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ABSTRACT

Underwater Acoustic Communication (UAC) is crucial for various marine applications,
including underwater exploration, environmental monitoring, and naval operations. However,
the underwater communication channel presents unique challenges, such as high signal
attenuation, multipath propagation, Doppler shifts, and noise interference. These factors
significantly degrade the performance of traditional communication systems, requiring the
development of advanced techniques to improve reliability and data rates. Multicarrier
Modulation (MCM) techniques, particularly Orthogonal Frequency Division Multiplexing
(OFDM), have emerged as effective solutions for addressing these challenges. MCM divides
the available bandwidth into multiple narrow sub-channels, allowing parallel transmission of

data and reducing the impact of multipath fading and interference.

This helps increase the robustness and reliability of communication in the harsh underwater
environment. OFDM, in particular, has gained attention due to its high spectral efficiency and
ability to maintain performance despite underwater channel impairments. Recent trends in
Multicarrier Underwater Acoustic Communication focus on improving the adaptability and
efficiency of these systems. One of the key advancements is the use of adaptive techniques, such
as adaptive modulation and coding, which dynamically adjust transmission parameters based
on real-time channel conditions. This allows for more efficient utilization of available bandwidth
and power, crucial in underwater environments where resources are limited. Additionally, error
correction techniques, such as Turbo Codes and Low-Density Parity Check (LDPC) codes, are
increasingly integrated with MCM systems to enhance error resilience and further improve
communication reliability.

Another important trend is the development of advanced synchronization and channel
estimation methods, which help mitigate the effects of Doppler shifts and multipath
interference, ensuring stable communication even in challenging conditions. Despite these
advancements, several challenges remain, including high computational complexity, limited
bandwidth, and the need for more robust algorithms to handle the highly variable underwater
channel. This project aims to explore the recent trends in MCM-based UAC systems, focusing
on their developments and potential solutions to improve the efficiency and performance of

underwater communication networks.
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CHAPTER 1

INTRODUCTION
1.1 OVERVIEW OF THE PROJECT

Underwater Acoustic Communication (UAC) plays a vital role in marine applications such
as exploration, environmental monitoring, and naval operations. However, the underwater
environment introduces several challenges that hinder the performance of traditional
communication systems. High signal attenuation, multipath propagation, Doppler shifts, and
noise interference significantly affect communication reliability and data rates, making it

difficult to achieve efficient and stable transmissions.

To address these challenges, Multicarrier Modulation (MCM) techniques, particularly
Orthogonal Frequency Division Multiplexing (OFDM), have emerged as promising
solutions. MCM divides the available bandwidth into multiple narrow sub-channels, enabling
parallel transmission of data. This technique reduces the impact of multipath fading and
interference, improving communication reliability in harsh underwater environments.

OFDM, with its high spectral efficiency, has become a popular choice for maintaining

performance despite underwater channel impairments.

Recent developments in MCM-based UAC systems focus on enhancing the adaptability and
efficiency of these methods. Adaptive modulation and coding techniques dynamically adjust
transmission parameters based on real-time channel conditions, maximizing bandwidth and
power usage. Additionally, advanced error correction methods, such as Turbo Codes and
LDPC codes, are integrated to improve error resilience and further enhance communication

reliability.

Despite these advancements, challenges like high computational complexity, limited
bandwidth, and the need for robust algorithms remain. This project explores the latest trends
in MCM-based UAC systems, aiming to improve their efficiency, performance, and overall

reliability in underwater communication networks.

1.2 OBJECTIVE OF THE PROJECT

The objective of this project is to explore and evaluate the latest advancements in

Multicarrier Modulation (MCM) techniques, particularly Orthogonal Frequency Division



Multiplexing (OFDM), for improving Underwater Acoustic Communication (UAC)
systems. The project aims to address challenges such as high signal attenuation, multipath
propagation, and noise interference by focusing on adaptive modulation, error correction
methods, and advanced synchronization techniques. Additionally, it seeks to enhance the
reliability, data rates, and efficiency of UAC networks through the integration of adaptive
techniques and robust algorithms, while overcoming limitations related to computational

complexity and bandwidth constraints in underwater environments.

1.30RGANIZATION OF THE PROJECT

The organization of this project is structured to systematically explore and address the key
challenges in Underwater Acoustic Communication (UAC) systems, with a particular focus
on Multicarrier Modulation (MCM) techniques such as Orthogonal Frequency Division

Multiplexing (OFDM). The project is divided into the following main sections:

INTRODUCTION: This section provides an overview of underwater acoustic
communication, emphasizing its importance in marine applications such as exploration,
monitoring, and naval operations. It outlines the unique challenges of the underwater
environment, including signal attenuation, multipath propagation, Doppler shifts, and noise
interference, and discusses the limitations of traditional communication systems in such

conditions.

LITERATURE REVIEW:

This section delves into the current research and advancements in MCM-based UAC
systems. It discusses the principles of Orthogonal Frequency Division Multiplexing
(OFDM), the role of adaptive techniques like modulation and coding, and the integration of
error correction methods such as Turbo Codes and Low-Density Parity Check (LDPC) codes.
Additionally, it explores recent trends in synchronization and channel estimation methods

used to mitigate Doppler shifts and multipath interference.

SYSTEM DESIGN AND METHODOLOGY:

In this section, the project outlines the design and implementation of MCM-based UAC
systems, detailing the techniques and algorithms chosen for evaluation. This includes the use
of adaptive modulation, coding schemes, and error correction methods. Additionally, the
methodology for assessing the performance improvements in reliability, data rates, and

efficiency in challenging underwater.



This project is organized to systematically address the challenges of Underwater Acoustic
Communication (UAC) systems, focusing on exploring advancements in Multicarrier
Modulation (MCM) techniques like Orthogonal Frequency Division Multiplexing (OFDM).
It begins with an introduction that highlights the significance of UAC in marine applications
such as underwater exploration, environmental monitoring, and naval operations. This
section outlines the unique challenges of the underwater environment, including high signal
attenuation, multipath propagation, Doppler shifts, and noise interference, which degrade
the performance of traditional communication systems. It emphasizes the need for advanced
techniques like MCM to improve communication reliability and data rates in these harsh

conditions.

Following the introduction, the literature review delves into current research on MCM-based
UAC systems. It provides an in-depth analysis of OFDM, discussing its advantages, such as
high spectral efficiency and robustness against underwater channel impairments. The review
also covers adaptive techniques like adaptive modulation and coding, which dynamically
adjust transmission parameters based on real-time channel conditions to optimize the
system’s performance. Error correction methods, such as Turbo Codes and Low-Density
Parity Check (LDPC) codes, are also explored for their role in enhancing the reliability and
resilience of communication systems in underwater environments. Additionally, the review
addresses recent advancements in synchronization and channel estimation methods that help

mitigate the effects of Doppler shifts and multipath interference, key challenges in UAC.

The system design and methodology section explains the design and implementation of
MCM-based UAC systems used in this project. It outlines the specific techniques and
algorithms chosen for evaluation, including the integration of adaptive modulation, coding
schemes, and error correction methods. The methodology also describes the process of
simulating or experimenting with these systems and the evaluation metrics used to assess
their performance, such as communication reliability, data throughput, and efficiency in

underwater environments.

In the results and analysis section, the project presents the findings from simulations or
experiments conducted to evaluate the performance of MCM-based UAC systems data rates,
and the ability to overcome the challenges posed by multipath propagation and Doppler
shifts. The analysis provides insights into how these advanced techniques improve overall

performance and enhance the robustness of underwater communication network.



CHAPTER 2

LITERATURE SURVEY
2.1 EXISTING SYSTEM

The existing systems for Underwater Acoustic Communication (UAC) primarily rely on
conventional communication techniques that face significant challenges due to the unique
characteristics of the underwater environment. In traditional UAC systems, methods like
Single Carrier Frequency Division Multiplexing (SC-FDM) and simple modulation schemes
such as Frequency Shift Keying (FSK) or Phase Shift Keying (PSK) are often used. However,
these approaches struggle to maintain reliable communication due to high signal attenuation,

multipath propagation, Doppler shifts, and noise interference in underwater channels.

Signal attenuation in water is considerably high, especially at longer distances, which limits
the range of communication. Multipath propagation, where signals travel multiple paths due
to reflections off the water surface, seabed, and underwater obstacles, causes signal fading,
reducing the quality of communication. Doppler shifts, which occur due to the relative
motion between the transmitter and receiver, further complicate synchronization and
introduce frequency errors. Additionally, the presence of ambient noise, such as from marine
life, water currents, or ship traffic, can severely degrade the signal-to-noise ratio (SNR),

making reliable communication even more challenging.

To address these issues, some existing systems incorporate error correction techniques like
Forward Error Correction (FEC), which helps recover lost or corrupted data. Techniques such
as Turbo Codes, Reed-Solomon codes, and Low-Density Parity Check (LDPC) codes have
been widely used to improve data reliability, though they often come with a trade-off in terms
of increased complexity and power consumption. Time and frequency synchronization
methods are also employed to mitigate the effects of Doppler shifts and multipath
interference, but they often require a significant number of computational resources and time,

which can be a limitation in real-time applications.

In recent years, Multicarrier Modulation (MCM) techniques, particularly Orthogonal
Frequency Division Multiplexing (OFDM), have been explored as a more efficient

alternative. OFDM divides the available bandwidth into multiple smaller sub-channel.



such as high computational complexity, limited bandwidth, and the need for advanced

algorithms to handle dynamic underwater environments.

Despite these advancements, the current UAC systems still face significant challenges in
terms of communication range, power efficiency, and reliability, especially in deeper or more
complex underwater environments. These limitations have led to ongoing research aimed at
developing more advanced and adaptive systems that can better manage the underwater

condition.
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Fig 1.1: Examples for underwater acoustic communication

Existing Underwater Acoustic Communication (UAC) systems face a range of challenges
that hinder their effectiveness in achieving reliable communication over long distances in
dynamic underwater environments. These challenges are mainly due to the physical
properties of the underwater medium, such as high signal attenuation, multipath propagation,
Doppler shifts, and high noise levels. As a result, traditional communication methods often
struggle to maintain reliable and high-quality transmission, particularly in deep waters or

areas with significant environmental disturbances.

Existing Underwater Acoustic Communication (UAC) systems face a range of challenges
that hinder their effectiveness in achieving reliable communication over long distances in
dynamic underwater environments. These challenges are mainly due to the physical
properties of the underwater medium, such as high signal attenuation, multipath propagation,
Doppler shifts, and high noise levels. As a result, traditional communication methods often
struggle to maintain reliable and high-quality transmission, particularly in deep waters or

areas with significant environmental disturbances.



2.2 PROPOSED SYSTEMS

Orthogonal Frequency Division Multiplexing (OFDM), a multicarrier modulation technique
widely regarded for its ability to mitigate the effects of multipath fading, which is prevalent
in underwater environments. By dividing the available bandwidth into multiple sub-
channels, each carrying a smaller portion of the data, OFDM allows for parallel data
transmission, thereby reducing the impact of signal attenuation and interference. These
smaller sub-channels provide robustness against multipath propagation, which occurs when
acoustic signals reflect off surfaces like the seabed, ocean surface, or submerged obstacles,
creating multiple transmission paths that lead to signal degradation.

In addition to OFDM, the proposed system incorporates adaptive modulation and coding
(AMC). AMC dynamically adjusts the modulation scheme and error-correcting code used
for transmission based on the real-time channel conditions. When the channel quality is high
(e.g., low noise, minimal interference), the system can employ higher-order modulation
schemes such as Quadrature Amplitude Modulation (QAM) to increase data rates. However,
in poor channel conditions, lower-order modulations like Binary Phase Shift Keying (BPSK)
are used, prioritizing reliability over data rate. This adaptive approach ensures that the
system always operates efficiently, adjusting the transmission parameters to maximize

throughput while maintaining reliable communication.

Another key component of the proposed system is the integration of error correction
techniques like Turbo Codes and Low-Density Parity Check (LDPC) codes. These coding
schemes enhance the error resilience of the communication system, enabling the receiver to
recover corrupted data caused by noise, interference, or fading. In underwater environments,
where high levels of noise and unpredictable channel behavior are common, such error

correction is essential for maintaining.

To further enhance the system’s performance, advanced synchronization and channel
estimation methods are incorporated. Synchronization is critical in underwater
communication because Doppler shifts—caused by the relative motion between the
transmitter and receiver—can distort the signal frequency, leading to misalignment in time
or frequency. The proposed system uses sophisticated algorithms for real-time
synchronization, which accurately estimates and compensates for Doppler shifts and
multipath propagation. This ensures that the receiver can accurately demodulate the signal
even in highly dynamic underwater environments, such as when dealing with mobile

autonomous underwater vehicles (AUVS) or when communication occurs over long
6



Additionally, the system employs techniques for channel estimation, which helps
model the underwater channel in real time. Accurate channel estimation allows the system
to adjust transmission parameters based on current channel conditions, improving the overall
reliability and efficiency of the communication link. This is particularly important in
underwater environments, where the channel conditions can vary significantly due to changes

in water depth, temperature, salinity, and other environmental factors.

