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Abstract: In the past decades, researchers/scientists have paid attention to the physical layer of
underwater communications (UWCs) due to a variety of scientific, military, and civil tasks completed
beneath water. This includes numerous activities critical for communication, such as survey and
monitoring of oceans, rescue, and response to disasters under the sea. Till the end of the last decade,
many review articles addressing the history and survey of UWC have been published which were
mostly focused on underwater sensor networks (UWSN), routing protocols, and underwater optical
communication (UWOC). This paper provides an overview of underwater acoustic (UWA) physical
layer techniques including cyclic prefix orthogonal frequency division multiplexing (CP-OFDM),
zero padding orthogonal frequency division multiplexing (ZP-OFDM), time-domain synchronization
orthogonal frequency division multiplexing (TDS-OFDM), multiple input multiple output orthogo-
nal frequency division multiplexing (MIMO-OFDM), generalized frequency division multiplexing
(GFDM), unfiltered orthogonal frequency division multiplexing (UF-OFDM), continuous phase mod-
ulation orthogonal frequency division multiplexing (CPM-OFDM), filter bank multicarrier (FBMC)
modulation, MIMO, spatial modulation technologies (SMTs), and orthogonal frequency division
multiplexing index modulation (OFDM-IM). Additionally, this paper provides a comprehensive
review of UWA channel modeling problems and challenges, such as transmission loss, propagation
delay, signal-to-noise ratio (SNR) and distance, multipath effect, ambient noise effect, delay spread,
Doppler effect modeling, Doppler shift estimation. Further, modern technologies of the physical layer
of UWC have been discussed. This study also discusses the different modulation technology in terms
of spectral efficiency, computational complexity, date rate, bit error rate (BER), and energy efficiency
along with their merits and demerits.

Keywords: underwater acoustic communication; underwater channel; OFDM; FBMC; spatial modulation

1. Introduction

Effective underwater and underground wireless communication are the most chal-
lenging communication. Underground wireless communication refers to the transmission
of information employing radio waves or other wireless technologies in an environment
where physical barriers, such as soil, rock, and concrete, restrict the propagation of sig-
nals; this has recently become an extremely active and a new targeted area for researchers.
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This kind of communication is frequently employed in underground mines, tunnels, and
other underwater constructions. For underwater communications, the propagation me-
dia, be the sea or ocean water, is critical for various military and civilian applications
including submarine communication, exploration of natural resources in the underwater
environment, target localization, ocean sensor networks, and the internet of underwater
things (IoUTs) [1–3]. In this paper, we will focus on the physical layer techniques and the
challenges in underwater communication techniques.

The deep-sea environment topographies, such as frequency-selective fading, double-
side-spreading, significant delay, Doppler spreads, Doppler shift, and limited bandwidth
influence the performance of underwater acoustic (UWA) channels [4]. Conversely, the
most effective underwater communication (UWC) in the oceans is crucial to many kinds of
civil, military, and scientific missions, such as undersea rescue and disaster response, ocean
monitoring, and exploration. The understanding of the oceans and human knowledge
depends on the capability to gather information from distinct places under water. Methods
for designing underwater wireless information transmission have been an active research
topic for more than a decade. The absorption of the electromagnetic waves in the under-
water channel limit their broadcast over extremely small distances. In contrast, acoustic
waves can travel over long distances in water due to their excellent sound-conducting
properties. Sound waves can propagate through the water with minimal attenuation or
loss of signal strength. The frequency range of acoustic waves is well-suited to UWC, as
low-frequency sound waves can penetrate the water column and travel long distances
with minimal attenuation. This is in contrast with higher-frequency electromagnetic waves,
which are rapidly absorbed and scattered by the water.

Underwater acoustic communication (UWAC) has attracted huge attention in the last
two decades due to its vast applicability in different domains. The supported domains
include the exploration of natural calamities including tsunamis and cyclones, changes
in climate, monitoring of flora and fauna, offshore exploration, seawater heterogeneous
characteristics, oil production facilities, monitoring of marine life and pollution, develop-
ment of aquaculture, mapping the seabed, etc. Furthermore, it is also applied in numerous
military applications communicating deep in the sea including submarines in underwater
wireless sensor networks (UWWSN), harbor defense systems, and unmanned underwater
vehicles (UUVs) [5].

