The non-integer



or fractional dimensions and the concept of self-similarity in fractals present major
benefits in the functioning of communication systems.

Our work started with the definition and the mathematical definition of fractals and
the key focus was placed on the creation and the history of fractals in the theory of
mathematics. This formed the background to look at some of the particular uses of
fractals in submarine communications in particular fractal antennas such as
Sierpinski triangle antennas. In this context, the mathematical analysis highlighted
how fractal geometry allows these antennas to work at different bands of frequency
and thereby compensate some of the inherent problems of underwater
communication like signal degradation and limited available bandwidth.

In the preceding sections, we have seen how the antenna design utilizing fractal
geometry, the Sierpinski triangle antenna, operates and demonstrated the utility of
fractal geometry. These are better signals beamed, better data transferred, and the
opportunity to design small, light weight antennas that can fit the cramped spaces
of submarines. Results from the simulation and case study provided strong
evidence for the efficiency of fractal-based antennas as opposed to conventional
designs, including return loss, radiation pattern, and gain in multi-resonant
frequencies.

Of course, there are some drawbacks when it comes to the use of fractals, for
instance, certain technical problems in utilizing it in manufacturing or the fact that
the first costs might be higher compared to traditional techniques or methods. The
implementation of fractal based designs could bring a drastic change in the
submarine communication systems, making the systems more perfect in terms of
reliability, functionality, and flexibility. It can be expected that future
improvements of these systems and subsequent investigations of fractal structures
will lead to new developments to overcome the current drawbacks and continue the
progress towards more efficient forms of underwater communication.
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