FEATURES OF THE PROPOSED SYSTEM:
e MULTICARRIER MODULATION (OFDM): Divides the bandwidth into sub-

channels, allowing parallel data transmission and reducing the impact of multipath
fading and interference.

e ADAPTIVE MODULATION AND CODING (AMC): Dynamically adjusts
transmission parameters based on real-time channel conditions, maximizing data

throughput while ensuring reliable communication.

¢ ERROR CORRECTION WITH TURBO CODES AND LDPC: Implements
advanced error-correcting codes to enhance reliability, even in the presence of noise,

fading, and interference.

e ADVANCED SYNCHRONIZATION AND CHANNEL ESTIMATION:
Utilizes sophisticated algorithms to synchronize the transmitter and receiver and
estimate the channel’s behavior, compensating for Doppler shifts and multipath

interference.

e ENERGY EFFICIENCY: The system optimizes power consumption by adjusting
transmission parameters, essential for energy-constrained underwater devices such as

AUVs and sensors.

ADVANTAGES:
e ENHANCED RELIABILITY: The combination of OFDM, adaptive modulation,

and error correction techniques makes the system highly resilient to underwater
communication challenges like multipath fading, Doppler shifts, and interference.
This results in a more stable and dependable communication link, even in complex
underwater environments.

e HIGHER DATA RATES: By dynamically adapting the modulation and coding

7



schemes to the channel conditions, the system can achieve higher data rates when
conditions are favorable. This maximizes the bandwidth usage without sacrificing
reliability.

e EFFICIENT SPECTRUM USAGE: OFDM enables the systemto efficiently utilize
the available bandwidth by splitting it into smaller sub-channels. This approach not
only helps in mitigating interference but also improves the overall data throughput.

e ENERGY EFFICIENCY: The adaptive nature of the system ensures that
transmission power and computational resources are optimized, reducing power
consumption. This feature is particularly critical for energy-limited underwater

devices.

e IMPROVED ERROR RESILIENCE: Turbo Codes and LDPC codes provide
strong error correction, enabling reliable communication even in noisy or
deteriorating conditions, which is crucial in underwater applications like

environmental monitoring and naval operations.

LIMITATIONS:
COMPUTATIONAL COMPLEXITY: The integration of OFDM, adaptive modulation,

error correction, and synchronization requires significant computational resources. For real-
time operation, the system may be too complex for devices with limited processing power

or energy capacity.

BANDWIDTH CONSTRAINTS: Although OFDM increases spectral underwater
acoustic spectrum is still limited. The system is constrained by the available bandwidth,
which restricts the maximum achievable data rates, particularly in deeper waters with higher

attenuation.

POWER CONSUMPTION: Despite the focus on energy efficiency, the system’s
computational overhead for real-time adjustments, synchronization, and error correction
could still lead to higher power consumption. This might reduce the operational time of

energy-constrained underwater devices.

ENVIRONMENTAL SENSITIVITY: While the system is robust against many
underwater challenges, extreme environmental factors such as strong currents, high
ambient noise, or rapid temperature fluctuations could still affect performance. These

variables could reduce communication range or increase the error rate in certain situate.
8



EXPANDED OVERVIEW:

The OFDM-based approach is at the heart of the proposed system’s design. OFDM is a well-
established technique that has shown promise in mitigating the impact of multipath fading,
a key issue in underwater acoustic channels. The method achieves this by dividing the

communication channel into several narrower, orthogonal sub-channels.
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Fig 2.1 Example for underwater acoustic environment

This structure allows each sub-channel to carry a portion of the overall data, providing
greater immunity to interference and fading. Since underwater acoustic signals are highly
susceptible to frequency-selective fading due to multipath propagation, OFDM’s ability to

parallelize data transmission and minimize the effect of multipath is crucial.

Adaptive Modulation and Coding (AMC) plays a pivotal role in maximizing the efficiency
of data transmission. Traditional underwater communication systems often suffer from
unpredictable channel conditions, where signal quality can fluctuate due to varying factors
like water temperature, salinity, and depth. AMC dynamically adjusts the modulation and
coding schemes in response to real-time channel conditions, ensuring that data is transmitted
at the highest possible rate without compromising reliability. In environments where the
signal is weak or degraded, AMC can revert to lower-order modulation (e.g., BPSK) and
stronger error correction schemes to maintain a reliable connection. When the channel
conditions are favorable, it switches to higher-order modulation (e.g., 16-QAM or 64-QAM),

thus increasing throughput.

The integration of error correction techniques like Turbo Codes and Low-Density Parity
Check (LDPC) codes further bolsters the system’s robustness. These coding schemes are
known for their superior error correction performance, which is essential for underwater

communication where high levels of noise and interference can corrupt transmitted data.
9



Turbo Codes and LDPC provide powerful redundancy that helps the receiver accurately
reconstruct the transmitted information, even in the presence of errors. By incorporating
these techniques, the system can ensure reliable transmission over longer distances and in
highly dynamic conditions, such as when dealing with strong currents or obstacles that could

distort the acoustic signal.

2.3 COMMUNICATION INTRODUCTION

Acoustic Communication (UAC) is a critical technology that enables communication
between underwater devices like autonomous underwater vehicles (AUVSs), remote-operated
vehicles (ROVs), and underwater sensors. However, the underwater environment presents

unique challenges that significantly hinder effective communication.
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Fig 2.1 : Communication

To overcome these challenges, Multicarrier Modulation (MCM) techniques, such as
Orthogonal Frequency Division Multiplexing (OFDM), have emerged as promising
solutions. OFDM divides the available bandwidth into multiple narrowband subcarriers,

each carrying a portion of the data.

HISTORY OF EMBEDDED SYSTEMS

10



Embedded systems date back to the 1960s. Charles Stark Draper developed an integrated
circuit (IC) in 1961 to reduce the size and weight of the Apollo Guidance Computer, the
digital system installed on the Apollo Command Module and Lunar Module. The first

computer to use ICs, it helped astronauts collect real-time flight data.

Six Stages Communication Cycle

Improve

>

Feedback

Transmit
-
o

Fig 2.3 : Communication systems

In 1965, Autonoetic, now a part of Boeing, developed the D-17B, the computer used in the
Minuteman I missile guidance system. It is widely recognized as the first mass-produced
embedded system. When the Minuteman Il went into production in 1966, the D-17B was
replaced with the NS-17 missile guidance system, known for its high-volume use of

integrated circuits. In 1968, the first embedded system for a vehicle was released.

The OFDM-based approach ensures that each sub-channel can independently carry data, thus
reducing interference and improving signal quality. Moreover, OFDM’s high spectral
efficiency is crucial in underwater environments, where bandwidth is often limited and
precious. This approach maximizes the utility of the available frequency spectrum, making

communication more robust in congested or noisy environments.

These features aim to mitigate the severe effects of multipath fading, Doppler shifts, noise,
and signal attenuation that commonly degrade the performance of traditional underwater
communication systems. The system has been designed to optimize communication
reliability, spectral efficiency, data throughput, and energy consumption, which are critical

for efficient underwater operations.

The main characteristic of embedded systems is that they are task specific. They
performasingle task within a larger system. For example, amobile phone is not anembedded
system, it is a combination of embedded systems that together allow it to perform a variety of

11



general- purpose tasks. The embedded systems within it perform specialized functions. For
example, the GUI performs the singular function of allowing the user to interface with the
device. In short, they are programmable computers, but designed for specific purposes.

Underwater Acoustic Communication (UAC) builds upon advanced techniques that
enhance the reliability, data rates, and efficiency of underwater communication networks.
The integration of Orthogonal Frequency Division Multiplexing (OFDM) significantly
improves the system’s resilience against underwater channel impairments such as multipath
fading and interference. By dividing the available bandwidth into orthogonal sub-channels,
the system can mitigate the destructive effects of multipath propagation, ensuring that the
communication signal is more robust and can travel through complex underwater

environments with greater success.

The adaptive modulation and coding (AMC) technique is another critical component,
enabling the system to dynamically adjust its transmission schemes based on real-time
channel conditions. This adaptability allows the system to optimize throughput, balancing
the trade-off between data rate and error resilience depending on environmental factors. In
conditions where signal quality degrades due to water turbidity or environmental noise, the
system can revert to lower modulation schemes, thereby ensuring continuous

communication.

Furthermore, advanced error correction methods like Turbo Codes and Low-Density
Parity Check (LDPC) Codes significantly enhance the error resilience of the system. These
techniques enable the system to recover data even in highly noisy and interference-prone
underwater environments, ensuring that the transmission remains accurate and reliable over

long distances or in challenging conditions.

Together, these integrated technologies make the proposed system capable of
maintaining high- performance underwater communication, even in dynamic, resource-
limited settings, making it suitable for diverse applications like deep-sea exploration,

environmental monitoring, and military operations.

This adaptability allows the system to optimize throughput, balancing the trade-off
between data rate and error resilience depending on environmental factors. In conditions
where signal quality degrades due to water turbidity or environmental noise, the system can

revert to lower modulation schemes, thereby ensuring continuous communication.

12



2.4 WHY COMMUNICATION?

Communication is essential in underwater acoustic communication (UAC) systems because
it enables the transfer of critical data between devices or platforms operating in the
challenging and dynamic underwater environment. Underwater communication is a
fundamental requirement for a wide range of marine applications, including environmental
monitoring, underwater exploration, autonomous underwater vehicles (AUVS), naval

operations, and oil and gas exploration.

However, the underwater environment presents several challenges to traditional
communication systems, making effective communication particularly difficult. Unlike
radio waves used for terrestrial communication, acoustic waves in water have unique
properties, including high attenuation, multipath propagation, Doppler shifts, and noise
interference. These factors can lead to a degradation of the signal quality, reducing the

efficiency and reliability of underwater communication.

For instance, signal attenuation causes signals to lose strength as they travel through water,
especially over long distances or at greater depths. Multipath propagation occurs when the
acoustic signals reflect off surfaces like the seafloor, underwater structures, or the water
surface, causing delays and interference that degrade the received signal. Doppler shifts—
changes in the frequency of the signal due to relative motion between the transmitter and

receiver—can also lead to synchronization problems and data errors.

Fig 2.5: Communication systems hardware

13



Thus, effective underwater communication is vital to ensure reliable data transfer, real-
time decision-making, and efficient operations in these environments. Technologies like
OFDM, adaptive modulation, and error correction methods are being used to overcome these
challenges, making communication systems more resilient, efficient, and suitable for various

underwater applications.
2.5 DESIGN APPROACHES

The design approach for an Underwater Acoustic Communication (UAC) system focuses
on addressing the specific challenges presented by the underwater environment, such as
high signal attenuation, multipath propagation, Doppler shifts, noise interference, and
limited bandwidth. Given these challenges, the approach involves combining multiple
techniques enhance the reliability, data rate, and energy efficiency of the communication
system. The design aims to deliver a robust, adaptive system capable of maintaining

communication in a dynamic and harsh underwater environment.

This approach divides the available bandwidth into multiple narrow sub-channels, each
carrying a portion of the data stream. The orthogonality of sub-carriers helps mitigate the
effects of multipath fading by allowing each sub-channel to independently carry data without
interference. OFDM improves spectral efficiency and enhances signal robustness, ensuring

better performance under varying underwater conditions.
STEPS IN THE COMMUNICATION DESIGN PROCESS
The different steps inthe embedded system design flow/flow diagram include the following.

e Hardware and software partitioning: You divide the system into hardware and software

components

e Hardware and software design: You design approach the hardware and software

independently

e Hardware and software integration: You integrate the hardware and software, and

decide how and when to resolve bugs
e Software testing: You test the software to detect vulnerabilities

e User interface design: You design the interface between the CPU software

SYSTEM RELATED FAMILY OF DESIGN
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This family of design primarily focuses on how system components are related to each other
within the systemarchitecture, taking into account dependencies, interactions, and the overall
system performance. In the context of engineering and technology, including Underwater
Acoustic Communication (UAC), this family of design ensures that different subsystems
are efficiently integrated and work harmoniously to achieve the desired outcomes.

Here’s a breakdown of the System-Related Family of Design principles in the context of
UAC or other complex systems:

MODULAR DESIGN:

Modular design is a key aspect of the system-related family of design. It involves breaking
down a complex system into smaller, self-contained modules that can be independently

designed, tested, and improved. Each module handles a specific task or function.
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This family of design primarily focuses on how system components are related to each other
within the systemarchitecture, taking into account dependencies, interactions, and the overall
system performance. In the context of engineering and technology, including Underwater
Acoustic Communication (UAC), this family of design ensures that different subsystems
are efficiently integrated and work harmoniously to achieve the desired outcomes.