The speed of sound in water is about four times greater than the speed of sound in air,
but the propagation speed of electromagnetic waves used in terrestrial radio channels is
much faster than the speed of sound in either medium. The UWCs have no resemblance
with terrestrial communication. The propagation speed of acoustic waves in water is
influenced by various factors that vary across different ocean environments. These elements,
such as temperature, salinity, pressure, and ambient noise levels, can significantly affect
the performance and reliability of UWAC systems. Several sorts of noises, including site-
specific and ambient noises, affect the UWA signal propagation. The ambient noise occurs
from the background noise of the deep stable quiet sea. The site-specific noise is present
when ice cracks in the Polar Regions and the shrimp snap in warm waters. Breaking
waves, wind, rain, distant shipping, and turbulence are the primary causes of ambient
noise [6]. The addition of images and videos of high-quality and autonomous usage in
underwater networks has induced a constant increase in the demand for a high data rate
in the UWAC. Increasing the bandwidth cannot directly improve the data rate due to
the frequency-selective nature of the UWA channel. However, the frequency range of a
few Hz to 1 MHz can be used for UWAC. The long distance under water restricts the
higher frequencies to travel because these frequencies fade and are absorbed rapidly [7].
Propagation of sound waves in seawater at frequencies below 10 Hz typically requires deep
penetration into the seabed. Conversely, frequencies above 1 MHz are rarely employed as
they are rapidly absorbed by the water. The range of frequencies mentioned above mostly
depend on the size of transducers and country restrictions.
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In the UWAC, a relatively higher data rate can be attained using efficient modulation
techniques and effective modeling of the channel [7]. Some of the acoustic waves’ properties
bounce from the bottom and top surfaces of water. Therefore, the sound signals develop
possible multiple paths to form their specific path to the receiver. Inter symbol interference
(ISI) occurs in receiving symbols at the receiver’s end due to the multipath that requires
extensive attention in the receiver. The multipath configuration can be predicted using a
propagation model which requires whole system modeling of the UWAC.

The level of noise can prevent the data from being carried and mask part of the
signal. There is an assumption that the Gaussian distribution has a direct relation with the
ocean ambient noise according to most underwater signal processors. This assumption is
mathematically addressed using the central limit theorem [8,9]. The basic purpose of using
Gaussian processes is that it exploits the second-order statistics that explain the attributes
of a Gaussian signal. The reasons behind the impulsive nature of the ambient noise in the
shallow water are interference, heavy rain, rainstorms, strong wind, and marine life noise
which are explained by the heavy tail.

Communication system engineers/designers face numerous challenges while design-
ing a UWA channel. In addition, communication via UWA channels poses significant
challenges [10–12]. The combined sensors and vehicular technology, wireless UWCs have
become a potent communication technology in recent applications. This includes a collec-
tion of oceanographic data to monitor the environment, marine archaeology, and explo-
ration and saving assignments. Effective submarine missions require advanced UWAC
technologies capable of transmitting high-speed data, including video and pictures. With
recent advancements in UWAC, there is a need for further development and implementa-
tion of such technologies to enhance communication capabilities for submarines operating
in challenging environments. The physical properties of the UWA channel pose significant
challenges to data transmission, resulting in limited data rates. As a result, current acoustic
communication approaches are only capable of delivering data at restricted rates [13].

Substantial challenges occurred with the time and spatially varying oceans envi-
ronment for designing a successful system for UWWC. In the UWC, the signals from
electromagnetic waves, due to their significant ocean as well as seawater absorption, are
not considered a practiced solution. Similarly, the optical signals experience the scatter-
ing defect due to an excessive amount of ambient light, and suspended particles in the
upper and lower column of seawater, respectively. Therefore, acoustic waves have been
considered one of the most essential technologies for UWWC [14].