Here’s a breakdown of the System-Related Family of Design principles in the context of
UAC or other complex systems:

MODULAR DESIGN:

Modular design is a key aspect of the system-related family of design. It involves breaking
down a complex system into smaller, self-contained modules that can be independently
designed, tested, and improved. Each module handles a specific task or function within the

system.

Example in UAC: In an underwater communication system, modular designs could include
separate modules for signal processing, power management, and environmental sensing. This
approach makes it easier to upgrade or replace parts of the system without impacting the

overall performance.

Advantages: Easier maintenance, scalability, flexibility in design improvements, and

reduced complexity.

HIERARCHICAL STRUCTURE

This approach emphasizes organizing system components into a hierarchy, where higher-
level components or subsystems control and manage the lower-level ones. This hierarchical
structure makes it easier to manage and understand the system’s behavior and operations.

data routing and networking, while the lower layer could involve the physical

communication links (e.g., acoustic modems and sensors).

Advantages: Simplifies the design process by breaking down complex systems into
manageable sub-systems and ensures that system performance can be easily monitored and

controlled.

REFINEMENT

Every component and module must be refined appropriately so that the software team can

understand. Architectural description language is used to describe the software design.

SYSTEM OVERVIEW
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The system architecture focuses on overcoming the unique challenges of the underwater
communication channel (e.g., high signal attenuation, multipath propagation, noise
interference, Doppler shifts) by integrating MCM techniques (like OFDM), adaptive
modulation, error correction methods, and synchronization for high-efficiency, robust
communication. The software architecture needs to support real-time processing of signal

data, adaptive techniques, and error resilience
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Fig: 2.7: Hardware and software of communication

Design  Metrics  /
Design Parameters of

Function
a Communication
System
Function Always maintained low
Performance Should be high
The process/task should  be
Process Deadlines completed within a specified

time.

Manufacturing Cost Should be maintained.

It is the cost for the edit-test-
Engineering Cost debug of hardware and
software.
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Size is defined in terms of
Size memory RAM/ROM/Flash
Memory/Physical Memory.

Itis the total time taken
Prototype for developing a system and
testing it.

System safety should be taken
like phone locking, user safety
Safety like engine breaks down safety
measure must be taken

Proper maintenance of the
system must be taken, in order to

Maintenance . .
avoid system failure.

It is the time taken for the
Time to market product/system developed to be
launched into the market.

Multicarrier underwater acoustic communications have seen significant advancements in
signal processing techniques to improve reliability and efficiency in challenging underwater
environments. The signal processing unit plays a crucial role in mitigating distortions caused

by multipath propagation, Doppler shifts, and limited bandwidth.

One of the key trends is the application of orthogonal frequency division multiplexing
(OFDM), which enhances data transmission by dividing the signal into multiple subcarriers.
This approach helps combat inter-symbol interference and improves spectral efficiency.
Researchers have explored adaptive equalization techniques to counteract underwater

channel variations, ensuring stable communication.

Another important development is the use of alternative modulation strategies such as phase
shift keying (PSK) and quadrature amplitude modulation (QAM). These techniques optimize
data rates while maintaining robustness against underwater noise. Additionally, diversity
exploitation methods, including multiple-input multiple-output (MIMO) systems, have been

integrated to enhance signal reception and reduce error rates.
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KEY COMPONENTS OF THE SYSTEM
SIGNAL PROCESSING UNIT (SPU):

Modulation & Demodulation Subsystem: This subsystem is responsible for implementing
MCM techniques such as OFDM. It modulates the data using OFDM on the transmitter side
and demodulates it on the receiver side. This includes sub-functions for IFFT (Inverse Fast

Fourier Transform) and FFT (Fast Fourier Transform) to convert the data between time and
frequency domains.

Adaptive Modulation & Coding (AMC): This component adjusts the modulation scheme
and coding rate dynamically based on real-time channel conditions. It enables the system to
adapt to the available bandwidth and power, optimizing the data rate.
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FIG: 2.8 APPLICATIONS OF COMMUNICATION
Error Correction: The system integrates error correction mechanisms like Turbo Codes
and Low-Density Parity Check (LDPC) codes to ensure the reliability of communication

by detecting and correcting errors induced by underwater channel impairments

Channel Estimation & Synchronization Unit:

Channel Estimation: This component estimates the underwater channel conditions,

including multipath propagation and Doppler shifts, in real-time to allow accurate signal
reception and equalization.



Synchronization: Ensures that the transmitted and received signals are aligned in time and
frequency, overcoming issues like Doppler shifts and time offsets, critical for maintaining

communication stability.
CONTROL AND ADAPTATION LAYER:

Resource Allocation: Dynamically allocates resources (bandwidth, power) to the

communication system based on real-time environmental factors.

Channel State Information (CSI) Feedback: Provides feedback to the transmitter about the

channel conditions, ensuring adaptive and efficient transmission parameters.

« Underwater Acoustic Communication (UAC) Challenges:
« High signal attenuation

« Multipath propagation

- Doppler shifts

- Noise interference

Need for Advanced Communication Techniques:

Traditional communication systems are significantly impacted by the underwater
environment.

« Advanced techniques are required to improve reliability and data rates.

Multicarrier Modulation (MCM) Techniques:

« MCM, particularly Orthogonal Frequency Division Multiplexing (OFDM), helps address

these challenges.

+ MCM divides the available bandwidth into narrow sub-channels, allowing parallel
transmission.
+ Reduces the impact of multipath fading and interference, improving communication

reliability.

2.6 COMBINATION OF LOGIC DEVICES

Underwater Acoustic Communication (UAC) Challenges: Underwater Acoustic
Communication (UAC) plays a crucial role in marine applications such as underwater
exploration, environmental monitoring, and naval operations. However, the underwater

communication channel presents unique challenges, including high signal attenuation,
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multipath propagation, Doppler shifts, and noise interference. These factors significantly
degrade the performance of traditional communication systems, necessitating the
development of advanced techniques

Traditional communication systems, necessitating the development of advanced techniques
to improve communication reliability and data rates to improve communication reliability.

Underwater Acoustic Communication (UAC) Challenges: Underwater Acousti
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¢ fiCommunication (UAC) plays a crucial role in marine applications such as underwater
exploration, environmental monitoring, and naval operations. However, the underwater
communication channel presents unique challenges, including high signal attenuation,
multipath propagation, Doppler shifts, and noise interference. These factors significantly
degrade the performance of traditional communication systems, necessitating the
development of advanced techniques to improve communication reliability and data rates in

such harsh conditions.

Need for Advanced Communication Techniques: Due to the underwater environment's
inherent challenges, traditional communication methods are often insufficient. As a result,
more advanced communication systems are required to overcome these issues and enhance

the reliability and data rates of UAC systems.

Multicarrier Modulation (MCM) Techniques: One effective solution is the use of
Multicarrier Modulation (MCM) techniques, specifically Orthogonal Frequency Division
Multiplexing (OFDM). MCM divides the available bandwidth into multiple narrow sub-

channels, allowing for parallel transmission of data. This approach helps mitigate the impact
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of multipath fading and interference, which are prevalent in underwater environments. As a

result, MCM improves communication robust.

Advantages of OFDM: OFDM, in particular, has gained significant attention due to its high
spectral efficiency and ability to maintain stable performance despite the challenges posed
by underwater communication channels. Its ability to work effectively in environments with
high signal degradation makes it a preferred choice for improving underwater communication

systems.
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CHAPTER 3

SOFTWARE REQUIREMENTS

3.1 SOFTWARE TOOLS
COMMUNICATION SOFTWARE:

AnUnderwater Acoustic Communication (UAC) systems are fundamental for various marine
applications, such as environmental monitoring, underwater exploration, and naval
operations. Developing efficient UAC systems requires advanced software tools, specialized
algorithms, and robust platforms. These systems aim to overcome the unique challenges
posed by the underwater communication channel, such as high signal attenuation, multipath
propagation, Doppler shifts, and noise interference. To address these challenges, the
integration of modern techniques like Multicarrier Modulation (MCM), particularly
Orthogonal Frequency Division Multiplexing (OFDM), has become essential. This article
explores the software tools, system requirements, and platforms used to develop these

advanced UAC systems.

SOFTWARE TOOLS FOR UNDERWATER ACOUSTIC COMMUNICATION:

The development of UAC systems requires a variety of software tools that aid in signal
processing, system modeling, simulation, and analysis. These tools must support the
complex computations involved in underwater communication, including error correction,
adaptive modulation, channel estimation, and synchronization. Here are the primary software

tools that are commonly used in building UAC systems.

MATLAB AND SIMULINK:

Overview: MATLAB is one of the most widely used software tools for designing and
simulating UAC systems. Its extensive libraries and toolboxes enable efficient

implementation of algorithms for signal processing, modulation, and error correction.

Application: For MCM-based UAC systems, MATLAB is used for simulating different
modulation schemes, such as OFDM, and for evaluating the effects of multipath fading
Doppler shifts, and noise interference. Simulink, an extension of MATLAB, is especially
Useful for modeling and simulating dynamic communication systems, where real-time

channel conditions can be integrated into the system design.
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Key Features:
Extensive support for signal processing and communication system design
Built-in functions for error correction coding, modulation, and channel modelling

Integration with hardware platforms for real-time testing.

GNU RADIO:

Overview: GNU Radio is an open-source toolKkit that provides signal processing blocks to
implement software-defined radios (SDRs). It is ideal for prototyping communication

systems and simulating underwater acoustic communication.

Application: In UAC systems, GNU Radio can be used for simulating underwater
communication environments, experimenting with different modulation techniques like
OFDM, and integrating various adaptive algorithms such as dynamic modulation and coding.
It supports real-time processing and hardware integration, making it useful for both
simulation and actual deployment. Open-source, allowing for customization and community-
driven development Real-time simulation and testing with SDRs. Wide range of available

signal processing blocks for UAC system development.

NS-3 (NETWORK SIMULATOR 3):

Overview: NS-3 is a discrete-event network simulator widely used for simulating complex
network protocols and communication systems. It is particularly effective for simulating

underwater acoustic networks and multi-hop communication scenarios.

Application: NS-3 is used for modeling the behavior of UAC networks, including packet
transmission, routing, and error handling. It allows researchers to simulate the impact of
various channel impairments, such as signal attenuation, noise, and Doppler shifts, on the
communication network. By using NS-3, engineers can test how their algorithms perform in

a realistic underwater environment without needing physical hardware.

Key Features:
Accurate modeling of network protocols and communication channels. Support for

underwater acoustic channel models and impairments.
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COMSOL MULTIPHYSICS:

Overview: COMSOL Multiphysics is a simulation software that provides a platform for
modeling and simulating physical phenomena. While primarily used for engineering
simulations, it is useful in UAC development for modeling acoustic wave propagation and

signal transmission in underwater environments.

Application: COMSOL can simulate how acoustic waves propagate through different
underwater media, taking into account various factors such as depth, temperature, salinity,
and current flow. This helps engineers better understand the effects of the underwater

environment on signal attenuation and interference.

SYSTEM REQUIREMENTS FOR BUILDING UAC SOFTWARE
Building and simulating UAC systems requires robust hardware and software systems that
can handle the computational complexity involved in real-time simulations, data processing,

and systemdesign. Below are the general system requirements for developing UAC software:

COMPUTATIONAL POWER:

Underwater acoustic communication systems, especially those using advanced techniques
like MCM and adaptive modulation, demand high computational power. The software tools
involved often require multi-core processors and substantial RAM to perform simulations,
process large amounts of data, and execute real-time algorithms.

Recommended: At least a quad-core processor (Intel i7 or equivalent) with a minimum of

16GB RAM for running simulations and processing data.
STORAGE CAPACITY:

Developing and running simulations of UAC systems generates large datasets, especially
when modeling underwater environments, conducting extensive simulations, and analyzing

results. Adequate storage is necessary to store the data and simulation models.
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GRAPHICS PROCESSING UNIT (GPU):

In some cases, especially for real-time signal processing and visualization, utilizing a GPU
can significantly speed up the processing time. Some software tools like MATLAB and
Simulink support GPU acceleration for large-scale simulations and signal processing tasks.

RECOMMENDED: NVIDIA GeForce GTX series or equivalent for GPU-accelerated
computation.

The operating system plays an essential role in the development of UAC systems, especially
when using software tools like MATLAB, GNU Radio, or COMSOL. Linux-based systems
are commonly preferred due to their stability, flexibility, and support for open-source tools,
but Windows and macOS are also viable options depending on the specific tools being used.

UAC systems often require real-time data acquisition and processing, particularly when
testing the system in field conditions. This requires specialized hardware such as Software
Defined Radios (SDRs) or acoustic sensors integrated with the development platform.

SDR platforms like USRP (Universal Software Radio Peripheral) are often used to interface

with UAC systems for real-time signal processing and testing.

PLATFORMS FOR BUILDING UAC SOFTWARE

Several platforms are used for developing and testing UAC systems.
LABVIEW:

Overview: LabVIEW is a graphical programming platform used for building complex
systems. It is widely used in communication system design and testing, particularly for UAC

systems where real-time signal processing is required.

Application: LabVIEW can be used to implement and test UAC systems by interfacing
with hardware like SDRs. It is especially useful for designing adaptive modulation and

coding schemes and testing them in real-time environments.
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Key Features:

Graphical programming interface, ideal for designing and testing systems without deep
programming knowledge. Integration with hardware for real-time data acquisition and
processing. Support for complex signal processing tasks and algorithm testing.

XILINX AND FPGA PLATFORMS:

Overview: Field-Programmable Gate Arrays (FPGAS) provide a hardware-based solution
for accelerating signal processing tasks in UAC systems. Xilinx provides development
platforms like the Zynq series, which combine ARM processors with FPGA fabric for

powerful signal processing.

Application: FPGA-based platforms are ideal for implementing real-time processing tasks
like modulation and demodulation, error correction, and adaptive algorithms in UAC
systems. These platforms can be used to test the performance of UAC algorithms under real-

world conditions.

Key Features:

High-speed signal processing and real-time performance. Flexibility to implement custom
hardware for UAC system components. Low power consumption compared to general-

purpose CPUSs.

SOFTWARE-DEFINED RADIO (SDR) PLATFORMS:
Overview: SDR platforms like USRP (Universal Software Radio Peripheral) and Ettus

Research allow for flexible and efficient implementation of communication protocols. SDRs

are crucial for real-time testing and prototyping of UAC systems.

Application: In UAC, SDR platforms are used to implement and test MCM-based systems,
including OFDM. They provide the ability to test real-time signal processing and system

performance in actual underwater environments.

Key Features:

Flexibility to implement custom communication protocols. Real-time transmission and
reception of underwater acoustic signals. Integration with MATLAB, GNU Radio, and
LabVIEW for system.
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RESEARCH:

The embedded systems industry was born with the invention of microcontrollers and since
then it has evolved into various forms, from primarily being designed for machine control
applications to various other new verticals with the convergence of communications. Today
it spans right form small metering devices to the multi-functional smartphones. | will cover
the areas that are currently focused for development in embedded systems and state what are

the ongoing research opportunities in that particular area.

SECURITY:

Security remains a great challenge even today. Ongoing Research is to sustain physical
tampering, mechanisms to trust the software, authenticate the data and securely communicate
over internet. With the advent of 10T/IoE, not only the number devices will continue to
increase but also will the number of possible attack vectors. Many challenges remain ahead

to get the connected devices on a billion scale.

CONNECTIVITY:
Wi-Fi, BLE, ZigBee, Thread, ANT, etc have been adapted by embedded system experts from

considerable time. Head-on competition between these groups is in progress to determine as
to who will emerge as the best solution provider to this huge estimated market of 10T/IoE.
4G/5G on low power devices is the ongoing experimentation which will make embedded
systems easily and robustly connect to the internet. Communication using GSM/LTE in
licensed/unlicensed communication bands with the cloud can change the ball game of IoE

all together.

MEMORY:

Various type of volatile/non-volatile memories with variable sizes and speeds are widely
available today. Research is more towards organizing them in best possible architecture to

reach closer to the design goal of optimal power-performance-cost.
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ENERGY:

Power/Battery management has been under focus for some time. Usage of renewable
resources to power device's lifetime is currently the challenge that is tried to address;
especially for wearables. Optimal power usage to get Longer Battery Life with new

Hardware/Software architectural designs will continue for some time.

SYSTEM:

Programmable SOCs (PSOCs) - (Configurable Hardware Capability) have been there for a
long time now, but some has not yet gained momentum. Application-specific computer
architectures is also in the pipeline in order to optimize the design matrix of power-

performance-cost.

PERFORMANCE:

Real-time on-board Image/Video/Audio processing, feature enabled cameras, on board
machine learning are all currently experimented with varied approaches. Commercialization
of these technologies has already started but there is still some time to get the best out of

these technologies and there is lot of scope to make them more user friendly.

Other than this, hardening of modular software functionalities (Yes lot of architectures are
coming up with hardware performing redundant software functionalities). Ongoing research
is to analyze the performance and determine the applications where this strategy can be
fruitful.

NETWORKING:

Wireless Sensor Networks, Machine to Machine Communication/Interaction, Human
Computer Interaction, Security Gateway protocols are still being improved. Light weight

algorithms with optimal security will be targeted for embedded systems.

Real Time Operating Systems (RTOS)

Many companies are backing at least one Real Time Open-Source Operating System and
there are many out there. Challenge is to cover the wide span of devices, there functionalities

and variety of applications.
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CHAPTER 4

HARDWARE REQUIREMENT
COMMUNICATION HARDWARE

In recent trends in Multicarrier Underwater Acoustic Communication (MCM-based UAC),
sensors play a pivotal role in acquiring real-time environmental data. These sensors, typically
hydrophones and accelerometers, are used to capture acoustic signals underwater, measuring
parameters like sound speed, temperature, pressure, and salinity. These measurements are
crucial as they help estimate channel conditions, such as signal attenuation and multipath

interference, which significantly impact communication quality.

The microprocessor, at the heart of underwater communication systems, plays a vital role in
controlling various functions, including signal processing, error correction, and adaptive
modulation. Recent advancements in microprocessor technology have allowed for faster and
more energy-efficient computations, making real-time processing feasible in harsh
underwater environments. These microprocessors handle complex algorithms used for

multicarrier modulation techniques like Orthogonal Frequency

The integration of advanced sensors allows for better adaptive algorithms, enabling MCM
systems to dynamically adjust transmission parameters like power and modulation schemes
based on current environmental conditions. This dynamic adaptation is especially important
in underwater communication, where the environment is constantly changing, affecting
signal propagation. Therefore, modern sensors ensure that UAC systems remain efficient

and reliable, even in highly variable conditions.

Hardware for communication systems is much less standardized than hardware for personal
computers. Due to the huge variety of communication system hardware, it is impossible to
provide a comprehensive overview of all types of hardware components. Nevertheless, we
will try to provide a survey of some of the essential components which can be found in most

systems.
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Additionally, transmitters are increasingly incorporating adaptive features, where
transmission parameters like power and frequency are dynamically adjusted based on real-
time sensor data. This allows for more reliable communication across varying underwater
conditions, reducing the likelihood of signal degradation due to environmental factors. As
such, advancements in transmitter technology are essential for improving the range and

reliability of UAC systems.
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The receiver is responsible for capturing the transmitted signals and recovering the
transmitted data. Recent developments in receiver technology have focused on improving
their ability to handle complex underwater communication environments, especially
multipath interference and Doppler shifts. Advanced receivers use sophisticated algorithms
for synchronization and channel estimation, ensuring that the received signals are accurately
processed. In MCM-based UAC systems, these receivers are equipped with error correction
capabilities, such as Turbo Codes and Low-Density Parity Check (LDPC) codes, which help
to recover data even in challenging conditions. Display systems, on the other hand, are
integrated into UAC systems to provide operators with real-time information about the

communication link, channel status, and signal quality.

Recent trends in Multicarrier Underwater Acoustic Communication (MCM-based UAC)
heavily rely on sensors to enhance the adaptability of communication systems. Sensors, such
as hydrophones, pressure sensors, and accelerometers, are utilized to gather crucial
environmental data such as water temperature, salinity, depth, and current. This information

is vital in determining channel conditions and allows for more accurate estimation of signal
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attenuation, noise levels, and multipath interference.

Microprocessors are the cornerstone of modern UAC systems, enabling efficient processing
of complex algorithms needed for multicarrier modulation techniques like Orthogonal
Frequency Division Multiplexing (OFDM). The advancement of microprocessor technology
has led to improved processing speeds and lower power consumption, both crucial in
underwater communication. These microprocessors handle tasks such as error correction,
adaptive modulation, and channel estimation, which are essential for maintaining signal

integrity in the challenging underwater environment.

The most common set of requirements defined by any operating system or software
application is the physical computer resources, also known as hardware, A hardware
requirements list is often accompanied by a hardware compatibility list(HCL), especially in
case of operating systems. An HCL lists tested, compatible, and sometimes incompatible
hardware devices for a particular operating system or application. The following subsections

discuss the various aspects of hardware requirements.

All computer operating systems are designed for a particular computer architecture. Most
software applications are limited to particular operating systems running on particular
architectures. Although architecture-independent operating systems and applications exist,
most need to be recompiled to run on a new architecture. See also a list of common operating

systems and their supporting architectures.

PROCESSING POWER

The power of the central processing unit (CPU) is a fundamental system requirement for any
software. Most software running onx86 architecture define processing power as the model
and the clock speed of the CPU. Many other features of a CPU that influence its speed and
power, like bus speed, cache, and MIPS are often ignored. This definition of power is
often erroneous, as AMD Athlon and Intel Pentium CPUs at similar clock speed often have
different throughput speeds. Intel Pentium CPUs have enjoyed a considerable degree of

popularity, and are often mentioned in this category.

Transmitters in MCM-based UAC systems are designed to overcome the challenges posed
by underwater environments, such as signal degradation and interference. Modern
transmitters are capable of handling advanced modulation schemes, like OFDM, which
break the communication channel into sub-channels, improving data throughput and

resistance to multipath fading.
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Additionally, these transmitters are increasingly equipped with adaptive features that adjust
the transmission power and frequency based on real-time data from the sensors. This
adaptability helps optimize the communication link and reduce power consumption, ensuring
that the system can operate efficiently over long distances while maintaining high data
reliability.

The receiver in MCM-based UAC system is responsible for processing the received signals
and recovering the transmitted data. Recent advancements in receiver technology focus on
improving signal synchronization and compensating for Doppler shifts and multipath effects,

which are prevalent in underwater environments.

These receivers utilize sophisticated algorithms for channel estimation, allowing for accurate
signal detection even under challenging conditions. Furthermore, modern UAC systems
integrate advanced error correction techniques, such as Turbo Codes and Low-Density Parity
Check (LDPC) codes, which enhance data reliability by mitigating the effects of signal

distortion.

The integration of display systems allows operators to monitor the performance of the
communication link in real-time, making it easier to adjust system parameters and ensure

optimal basic Structure of a Communication System:

The following illustration shows the basic structure ofa communication

The basic structure of communication begins with the source, where the message or
information originates. This could be a person, a sensor, or a system generating data. The
source produces the content, which might be anything from voice, video, text, to sensor

readings, depending on the type of communication.

Once the message is created, it is passed on to the transmitter, which plays the critical role of
encoding and preparing the message for transmission. The transmitter converts the original
message into a signal that can travel through the communication medium. This often involves
modulation, a process where the message is encoded onto a carrier wave, making it suitable
for transmission over physical or wireless channels. The transmitter ensures that the message
is in the right form to travel effectively to the receiver.

The basic structure of communication begins with the source, where the message or
information originates. This could be a person, a sensor, or a system generating data. The
source produces the content, which might be anything from voice, video, text, to sensor

readings, depending on the type of communication.
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The basic structure of communication begins with the source, where the message or
information originates. This could be a person, a sensor, or a system generating data. The
source produces the content, which might be anything from voice, video, text, to sensor

readings, depending on the type of communication.
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Fig: 4.2: Peripherals of communication

Once the message is created, it is passed on to the transmitter, which plays the critical role of
encoding and preparing the message for transmission. The transmitter converts the original
message into a signal that can travel through the communication medium. This often involves
modulation, a process where the message is encoded onto a carrier wave, making it suitable
for transmission over physical or wireless channels. The transmitter ensures that the message

is in the right form to travel effectively to the receiver.

The communication channel is the medium through which the encoded signal travels from the
transmitter to the receiver. It can be a physical medium like wires or cables or a wireless
medium such as air, water, or optical fibers. The channel plays a significant role in the

communication process because it can introduce noise, distortion, may have
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The transmitter converts the original message into a signal that can travel through the
communication medium. This often involves modulation, a process where the message is
encoded onto a carrier wave, making it suitable for transmission over physical or wireless
channels. The transmitter ensures that the message is in the right form to travel effectively

receiver.
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Fig 4.3: Block diagram
4.1 WORKING

The working principle of a communication system begins with the source, which generates
the message to be communicated. This could be any form of data, such as voice, text, or
video, and the source is the initial point where information originates. The source encodes the

message into a format that can be transmitted over the communication system.