The Ray and normal modes theory delivers the basis for propagation modeling in
multiple paths [15]. Random fluctuation is added to each propagation path from the
moving sea surface that generates Doppler spread, resulting in the impulse response
of the channel in a variable time domain. For simplicity, a calm sea surface has been
chosen to acquire a stable channel impulse response (CIR). To design the UWA-based
transmission system, many issues need careful and thorough investigation. A few of the
encountered problems include [16]: (1) limitation in the distance of propagation for sound
waves due to attenuation from the absorption of the UWA waves; (2) reduction in the speed
of propagation of sound waves, i.e., approximately 1500 m/s; (3) interference and echoes
generated due to multipath reflection from the top and bottom of the sea surface; (4) the
transmitter and receiver motion inducing heterogeneous characteristics to the underwater
transmitted signal as well as the Doppler’s effect; (5) the ocean noises. Moreover, the
impulsive noise adversely affects the noise due to the presence of Gaussian noise and the
performance of the signal processors degrades [17–19].

The underwater channel properties are extremely variable and can be changed in
both time and space. Fluctuations induced due to the environment include seasonal
changes, the movement of the targets and the acoustic systems, internal waves, tides,
currents, seabed relief, geographical salinity, temperature differences, etc. The above-
mentioned characteristics make the UWA signal fluctuate randomly. As a result, both the
error correction techniques and the selection of modulation technologies become more
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challenging. Multicarrier modulation in the UWA channel is used to alleviate the limitations
of the bandwidth. The delays in a long-time UWA channel are overcome using this
alternative approach. It decreases the ISI by increasing the symbol interval [20].

This paper delivers a summary of the important theoretical and practical advances
in the UWAC field. Moreover, the modeling of underwater channels for the consequent
duration is also discussed. Awareness is also provided into some of the open research
challenges faced by researchers in this field to empower the subsequent generation of
UWCs. An extensive review of all UWCs research is avoided by concentrating only on the
technologies of acoustic modulation and modeling of the UWA channel. This paper reviews
numerous characteristics of UWAC. Figure 1 depicts the outline of UWA physical layer
technologies, channel problems, and challenges. For simplicity and ease for the reader, the
abbreviations list is mentioned in Table 1.

Figure 1. Outline of UWA physical layer technologies, channel problems, and challenges.

Table 1. List of Abbreviations.

Abbreviations Full Forms

AI Artificial Intelligence
BER Bit Error Rate
BPF Bandpass Filter
CFO Carrier Frequency Offset
CIR Channel Impulse Response

CP-OFDM Cyclic Prefix Orthogonal Frequency Division Multiplexing
CSI Channel State Information

CPM Continuous Phase Modulation
DFE Decision Feedback Equalizer
DFT Discrete Fourier Transform
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Table 1. Cont.

Abbreviations Full Forms

DL-CIM-SS Deep Learning Code Index Modulation Spread Spectrum
DPN Dual Pseudorandom Noise
DPSK Differential Phase Shift Keying
DSSS Direct Sequence Spread Spectrum

DTMB Digital Terrestrial Multimedia Broadcast
DTTB Digital Television Terrestrial Broadcasting

EFGSM Enhanced Fully Generalized Spatial Modulation
EW-RLS Exponentially Weighted Recursive Least Square
FBMC Filter bank Multicarrier
FDM Frequency Division Multiplexing
FFT Fast Fourier Transform

FGSM Fully Generalized Spatial Modulation
FHSS Frequency Hopping Spread Spectrum
FMT Filtered Multi-tone Modulation
FSK Frequency-Shift Keying

GFDM Generalized Frequency Division Multiplexing
GQSM Generalized Quadrature Spatial Modulation
GQSSK Generalized Quadrature Space Shift Keying

GSM Generalized Spatial Modulation
GSSK Generalized Space Shift Keying
HFM Hyperbolic Frequency Modulation

IBI Inter Block Interference
ICI Inter Carrier Interference

IFFT Inverse Fast Fourier Transform

IM-OFDM-SS Index Modulation with Orthogonal Frequency Division
Multiplexing Spread Spectrum

IoUT Internet of Underwater Thing
ISI Inter Symbol Interference

KSP Known Symbol Padding
LFM Linear Frequency Modulation
LPF Low Pass Filter
MI Magnetic Induction

MIMO Multiple Input Multiple Output
ML Maximum Likelihood

MRC Maximal Ratio Combining
OFDM Orthogonal Frequency Division Multiplexing

OFDM-IM Orthogonal Frequency Division Multiplexing Index Modulation
PAPR Peak to Average Power Ratio
P-CSI Perfect Channel State Information
PLL Phase Locked Loop
PSD Power Spectral Density
PSK Phase Shift Keying