Once the message is created, it is passed to the transmitter. The transmitter’s role is to convert
the message into a suitable signal for transmission. This process often involves modulation,
where the message is encoded onto a carrier wave, allowing the message to travel efficiently
through a communication channel. The transmitter prepares the signal for the communication
medium, ensuring that it is in the correct form to be received by the destination.
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The signal then travels through the communication channel, which acts as the medium for
the message. This could be a physical medium like a wired connection or a wireless medium
such as air, water, or optical fibers. During this transmission, the signal may be subjected to
noise, attenuation, and other distortions, which can degrade the quality of the signal. The
channel, therefore, has a crucial role in determining how well the message is transmitted

from the transmitter to the receiver.

At the receiving end, the receiver captures the transmitted signal from the communication
channel. It then processes the signal through a process called demodulation, which extracts
the original message from the encoded signal. The receiver’s role is to decode the signal and
restore it to a format that is understandable by the destination, ensuring the information is

correctly received.

Finally, the destination receives the message, which is now in its original or usable form
after being processed by the receiver. The destination could be a person, computer, or any
system capable of interpreting the message. In some cases, the destination might send
feedback to the source or transmitter to confirm the successful reception of the message or
request a retransmission if there were errors in the signal, completing the communication

loop.

Once the message is ready, it is passed on to the transmitter. The transmitter's primary
function is to transform the message into a signal that can travel through the communication
medium. This often involves a process known as modulation, where the original data is used
to modify a carrier wave in such a way that the message can be transmitted efficiently. The
transmitter ensures that the signal is in the correct form, such as an electrical signal or
electromagnetic wave, that can be propagated through the channel, ready to be received by

the destination.

The signal then travels through the communication channel, which acts as the pathway
through which the signal propagates. The channel could be a physical medium such as copper
wires or fiber optics, or a wireless medium like radio waves, microwaves, or even underwater
acoustics. During this transmission, the signal is subject to various external factors such as
noise, interference, and attenuation, which may degrade its quality. The quality of the
channel determines how accurately the message can be transmitted and how well the signal

will be received.
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Once the signal reaches the receiver, the receiver’s role is to capture the transmitted signal
and process it to retrieve the original message. The receiver uses a technique called
demodulation to reverse the process of modulation, extracting the information that was
encoded onto the carrier wave. The receiver converts the received signal back into a usable
format that can be understood by the destination. This could involve filtering out noise,
amplifying weak signals, and applying error correction algorithms to ensure the message is

accurate.

After processing the signal, the destination receives the message. The destination is the final
point in the communication system, where the message is interpreted. The destination could
be a human being reading a message, a device processing data, or a system storing the
information for later use. In some cases, the destination may also provide feedback to the
source. signal whether the message was received successfully or if there were any errors in
transmission. This feedback can help improve the communication system by triggering
retransmission or adjusting transmission parameters, ensuring that the message is delivered

correctly and reliably.

In systems that require high reliability, the communication process is often cyclical, with the
source, transmitter, channel, receiver, and destination continuously adjusting to changing
conditions to ensure that the information reaches its intended target with minimal errors or

loss of data.

The signal then travels through the communication channel, which acts as the medium for the
message. This could be a physical medium like a wired connection or a wireless medium
such as air, water, or optical fibers. During this transmission, the signal may be subjected to
noise, attenuation, and other distortions, which can degrade the quality of the signal. The
channel, therefore, has a crucial role in determining how well the message is transmitted

from the transmitter to the receiver.

At the receiving end, the receiver captures the transmitted signal from the communication
channel. It then processes the signal through a process called demodulation, which extracts

the original

4.2 INTRODUCTION TO MULTICARRIER

Multicarrier communication is a technique that has gained significant attention in modern
communication systems, especially in challenging environments like underwater acoustic
communication. The basic idea behind multicarrier communication is to divide a wide
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frequency band into multiple smaller sub-channels, each operating at a lower frequency. This
method enables parallel transmission of data over several distinct carriers, significantly
improving the efficiency and reliability of the communication system.

In underwater acoustic communication (UAC), where the transmission of signals faces
substantial challenges such as high signal attenuation, multipath propagation, Doppler shifts,
and environmental noise, traditional communication systems often struggle to maintain
reliable and high-speed data transfer. These challenges result in high error rates and reduced
signal clarity, making it difficult to achieve robust communication. Multicarrier techniques,
particularly Orthogonal Frequency Division Multiplexing (OFDM), have been proposed as a

solution to overcome these issues.

By dividing the available bandwidth into multiple subcarriers, multicarrier systems make
efficient use of the frequency spectrum, reduce the impact of interference and multipath
fading, and improve the overall system performance. Each subcarrier carries a portion of the
data, which is transmitted in parallel, reducing the likelihood that the entire communication
will be disrupted by environmental factors. In underwater environments, this parallel

transmission helps mitigate the negative effects of signal degradation over long distances.

The application of multicarrier modulation in UAC systems also allows for higher data rates,
better resistance to noise, and improved spectrum efficiency. These benefits make it an ideal
choice for addressing the unique challenges of underwater communication, where reliable
and high-speed data transfer is critical for applications such as environmental monitoring,
exploration, and naval operations. Consequently, multicarrier techniques are central to the

development of advanced and more reliable underwater communication systems.
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This illustration showcases the intricate network of underwater communication, enabling
seamless interaction between diverse platforms such as submarines, autonomous underwater
vehicles (AUVs), and surface vessels. The network facilitates data sharing, mission

coordination, and real- time situational awareness in challenging underwater environments.

Fig 4.4: Multicarrier ptl

This diagram highlights the key components of a multicarrier underwater acoustic
communication (MUAAC) system. The network utilizes multiple subcarriers to improve

data transmission reliability and efficiency in the complex underwater acoustic environment.

This diagram represents the cutting-edge technology used in oceanographic research. The
network allows scientists to collect valuable data from remote and inaccessible areas of the

ocean, contributing to our understanding of marine ecosystems and climate change.

The network's potential applications are vast, ranging from scientific research and ocean
exploration to military operations and infrastructure inspection. By overcoming the
limitations of traditional underwater communication, this technology paves the way for a

new era of underwater exploration and exploitation.

4.3 INTRODUCTION TO SENSORS
ROLE OF SENSORS:

Inrecent trends in Multicarrier Underwater Acoustic Communication (MCM-based UAC),
sensors are integral in enhancing the adaptability and performance of communication
systems. The underwater environment is highly dynamic, with conditions such as water
temperature, salinity, depth, and current speed constantly changing.
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KEY COMPONENTS:

SENSORS ENHANCE ADAPTABILITY: Sensors enable real-time monitoring of
environmental factors, allowing the system to adjust communication parameters based on
changing underwater conditions (e.g., temperature, salinity, depth, and current).

HYDROPHONES: These sensors detect and convert underwater sound waves into
electrical signals, helping to monitor signal behavior, intensity, and propagation
characteristics. They are crucial for assessing the quality of the communication channel and

detecting noise or interference.

PRESSURE SENSORS: Used to measure water depth, pressure sensors help determine the

impact of depth on signal speed and quality. Depth is a key factor affecting sound.

Impulse response

08 t1, 12, etc.

Filter output (arb. units)

200 0 200 400 600 G800 1000
Time (ms)

1
2 iy

~ - B2

- ’Bottom reflection

Fig: 4.5 Server interface

TEMPERATURE SENSORS: These sensors monitor water temperature, which affects the
speed of sound in water and signal attenuation. Adjusting for temperature changes helps

improve signal reliability

SALINITY SENSORS: Measuring salt content in water, salinity sensors help assess its

effect on signal propagation and make necessary adjustments for optimal communication.

e Adaptive Communication: Data from sensors enable adaptive techniques, allowing the
system to dynamically adjust transmission parameters such as modulation schemes and
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transmission power, improving system performance in real-time

Improved Reliability and Efficiency: By continuously monitoring environmental factors,
sensors help mitigate underwater communication challenges, leading to more reliable, robust,
and efficient communication systems.

Key to Underwater Exploration and Operations: The integration of sensors is crucial for
advancing underwater communication in fields like environmental monitoring, naval
operations, and deep-sea exploration, where conditions are unpredictable.

Environmental Adaptation: Sensors allow the UAC system to adapt to environmental
conditions such as water turbulence, surface waves, and underwater topography, which can

all affect signal strength and quality.

4.4INTRODUCTION TO TRANSMITTER

Underwater Acoustic Communication (UAC) is an essential technology for a wide range of
marine applications, including underwater exploration, environmental monitoring, and naval
operations. However, the harsh underwater environment presents significant challenges for
effective communication, such as high signal attenuation, multipath propagation, Doppler

shifts, and noise interference.

These issues degrade the performance of traditional communication systems, requiring the
development of advanced transmission techniques to overcome these obstacles. The
transmitter plays a critical role in ensuring the success of UAC by generating and sending

signals through the underwater medium while minimizing the impact of these challenges.

In UAC systems, transmitters are responsible for converting information into acoustic
signals that can travel through water. These signals need to be transmitted with sufficient
power to reach the receiver over long distances while maintaining signal integrity despite the
impairments in the underwater channel. The transmitter must also be designed to work with

sophisticated modulation techniques, such as Multicarrier Modulation (MCM)

41



The transmitter plays a critical role in ensuring the success of UAC by generating and
sending signals through the underwater medium while minimizing the impact of these

challenges.

Fig 4.6: Acoustic communication

KEYPOINTS:

Signal Generation: The transmitter's primary function is to generate acoustic signals that
represent the transmitted data. These signals are typically created by converting electrical
signals into acoustic waves using transducers. The transmitter must ensure that the signal
frequency and power are optimized for underwater transmission, considering factors such as

signal attenuation and the frequency-dependent propagation properties of water.

Modulation: To efficiently use the available bandwidth and improve communication
reliability, transmitters in UAC systems often utilize advanced modulation schemes like
Orthogonal Frequency Division Multiplexing (OFDM). OFDM divides the available
bandwidth into multiple narrow sub-channels, enabling parallel transmission of data. This
allows the transmitter to combat the effects of multipath fading and interference, which are
common in underwater channels. The transmitter modulates the data onto these sub-
channels, ensuring that the system can handle the high levels of noise and signal distortion

inherent in the underwater environment.

Power Control: Since power efficiency is critical in underwater systems, transmitters must
incorporate mechanisms for adjusting power levels based on the distance to the receiver and
the environmental conditions. This can involve adaptive power control techniques, where

the transmitter dynamically adjusts the power output to optimize the signal strength and
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minimize energy consumption. In addition, high power is often required to overcome the
attenuation in the underwater medium, but excessive power can lead to interference with

other systems or devices.

Synchronization: Achieving proper synchronization between the transmitter and receiver is
vital for reliable communication. In underwater systems, Doppler shifts, time-varying
multipath propagation, and other impairments can distort synchronization. The transmitter
must therefore include robust synchronization mechanisms that allow it to maintain timing
accuracy even under challenging conditions. This may involve using preambles or training
sequences in the transmitted signal, which help the receiver synchronize with the incoming

signal.

4.6 INTRODUCTION TO MICROPROCESSOR

A microprocessor is a compact integrated circuit (1C) that serves as the central processing
unit (CPU) of a computer or embedded system. It performs most of the processing inside a
computer by executing instructions from programs, performing arithmetic and logical
operations, and controlling other components. The microprocessor interprets data from input
devices, processes it, and sends output to output devices, making it the "brain" of a

computing system.

Microprocessors are built with millions (or even billions) of transistors on a single chip,
making them extremely powerful and efficient. They handle various tasks like data
processing, memory management, and input/output operations, all of which are essential for

the functioning of electronic systems.

Microprocessors are fundamental to a wide variety of devices, from personal computers and
smartphones to embedded systems in automobiles, medical equipment, and industrial
machinery. Their development has driven advances in computing technology, enabling the
miniaturization of complex systems and improved computational power.

A microprocessor is a compact integrated circuit (IC) that serves as the central processing
unit (CPU) of a computer or embedded system. It performs most of the processing inside a
computer by executing instructions from programs, performing arithmetic and logical
operations, and controlling other components. The microprocessor interprets data from input
devices, processes it, and sends output to output devices, making it the "brain" of a

computing system.
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and logical operations, and controlling other components. The microprocessor interprets data
from input devices, processes it, and sends output to output devices, making it the "brain™ of
a computing system.

al

FIG: 4.7 Microprocessor module

4.7 INTRODUCTION TO DISPLAY

DESCRIPTION:

A display is a device used to visually present information, images, or video output to a user.
It is an essential part of many electronic systems, such as computers, smartphones,
televisions, and embedded devices.

Displays convert electrical signals into visible images, allowing users to interact with and
understand the data being processed by the system.

Displays can vary in size, technology, and functionality, but they all aim to present visual

information in a clear, readable, and engaging way.

KEY FEATURES OF THE CAMERA:

Image Sensor

Resolution: Refers to the number of pixels that can be displayed (e.g., 1920x1080 for Full
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HD). Higher resolution results in clearer and sharper images.
Refresh Rate: The number of times the image is refreshed per second (measured in Hz). A

higher refresh rate can result in smoother motion, especially in video and gaming.
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FIG: 4.8 DISPLAY IN UNDERWATER

Accuracy: How accurately a display can reproduce colors. Important in applications like

design, photography, and media consumption.

Contrast Ratio: The difference between the darkest and lightest areas of the display. A

higher contrast ratio leads to more vibrant images.

Power Consumption: Displays, especially those used in mobile devices, must be energy-
efficient to extend battery life. OLED, for instance, is more power-efficient than LCD in

SOMmMe use cases.

How a Display Works:

Displays work by converting electrical signals into light patterns, which are then visible to
the human eye. This process can differ depending on the type of display technology, but in
general:
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Signal Processing: The system’s graphics processor Or microprocessor generates the video

signals, which are sent to the display.

Light Emission: Depending on the display type, the display either emits light directly (like

LED or OLED screens) or reflects light from an external source (like LCD screens).

Pixel Array: A display is made up of tiny units called pixels. Each pixel can be controlled
independently to show a particular color or intensity. The pixels combine to form the image

or video content.

Color and Brightness Control: The pixels on the display work together to create a full

spectrum of colors and adjust brightness, allowing for detailed and vibrant visuals.

TYPES OF DISPLAYS:

LCD (Liquid Crystal Display): Uses liquid crystals that align in response to electric fields,
modulating light from a backlight to create images. Common in TVs, monitors, and

smartphones.

LED (Light Emitting Diode): An improvement on LCD, where LEDs are used for

backlighting, offering better contrast and energy efficiency.

OLED (Organic Light Emitting Diode): Each pixel emits its own light, allowing for true
blacks, thinner screens, and higher contrast ratios. Common in high-end smartphones and
TVs.

CRT (Cathode Ray Tube): Older technology used in older televisions and computer

monitors, where electron beams hit phosphor-coated screens to generate images.

E Ink (Electronic Ink): Used in e-readers, these displays mimic the appearance of ink on
paper and are very power-efficient, making them ideal for reading devices. Common modes

include Single AF (for stationary subjects) and Continuous AF moving subjects). Some cameras also

feature Eye Detection AF for portrait photography.

ISO Sensitivity

ISO Range: ISO determines the sensor’s sensitivity to light. Higher I1SO setting sallow for
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better low-light performance but can introduce noise (graininess).

Noise Reduction: Modern cameras often include noise reduction features that help mitigate
the effects of high ISO settings.

VIEWFINDER & DISPLAY

Optical Viewfinder (OVF): Found in DSLR cameras, it gives a direct optical view of the

Scene.

Electronic Viewfinder (EVF): Found in mirrorless cameras, it provides a digital view ofthe

scene, often with helpful overlays (e.g., histograms, focus peaking).

LCD Screen: A screen on the back of the camera used to frame shots, change settings, and

review photos. Some cameras feature a touch-enabled or articulating screen for flexibility.

Image Stabilization (1S)

Optical Image Stabilization (OIS): A feature in some lenses that reduces camera shake by

adjusting the lens elements.
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CHAPTER S

WORKING MODEL

5.1 BLOCK DIAGRAM
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52 WORKING

Transmitter Side:

The communication process begins with the Data Block in, which represents the information
intended for transmission underwater. This data is then processed by the Mod. Symbol
Mapping block. Here, the raw data bits are converted into complex-valued symbols
according to a chosen modulation scheme (e.g., QPSK, 16-QAM). Each symbol represents

a specific combination of bits.

Following modulation symbol mapping, the symbols undergo Spreading. This technique is
often employed to improve the robustness of the communication against interference and
fading. Spreading involves multiplying each data symbol by a sequence of chips, effectively

increasing the bandwidth of the transmitted signal.

Next, the spread symbols are fed into the Subcarrier Mapper.
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multiple orthogonal subcarriers. The subcarrier mapper assigns the spread symbols to these

individual subcarriers for parallel transmission.

The signals on the multiple subcarriers are then combined in the IFFT (Inverse Fast Fourier
Transform) block. The IFFT transforms the frequency-domain representation of the data on
the subcarriers into a time-domain signal. This results in a complex waveform that contains

the information from all the subcarriers.

To mitigate the effects of multipath propagation in the underwater channel, a Cyclic Prefix
(CP) is added to the beginning of each OFDM symbol. The cyclic prefix is a copy of the end
portion of the OFDM symbol. This acts as a guard interval and helps to eliminate inter-
symbol interference (ISI1) and inter-carrier interference (ICl) by ensuring that delayed

versions of the signal arrive within the CP duration.

Finally, the time-domain signal with the added cyclic prefix is processed by the P/S & DAC
Up- converter. The Parallel-to-Serial (P/S) conversion arranges the parallel data streams into
a single serial stream. The Digital-to-Analog Converter (DAC) then converts this digital
signal into an analog acoustic signal suitable for transmission through the Underwater
Channel. The Up-converter shifts the baseband signal to the desired carrier frequency for

efficient propagation in the water.

UNDERWATER CHANNEL:

The Underwater Channel represents the physical medium through which the acoustic signal
travels. This channel introduces various impairments such as significant signal attenuation
(loss of signal strength with distance), multipath propagation (signals arriving at the receiver
via multiple paths with different delays), Doppler shifts (changes in frequency due to the

relative motion between the transmitter and receiver), and various sources of noise.

RECEIVER SIDE:

Upon arrival at the receiver, the distorted acoustic signal is first processed by the ADC & S/P
Down- converter. The Analog-to-Digital Converter (ADC) converts the received analog
signal back into a digital representation. The Down-converter shifts the received signal from
the carrier frequency back to the baseband. The Serial-to-Parallel (S/P) conversion then

rearranges the serial data stream into parallel streams corresponding to the subcarriers.

The CP Remove block then discards the cyclic prefix that was added at the transmitter. This
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step isolates the useful part of the received OFDM symbol, which ideally contains only the

information from the current symbol and minimizes interference from previous symbols.

The processed time-domain signal is then transformed back into the frequency domain using
the FFT (Fast Fourier Transform) block. The FFT separates the combined signal into its
individual subcarrier components, allowing the receiver to access the data transmitted on

each subcarrier.

The Subcarrier De-mapper then extracts the received symbols from their respective
subcarriers. This is the inverse operation of the subcarrier mapping performed at the

transmitter.

Following subcarrier de-mapping, the symbols undergo despreading. This process reverses
the spreading operation performed at the transmitter by correlating the received spread
symbols with the same spreading sequence used for transmission. This helps to recover the

original data symbols and suppress interference.

Finally, the Detector block takes the despread symbols and performs the inverse of the
modulation symbol mapping. Based on the received symbols and the known modulation
scheme, the detector estimates the original data bits that were transmitted, resulting in the
Data Block out.

FURTHER INSIGHTS INTO MODULATION SYMBOL MAPPING:

The choice of modulation scheme in the Mod. Symbol Mapping block is crucial and depends
on the desired data rate and the expected signal-to-noise ratio (SNR) of the underwater
channel. Higher-order modulation schemes (like 16- QAM or 64-QAM) can transmit more
bits per symbol, leading to higher data rates. However, they are more susceptible to noise
and require a higher SNR for reliable detection. Simpler modulation schemes (like BPSK or
QPSK) are more robust against noise but offer lower data rates. In adaptive systems, the
modulation scheme might be dynamically adjusted based on the estimated channel

conditions.

The Role and Benefits of Spreading: The Spreading technique, often employing Direct-
Sequence Spread Spectrum (DSSS), offers several advantages in the challenging underwater

environment. By spreading the signal over a wider bandwidth than the original data, it
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provides resistance to narrowband interference. Additionally, it improves the system's
resilience to multipath fading by frequency diversity. The receiver can collect the energy
autocorrelation properties to ensure proper despreading and minimize interference between

different users in multiple-access scenarios.

Orthogonality in Subcarrier Mapping and IFFT/FFT: The core principle behind OFDM,
facilitated by the Subcarrier Mapper and the IFFT/FFT blocks, is the division of the
wideband channel into numerous narrowband, orthogonal subcarriers. Orthogonality ensures
that the subcarriers do not interfere with each other, allowing for efficient spectrum
utilization. The IFFT efficiently generates the time-domain OFDM symbol by summing the
modulated subcarriers. At the receiver, the FFT decomposes the received time-domain signal
back into the individual subcarrier signals, allowing for independent demodulation of each
subcarrier. The narrowband nature of each subcarrier makes them less susceptible to

frequency-selective fading, which is a significant issue in underwater channels.

Mitigating Multipath with the Cyclic Prefix: The Cyclic Prefix (CP) is a vital component in
combating inter-symbol interference (ISI) and inter-carrier interference (ICI) caused by
multipath propagation. When a signal travels through multiple paths, delayed versions of the
original signal arrive at the receiver. Without a CP, these delayed versions would interfere
with the subsequent symbols and also disrupt the orthogonality between the subcarriers. By
inserting a guard interval that is a copy of the end of the symbol, the CP ensures that the
linear convolution of the channel impulse response with the transmitted symbol effectively
becomes a cyclic convolution. This allows for equalization in the frequency domain at the
receiver, which is much simpler than time-domain equalization. The length of the CP must
be carefully chosen to be longer than the expected maximum delay spread of the underwater

channel.

The Challenges and Complexity of the Underwater Channel: The Underwater Channel
presents a highly variable and challenging environment for communication. Signal
attenuation increases significantly with frequency and distance, limiting the usable
bandwidth and communication range. Multipath propagation is severe due to reflections

from the surface, bottom, and other obstacles.

Doppler shifts, caused by the relative motion of the transmitter and receiver or water distort
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the signal and disrupt the orthogonality of the subcarriers. Ambient noise from various
sources (e.g., marine life, shipping, wind) further degrades the received signal quality. These
factors necessitate the use of robust modulation and coding techniques, as well as

sophisticated signal processing at the receiver.

Signal Recovery at the Receiver: ADC, CP Removal, and FFT: The ADC & S/P Down-
converter is the first step in recovering the transmitted information. The quality of the ADC
(e.g., its resolution and sampling rate) directly impacts the fidelity of the digitized received
signal. After down- conversion and parallelization, the CP Remove block efficiently discards
the guard interval, focusing on the information-bearing part of the OFDM symbol. The FFT
is then applied to transform the time-domain signal back to the frequency domain, where the

effects of the channel on each subcarrier can be analyzed and compensated for.

Despreading and Detection: Recovering the Original Data: The Subcarrier De-mapper
directs the received symbols from each subcarrier to the Despreading block. The despreading
process uses the same spreading code that was applied at the transmitter to recover the

original data symbols.
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CHAPTERG®G
RESULTS

6.1 Desired Outcomes of the UAC System:

The primary objective of this Underwater Acoustic Communication (UAC) system is to
achieve the successful and dependable delivery of the Data Block in to its intended destination.
This success is measured by the accuracy with which the original information is reconstructed
at the receiver, resulting in the Data Block out being a faithful representation of the transmitted
data. Beyond mere accuracy, the system's performance is also evaluated by the achieved data
rate, which quantifies the speed at which information is effectively conveyed. Furthermore,
the communication range, or the maximum distance over which reliable data exchange can
occur, is a critical indicator of the system's utility. Finally, the reliability of the communication
link, reflecting its consistency and resilience in the face of fluctuating underwater conditions,
is a paramount concern, often quantified by metrics such as the Bit Error Rate (BER) or Packet
Error Rate (PER). An efficient system will also strive to optimize the utilization of the limited

available bandwidth and power resources.

INFLUENCE OF TRANSMITTER COMPONENTS ON RESULTS:

The characteristics of the transmitted signal, shaped by the components on the transmitter side,
significantly influence the final communication outcome. The choice of modulation scheme
in the Mod. Symbol Mapping stage dictates the trade-off between the amount of data encoded
in each transmitted symbol and the symbol's susceptibility to noise. Higher-order modulation
formats can boost the data rate but demand a cleaner channel for reliable decoding. The
Spreading technique enhances the signal's robustness against interference and fading by
distributing its energy over a wider frequency band, although this comes at the cost of
increased bandwidth occupancy. The parameters of the Orthogonal Frequency Division

Multiplexing (OFDM) modulation, managed by the Subcarrier Mapper and implemented
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through the IFFT, play a crucial role in mitigating the effects of multipath propagation and
Doppler shifts. The Cyclic Prefix (CP), added before transmission, acts as a guard interval to
prevent inter-symbol and inter-carrier interference caused by the delayed arrival of signal
replicas. Finally, the P/S & DAC Up-converter prepares the digital signal for transmission
through the underwater medium by converting it to an analog acoustic waveform at the

appropriate carrier frequency.