QAM Quadrature Amplitude Modulation
QPSK Quadrature Phase Shift Keying
QSM Quadrature Spatial Modulation
QSSK Quadrature Space Shift Keying
RAP Reliable Acoustic Path
RF Radio Frequency

RLS Recursive Least Square
SM Spatial Modulation

SMT Spatial Modulation Technology
SNR Signal-to-Noise Ratio
SS Spread Spectrum

SSK Space Shift Keying

TDS-OFDM Time-Domain Synchronization Orthogonal Frequency
Division Multiplexing

TRM Time Reversal Mirroring
TS Time Sequences

UF-OFDM Unfiltered Orthogonal Frequency Division Multiplexing
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Table 1. Cont.

Abbreviations Full Forms

UUV Unmanned Underwater Vehicles
UWAC Underwater Acoustic Communication
UWC Underwater Communication

UWOC Underwater Optical Communication
UW-OFDM Unique Word OFDM

UWSN Underwater Sensor Network
UWWSN Underwater Wireless Sensor Network
UWWC Underwater Wireless Communication

ZP-OFDM Zero Padding Orthogonal Frequency Division Multiplexing

There are many survey papers addressing UWC, such as in [21–24], but unfortunately,
these papers address the UWWSN, without focusing on the UWA physical layer tech-
nologies and underwater channel problems. Other survey papers focus on the routing
protocols in UWWSNs [23,25]. There are other survey papers addressing UWC which
focuses on optical communications in ocean environments [26–29]. A short literature
review has been mentioned in Table 2. According to the authors’ knowledge, there is
a shortage of survey papers focusing on UWAC for physical layer techniques, channel
problems, challenges, and modern research areas. The available literature does not provide
holistic coverage of the topic related to UWAC physical layer technologies and channel
challenges. Additionally, the available literature focuses on the multicarrier modulation in
UWAC, such as [30], which proposes and analyzes the use of multicarrier communication
techniques, specifically orthogonal frequency division multiplexing (OFDM) and filter
bank multicarrier (FBMC), for UWAC. This article discusses the characteristics of the UWA
channel, such as multipath propagation, Doppler shift, and ambient noise, and explains
that multicarrier communication can be used to mitigate these effects and improve the
performance of UWC systems. There is a need for a comprehensive article on multicarrier
modulation in UWAC to provide the literature for the researchers on UWA multicarrier
modulation technologies, such as spatial modulation technologies (SMTs), orthogonal
frequency division multiplexing index modulation (OFDM-IM), multiple input multiple
output orthogonal frequency division multiplexing (MIMO-OFDM), generalized frequency
division multiplexing (GFDM), unfiltered orthogonal frequency division multiplexing
(UF-OFDM), continuous phase modulation orthogonal frequency division multiplexing
(CPM-OFDM) and other similar modulation techniques.

Table 2. Strengths and weaknesses of previous works.

Author(s) Technique Strength Weakness

E. Felemban et al. [21] UWSN Reviewed UWSN applications
and classification

All papers provide either a
survey or comprehensive

report on underwater sensor
networks, routing protocols,

and underwater optical
communication. There is a

huge gap to provide a
detailed survey on

multicarrier modulation
technologies, channel

problems, and current and
future trends for underwater

acoustic communication.

S. M. Ghoreyshi et al. [22] UWSN Focus on void communication and
handling techniques in UWSNs

M. Jouhari et al. [23] UWSN
Acoustic Communication for long-range

and Magneto-inductive focusing the
real-time communication

K. M. Awan et al. [24] UWSN Focus on Underwater Wireless Sensor
Networks issues and challenges

J. Luo et al. [25] UWSN Performance of different underwater
routing protocols for UWSNs

Z. Zeng et al. [26] UWOC

Underwater wireless optical
communication channel

characterization, modulation, and
coding technique with

practical implementation
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Table 2. Cont.