The Decisive Role of the Underwater Channel:

The Underwater Channel itself imposes the most significant limitations on the performance of
the UAC system. The physical properties of water lead to substantial signal attenuation, where
the acoustic signal weakens rapidly with increasing distance and frequency. Multipath
propagation, caused by reflections from boundaries and obstacles, results in multiple delayed
and distorted versions of the signal arriving at the receiver. Doppler shifts, induced by the
relative motion between the transmitter and receiver or by water currents, can alter the signal's
frequency and disrupt the orthogonality of the OFDM subcarriers. Additionally, various
sources of noise, both natural and man-made, contaminate the transmitted signal. The interplay
of these channel impairments directly determines the signal quality at the receiver and,

consequently, the achievable data rate, range, and reliability.

IMPACT OF RECEIVER PROCESSING ON DATA RECOVERY:

The receiver's ability to accurately extract the transmitted information from the distorted signal
hinges on the effectiveness of its processing stages. The ADC & S/P Down-converter first
digitizes and prepares the received analog signal for digital processing. The CP Remove stage
discards the cyclic prefix, isolating the useful portion of the OFDM symbol. The FFT then
transforms the time-domain signal back into the frequency domain, allowing the receiver to
analyze the signal on each individual subcarrier. The Subcarrier De-mapper extracts the
intended data symbols from their respective frequency bins. The Despreading process reverses

the spreading operation performed at the transmitter, enhancing the signal-to-noise ratio and
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mitigating interference. Finally, the Detector uses the received symbols and knowledge of the
modulation scheme to estimate the original data bits, producing the Data Block out. The
accuracy of this final output is heavily dependent on how well the receiver compensates for
the channel-induced distortions.

IMPLICIT PROCESSES AND OVERALL SYSTEM PERFORMANCE:

While not explicitly depicted as separate blocks, crucial processes like channel estimation and
equalization are implicitly performed at the receiver to understand and counteract the channel's
effects. Accurate channel estimation allows the receiver to adapt its processing and
compensate for attenuation and phase shifts on each subcarrier. Effective equalization
techniques further refine the received symbols, reducing errors before detection. Similarly,
synchronization mechanisms are essential to align the receiver's timing and frequency with the
transmitter's, particularly in the presence of Doppler shifts. Furthermore, the incorporation of
error correction coding (though not shown) at the transmitter and corresponding decoding at
the receiver would significantly enhance the reliability of the communication by enabling the
detection and correction of errors introduced by the channel. In essence, the "results" of this
UAC system are a comprehensive measure of how effectively the entire chain of transmission
and reception, along with the implicit signal processing techniques, can overcome the
formidable challenges of the underwater acoustic environment to achieve accurate, efficient,

and reliable data exchange over the desired range.

The Interdependence of System Blocks: The block diagram illustrates a carefully orchestrated
sequence of signal processing steps, where the output of one block directly feeds into the next.
The choice of modulation in the Mod. Symbol Mapping stage dictates the nature of the
symbols that are then spread and mapped onto subcarriers. The effectiveness of the IFFT in
generating the time-domain OFDM signal is crucial for the subsequent addition of the Cyclic
Prefix, which in turn directly impacts the receiver's ability to mitigate interferences after the

CP Remove stage. Similarly, the accuracy of the FFT at the receiver in decomposing the signal
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back into subcarriers is essential for the correct operation of the Subcarrier De-mapper and the
subsequent Despreading process. Finally, the performance of the Detector in recovering the
original data is contingent upon the quality of the signal it receives after all the preceding
processing stages have attempted to undo the distortions introduced by the channel. This
interconnectedness underscores the importance of a holistic design approach where each

component is carefully chosen and optimized to work in concert with the others.

Trade-offs in System Design: Designing an effective UAC system involves navigating several
inherent trade-offs. For instance, aiming for a higher data rate often necessitates using higher-
order modulation schemes, which are more susceptible to noise and require a higher Signal-
to-Noise Ratio (SNR). To improve robustness against noise and interference, techniques like
spreading can be employed, but this typically expands the bandwidth occupied by the signal.
The length of the Cyclic Prefix is another critical trade-off; a longer CP provides better
protection against multipath delay spread but reduces the effective data rate by increasing the
overhead. Similarly, the complexity of error correction codes can be increased to achieve
greater error resilience, but this comes at the cost of reduced throughput and increased
computational demands. Engineers designing UAC systems must carefully consider the
specific application requirements and the expected channel conditions to strike an optimal

balance between these competing factors.

The Importance of Channel Knowledge: The performance of the UAC system is
fundamentally limited by the characteristics of the underwater acoustic channel. Therefore,
acquiring accurate knowledge about the channel's behavior is paramount. Channel estimation
techniques, whether explicitly implemented or implicitly embedded within the receiver's
algorithms, play a vital role in providing this knowledge. By analyzing received pilot signals
or exploiting statistical properties of the channel, the receiver can estimate parameters such as
the channel's frequency response, the delay spread of multipath components, and the

magnitude of Doppler shifts. This channel knowledge is then used to adapt receiver
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processing, such as equalization and synchronization, to mitigate the detrimental effects of the
channel. In more advanced systems, channel estimates might even be fed back to the
transmitter to enable adaptive transmission strategies, where parameters like modulation,
coding rate, and power allocation are dynamically adjusted to optimize performance based on
the prevailing channel conditions.

Evolution Towards More Sophisticated Techniques: The block diagram, while representing a
foundational OFDM-based UAC system, serves as a basis for more advanced and
sophisticated techniques currently under development and research. Future iterations might
incorporate more advanced channel coding schemes with higher error correction capabilities
and lower decoding complexity. They might also employ more sophisticated equalization
algorithms that can better handle the time-varying and doubly-selective (frequency and time)
nature of the underwater channel. Furthermore, advancements in signal processing algorithms
for Doppler compensation and interference cancellation are continuously being explored to
push the boundaries of achievable data rates and communication ranges. The integration of
artificial intelligence (Al) and machine learning (ML) techniques is also emerging as a
promising avenue for adaptive resource management, channel prediction, and anomaly

detection in underwater acoustic networks.

Contextual Relevance and Applications: The ability to communicate reliably underwater is
crucial for a wide range of applications. Underwater exploration relies on acoustic
communication for controlling autonomous underwater vehicles (AUVS) and transmitting
sensor data back to surface vessels. Environmental monitoring efforts utilize acoustic modems
to collect data from underwater sensors deployed to track water quality, marine life, and
climate-related parameters. Naval operations depend heavily on secure and robust underwater
communication for tactical coordination and submarine communications. The continued
development and refinement of UAC systems, as represented by the principles in this block

diagram and the ongoing advancements in the field, are essential for enabling and enhancing
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these critical marine activities. The specific requirements and challenges of each application
domain often drive the design choices and the emphasis on particular aspects of the

communication system, such as range versus data rate, or robustness versus energy efficiency.

The single-link communication system depicted in the block diagram can be extended to form
more complex underwater acoustic networks. These networks can enable collaborative tasks
among multiple underwater nodes, such as distributed sensing, environmental monitoring over
large areas, and coordinated robotic missions. However, designing efficient and reliable
underwater networks introduces additional challenges. Medium Access Control (MAC)
protocols are needed to coordinate the transmission of multiple nodes sharing the same
acoustic channel, minimizing collisions and maximizing network throughput. Routing
protocols are required to establish communication paths between nodes that are not within

direct communication range.

The long propagation delays and the dynamic nature of the underwater channel make
designing efficient MAC and routing protocols significantly more complex than in terrestrial
radio networks. Issues such as network topology control, addressing and naming, and network

management also need to be addressed for practical underwater network deployments.

Power Efficiency Considerations: For many underwater applications, particularly those
involving autonomous and long-duration deployments, power efficiency is a critical design
constraint. Transmitting acoustic signals underwater can be energy-intensive, and underwater
devices often have limited battery capacity. Therefore, UAC systems must be designed to

minimize power consumption at both the transmitter and the receiver.
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CHAPTER 7
ADVANTAGE AND DISADVANTAGE

7.1 ADVANTAGE

One of the primary benefits of employing Multicarrier Modulation (MCM), particularly as
implied by the presence of IFFT and FFT blocks suggesting Orthogonal Frequency Division
Multiplexing (OFDM), is its inherent ability to mitigate frequency-selective fading. The
underwater acoustic channel is notorious for causing significant variations in signal strength
across different frequencies due to multipath propagation and absorption. By dividing the
available bandwidth into numerous narrowband sub-channels, each sub-channel experiences
a relatively flat frequency response. This simplification makes the task of equalization at the
receiver considerably easier compared to single- carrier systems that must contend with

complex frequency-dependent distortions.

Furthermore, the system exhibits robustness to multipath propagation due to the inclusion of a
Cyclic Prefix (CP). The CP, which is a copy of the end portion of the OFDM symbol
prepended to the beginning, acts as a guard interval. If the time delay differences of the various
multipath components arriving at the receiver are within the duration of the CP, it effectively
prevents inter-symbol interference (I1SI) from previous symbols and inter-carrier interference
(ICI) between the orthogonal subcarriers. This capability is crucial in underwater environments

where reflections from the surface, bottom, and other obstacles lead to significant multipath.

MCM techniques like OFDM also offer efficient spectrum utilization. The subcarriers in
OFDM are designed to be orthogonal, allowing them to overlap in the frequency domain without
causing mutual interference. This spectral efficiency can lead to the potential for achieving
higher data rates within a given bandwidth compared to traditional frequency division
multiplexing (FDM) schemes that require guard bands between adjacent frequency channels.
The architecture of MCM systems provides flexibility and adaptability to the dynamic nature
of the underwater channel. The system can be designed to selectively disable or allocate
resources (such aspower and modulation order) to individual subcarriers based on their

channel conditions. While not explicitly shown as a separate control loop, the presence of

59



"Mod. Symbol Mapping" and "Detector" suggests the potential for adaptive modulation and
coding strategies that can be employed on a per- subcarrier basis to optimize overall

performance in response to changing channel characteristics.

The inclusion of a Spreading block before the subcarrier mapping stage offers the potential
for interference rejection. By spreading the data symbols across a wider bandwidth using a
specific spreading code, the system can gain processing gain at the receiver during the
Despreading process. This can help to suppress narrowband interference and improve the

system’'s resilience to unwanted signals present in the underwater environment.

Finally, the use of OFDM simplifies the equalization process at the receiver. After the received
signal is transformed back to the frequency domain using the FFT, equalization can be
performed independently on each subcarrier. This frequency-domain equalization is
generally less computationally complex than the time-domain equalization techniques often

required in single- carrier systems to combat the effects of frequency-selective fading.

DISADVANTAGES OF THE MCM-BASED UAC SYSTEM:

Despite its advantages, the MCM-based UAC system also presents several drawbacks. One
significant challenge is the high Peak-to-Average Power Ratio (PAPR) inherent in OFDM
signals. The summation of multiple independently modulated subcarriers can result in
occasional high peak amplitudes. If the power amplifiers at the transmitter are not operated
with sufficient back-off to accommodate these peaks, non-linear distortion can occur,
leading to signal degradation and increased out-of-band emissions. This requirement for
linear power amplification can reduce the overall power efficiency of the transmitter, which

is a critical concern for battery-powered underwater devices.

MCM systems, particularly OFDM, are also sensitive to Doppler shifts. The relative motion
between the transmitter and receiver, as well as water currents, can introduce frequency shifts
in the received signal. These Doppler shifts can disrupt the orthogonality between the
subcarriers, leading to inter- carrier interference (ICI) and a degradation in system performance.
Effective Doppler estimation and compensation techniques are necessary to mitigate these

effects, adding complexity to the receiver
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The implementation of an MCM-based system like the one depicted involves a higher
degree of system complexity compared to simpler single-carrier modulation schemes. The
transmitter requires blocks for spreading, subcarrier mapping, IFFT computation, and CP
addition, while the receiver necessitates CP removal, FFT computation, subcarrier de-
mapping, and despreading. This increased complexity can translate to higher hardware costs,

greater power consumption, and more intricate design and implementation processes.

Furthermore, MCM systems have stringent synchronization requirements. Accurate time
and frequency synchronization between the transmitter and receiver are essential for
maintaining the orthogonality of the subcarriers and for correct demodulation of the received
signal. In the challenging underwater environment, where propagation delays are long and
variable, and Doppler shifts are present, achieving and maintaining precise synchronization

can be difficult and requires sophisticated synchronization algorithms.

The addition of the Cyclic Prefix, while beneficial for mitigating IS1 and ICl, also introduces
a bandwidth overhead. The CP does not carry any new information and reduces the effective
datarate. The length of the CP must be chosen to be longer than the expected maximum delay
spread of the channel, and a longer CP, while providing better protection against multipath,

further reduces the spectral efficiency of the transmission.

7.2 DISADVANTAGES:

High Peak-to-Average Power Ratio (PAPR): A significant drawback of multicarrier
modulation techniques like OFDM, which is strongly suggested by the presence of IFFT and
FFT blocks in the diagram, is the inherent high Peak-to-Average Power Ratio (PAPR) of the
transmitted signal. This characteristic arises from the summation of multiple independently
modulated subcarriers, which can occasionally result in very high instantaneous power peaks
compared to the average power level. Dealing with a high PAPR necessitates the use of power
amplifiers with a large linear operating range. If the amplifier is driven into its non-linear
region, it can lead to signal distortion, spectral spreading, and consequently, a degradation in
the overall system performance. Furthermore, operating power amplifiers with a substantial
back-off to maintain linearity reduces their power efficiency, which is a particularly critical
concern for underwater devices that typically rely on limited battery power for extended

deployments.
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Sensitivity to Doppler Shifts: The underwater acoustic channel is prone to significant
Doppler shifts, caused by the relative motion between the transmitting and receiving
platforms or by the movement of the water itself. Multicarrier modulation systems,
especially OFDM, are inherently sensitive to these frequency shifts. Doppler shifts can
disrupt the carefully engineered orthogonality between the subcarriers, leading to inter-
carrier interference (ICI). This interference effectively causes signal energy from one
subcarrier to leak into adjacent subcarriers, corrupting the received data and increasing the
bit error rate. To counteract this, sophisticated Doppler estimation and compensation
techniques must be implemented at the receiver, adding complexity to the signal processing
chain. If Doppler effects are not adequately addressed, they can severely limit the
performance and reliability of the UAC link.

Increased System Complexity: The implementation of an MCM-based UAC system, as
outlined in the block diagram, involves a considerably higher level of complexity compared
to traditional single-carrier modulation schemes. At the transmitter, the signal undergoes
modulation symbol mapping, spreading, subcarrier mapping, an Inverse Fast Fourier
Transform (IFFT), and the addition of a cyclic prefix. At the receiver, the process is reversed
with cyclic prefix removal, a Fast Fourier Transform (FFT), subcarrier de-mapping, and
despreading, followed by detection. Each of these blocks represents a set of signal processing
operations that require computational resources and careful design. This increased
complexity can translate to higher hardware costs, greater power consumption for
processing, and more intricate software or firmware development, which can be a significant

consideration for resource-constrained underwater deployments

Synchronization Requirements: For MCM systems to function effectively, precise
synchronization between the transmitter and the receiver in both time and frequency is
absolutely essential. The orthogonality of the subcarriers, which is the foundation of OFDM's
spectral efficiency, is highly dependent on accurate frequency alignment. Doppler shifts, as
mentioned earlier, can introduce frequency offsets that disrupt this orthogonality. Similarly,
timing errors can lead to inter-symbol interference. Achieving and maintaining this level of
synchronization in the challenging underwater environment, characterized by long and
variable propagation delays and the presence of Doppler shifts, requires the implementation

of robust and often complex synchronization algorithms at the receiver. Failure to maintain
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adequate synchronization can severely degrade the system's ability to correctly demodulate
the received signal.

Bandwidth Overhead of Cyclic Prefix: The cyclic prefix (CP) is a crucial component in
OFDM systems for mitigating the detrimental effects of multipath propagation, a common
phenomenon in underwater acoustic channels. However, the addition of the CP introduces a
bandwidth overhead. The CP consists of a copy of the end portion of the OFDM symbol
appended to its beginning. Since this added segment carries redundant information and does
not contribute to the data rate, it effectively reduces the spectral efficiency of the

transmission.

The length of the CP must be carefully chosen to be longer than the expected maximum
delay spread of the channel to provide adequate protection against inter-symbol interference.
However, a longer CP proportionally increases the overhead, leading to a lower overall data
throughput for a given bandwidth. This trade-off between robustness to multipath and

spectral efficiency is a key consideration in the design of MCM-based UAC systems.

Potential for Increased Delay: The fundamental nature of block-based processing in OFDM
can introduce a certain level of latency into the communication link. At the transmitter, a
complete OFDM symbol needs to be constructed (involving the IFFT operation) before it can
be transmitted. Similarly, at the receiver, a complete OFDM symbol (after the removal of the
cyclic prefix) must be received before the FFT can be performed and the data on the

individual subcarriers can be extracted. This inherent delay.

which is related to the symbol duration and the processing time, might be a concern for
certain real-time underwater applications that require very low-latency data exchange, such
as remote control of vehicles or real-time video streaming. While the delay in a well-designed
system might be acceptable for many applications, it is a factor that needs to be considered

in the overall system design and performance evaluation.

7.3 APPLICATIONS:
UNDERWATER EXPLORATION AND SURVEY:

This involves using UAC to communicate with and control underwater vehicles (AUVs,
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ROVs) during missions to explore the seabed, map underwater terrains, locate resources,
and inspect submerged structures like pipelines, shipwrecks, and cables. Data such as sensor

readings, images, and video are transmitted back to operators.

Environmental Monitoring:

UAC enables the deployment and operation of underwater sensor networks that collect data
on various aquatic environmental parameters. This includes monitoring water quality
(temperature, salinity, pollutants), currents, marine life sounds, and seismic activity. The
collected data is transmitted acoustically to surface stations for analysis and long-term

environmental studies.

Naval and Defense Operations:

Reliable underwater communication is critical for naval forces. UAC systems facilitate
communication between submarines, surface vessels, and underwater sensor arrays for

tactical coordination, secure data exchange, underwater surveillance, counter measures.

Offshore Oil and Gas Industry:

The offshore energy sector utilizes UAC for communication with and control of subsea
infrastructure associated with oil and gas extraction. This includes monitoring and operating
wellheads, pipelines, and production platforms, as well as supporting the deployment and

operation of underwater inspection and maintenance robots.

Disaster Prevention and Early Warning:

UAC plays a role in systems designed to detect and warn against underwater natural
disasters. Acoustic sensor networks can monitor for events like tsunamis or underwater

landslides and transmit alerts to coastal areas, providing crucial early warning.

Aquaculture and Fisheries Management:

In modern fish farming, UAC can be used to monitor environmental conditions within
aquaculture pens, track the behavior and health of fish stocks, and potentially automate tasks
like feeding. It also aids in fisheries research by enabling the tracking of fish populations &

migration patterns.
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CHAPTERS8

CONCLUTION

MCM (Likely OFDM) is a Powerful Technique for UAC: The system leverages the strengths
of MCM, particularly its ability to divide the wideband underwater channel into narrowband
sub- channels, effectively mitigating the challenges posed by frequency-selective fading and
multipath propagation. The use of IFFT and FFT strongly suggests the implementation of
OFDM, a widely adopted MCM technique for its spectral efficiency and robustness.

Addressing Key Underwater Channel Impairments: The inclusion of specific blocks directly
targets the major limitations of underwater acoustic communication. The Cyclic Prefix is
crucial for combating inter-symbol and inter-carrier interference caused by multipath.
Spreading enhances the system's resilience to narrowband interference and can provide

coding gain.

Trade-offs are Inherent in UAC System Design: Designing an effective UAC system
involves balancing various trade-offs. For example, the length of the cyclic prefix affects
both multipath mitigation and data rate. The choice of modulation scheme impacts data rate

and robustness to noise. Spreading improves reliability but increases bandwidth usage.

Complexity is a Factor: The sophistication of MCM techniques and the need to address
complex channel impairments lead to increased system complexity in terms of signal
processing requirements at both the transmitter and the receiver. This has implications for

power consumption and hardware resources

Synchronization and Channel Estimation are Critical (Though Implicit): While not explicitly
separate blocks, accurate synchronization (time and frequency) and effective channel
estimation are fundamental for the successful operation of this system, particularly in the

presence of Doppler shifts and the dynamic nature of the underwater channel.
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FUTURE SCOPE

ENHANCED ADAPTIVE TECHNIQUES:

Future systems will likely incorporate more sophisticated adaptive algorithms that can
dynamically adjust a wider range of transmission parameters (modulation, coding rate,
power allocation, subcarrier assignment, spreading factor) in real-time based on more
accurate and faster channel estimation. This will lead to more efficient utilization of
bandwidth and power, improving both data rates and communication range under varying

underwater conditions.

ADVANCED CHANNEL ESTIMATION AND EQUALIZATION:

Research will continue to focus on developing more robust and computationally efficient
channel estimation techniques that can handle the rapid time variations and strong multipath
effects prevalent in underwater channels. Correspondingly, more advanced equalization
algorithms, potentially leveraging machine learning, will be explored to better mitigate

channel distortions and improve signal quality.

IMPROVED SYNCHRONIZATION METHODS:

Addressing the challenges posed by Doppler shifts will be crucial. Future research will likely
yield more accurate and adaptive synchronization techniques that can effectively
compensate for significant and time-varying Doppler effects, ensuring the orthogonality of

subcarriers in OFDM and reliable demodulation.

ENERGY-EFFICIENT COMMUNICATION PROTOCOLS:

Given the limited battery life of many underwater devices, future efforts will focus on
developing more energy-efficient communication protocols and signal processing
algorithms. This includes exploring low-power modulation and coding schemes, optimizing
transmission power control, and implementing wake-up mechanisms to conserve energy

during idle periods.

INTEGRATION OF ARTIFICIAL INTELLIGENCE (Al) MACHINE LEARNING
(ML):

Al and ML techniques hold significant promise for UAC. They can be applied to tasks such
as channel prediction, adaptive parameter control, noise cancellation, anomaly detection in

sensor networks, and even intelligent routing in underwater acoustic networks.
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APPENDIX

Appendix-1: Gather Components for Multicarrier Underwater Acoustic Communication Project
Before beginning the project, ensure you have all necessary components:
« Underwater Acoustic Modem — Transmits and receives underwater acoustic signals.

Transducer Array — Converts electrical signals into sound waves and vice versa.

Microcontroller (e.g., ESP32 or Arduino) — Controls communication protocols and signal

processing.
Signal Processing Unit — Processes signals, filters noise, and adapts modulation schemes.

Power Supply — Ensures stable energy for communication equipment.

Acoustic Channel Simulator — Simulates various underwater acoustic channels for testing.

Data Logger — Records data for analysis of signal performance.

Aquatic Vehicle or Platform — Hosts the communication system and moves through the
water.

Waterproof Housing — Protects electronics from water damage.

Appendix-2: Circuit Design and Wiring for Multicarrier Underwater Acoustic Communication
e Underwater Acoustic Modem - Modulates and demodulates acoustic signals for
communication.

Microcontroller (e.g., ESP32 or Arduino) — Manages communication and signal

processing.

Signal Processing Unit — Filters, enhances, and processes incoming and outgoing signals

for clarity.

Power Supply — Powers the communication system, ensuring stable operation.

Wiring — Ensures proper connection between the microcontroller, acoustic modem, and

signal processing unit.

Communication Interface — Provides communication between the underwater system and

surface equipment.
Appendix-3: Modulation Schemes and Algorithms
e OFDM (Orthogonal Frequency Division Multiplexing) — The main modulation scheme
for multicarrier communication in underwater acoustic systems.
o Adaptive Modulation Techniques — Adjusts the modulation scheme based on the
underwater channel’s dynamic conditions (e.g., noise, multipath).
o Doppler Shift Compensation Algorithm — Corrects frequency shifts caused by the relative

motion of the transmitter and receiver in the water.
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Appendix-4: Testing the System
e Channel Simulation — Conduct tests in simulated underwater environments to evaluate
system performance.
» Real-World Testing — Deploy the system in actual underwater conditions to assess signal
integrity, range, and data transmission rates.
e Performance Metrics — Measure throughput, signal-to-noise ratio (SNR), bit error rate
(BER), and system latency.
Appendix-5: Final Testing and Optimization
e System Tuning — Adjust system parameters like modulation schemes and signal processing
techniques for optimal performance.
o Environmental Adaptation — Fine-tune the system for various underwater conditions (e.g.,
depth, temperature, salinity).
« Power Efficiency — Ensure the system operates with minimal energy consumption while
maintaining communication quality.
Appendix-6: Mobile App Integration and Monitoring
« Data Display — Integrate real-time data on signal strength, quality, and other system metrics
for remote monitoring.
« Signal Quality Feedback — Provide real-time feedback on the underwater communication
system's performance.
o Mobile Interface — Develop a user-friendly interface for monitoring and controlling the
system remotely.
Appendix-7: Monitoring and Maintenance
e Regular Testing — Continuously monitor system performance for anomalies and
degradation in signal quality.
« Maintenance Schedule — Establish a routine for maintenance to ensure long-term reliability
and performance of the system.
e Firmware Updates — Regularly update system firmware to implement new features,

optimizations, and bug fixes.
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