Author(s) Technique Strength Weakness

H. Kaushal, G. Kaddoum [27] UOWC

Underwater optical wireless
communication recent advances and
discuss the channel characterization,

modulation schemes, coding techniques

S. Zhu et al. [28] UWOC

Focus on underwater wireless optical
communication concerning system

transmitters and receivers, advanced
modulation formats, and

underwater channel.

N. Saeed et al. [29] UOWN

Provide a survey on the challenges,
advances, and prospects of underwater
optical wireless networks in Physical,

Data link, Network, Transport,
Application, Localization, and their

impact on them

The layout of the paper is as follows. Section 2 contains UWAC physical layer tech-
niques including OFDM, FBMC, MIMO, SMTs, and OFDM-IM. The modeling of UWA
channel problems and challenges has been explained in Section 3. The UWA modern
technologies have been presented in Section 4. Research trends and their importance have
been discussed in Section 5. Finally, the conclusion of the paper is in Section 6.

2. UWAC Physical Layer Techniques

The frequency portion of the communication signals is substantially restricted inside
its real frequency zone since the UWAC is primarily linear. On the contrary, there might
be a great variation in the amplitude and phase of the complex signal. As a result of this
discovery, frequency-shift keying (FSK) has been selected as the noncoherent technique
for primary systems of the UWAC [31]. The incoherent communication systems mostly
produce comparatively lower data rates. However, it was thought in the 1980s that it would
not be possible to have coherent communication in the UWA channels. In the 1990s, the
development of numerous coherent systems was observed. In the last two decades, the
phase-coherent UWAC systems had progressed considerably. The coherent communica-
tions are categorized as purely coherent, i.e., phase-shift keying (PSK), and differentially
coherent, i.e., differential phase-shift keying (DPSK), or centered on the carrier synchroniza-
tion technique. However, differentially coherent approaches use an easier synchronization
method. They experience a functioning penalty in comparison to purely coherent proce-
dures [32]. The coherent UWAC was made possible through the use of a decision feedback
equalizer (DFE) and phase-locked loop (PLL) in the UWA [33].

In [33], a coherent communication system with integrated channel synchronization
and equalization was developed and experimentally demonstrated. In addition, the au-
thors in [34] developed a quadrature phase-shift keying (QPSK) high-rate communication
system with adjustable equalization. It was demonstrated that a high-rate strategy worked
effectively and efficiently in a medium-range shallow water channel. A high-rate scheme
functioned well in a medium-range shallow channel of the water. This resulted from
improved channel tracking using the equalizer and performing more regular channel
sampling. Spread spectrum (SS) schemes offer robust communication in many selective
frequency-fading surroundings. SS communication has been anticipated to perform well in
such type of channel due to the frequency selective fading of the channel for UWAs. In [35],
the authors studied the functioning of the direct sequence spread spectrum (DSSS) and the
frequency hopping spread spectrum (FHSS). Both the FHSS and DSSS performed well in
experimental scenarios. The DSSS showed an improved raw performance in comparison
to the FHSS. Nevertheless, the ease of FHSS and its inherent near-far resistance made it
suitable in some conditions. Despite the provision of robust performance, the SS schemes
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do not deliver an efficient bandwidth, except in the case of multi-user systems [36]. In
bandwidth-limited channels for the UWA, the main drawback is the lower bandwidth
efficiency of the SS systems.

In the 1950s and 1960s, the concept of transmitting parallel data using frequency
division multiplexing (FDM) was presented. In 1971, it was identified that the discrete
Fourier transform (DFT) is an easy method to achieve FDM [37]. This helped to develop
an effective OFDM system in the 1980s and 1990s. The receiver assembly is made simpler
in a frequency-selective channel using the OFDM with a cyclic prefix (CP). This makes
each subcarrier only experience flat fading [38]. Moreover, redundancy across carriers
employing coding achieves robust performance. The UWAC systems relying on OFDM
codes were researched theoretically in several publications [39–42]. However, experimental
results for any of these systems are not available. Coatelan and Glavieux [43] used cold
shallow water to design and test a low-speed OFDM communication system. Bejjani and
Belfiore [44] studied the UWAC system with multicarrier quadrature amplitude modulation
(QAM) or QPSK. The simulation model for the UWAC channel was developed as a Rician
or Rayleigh fading channel, but it did not show any experimental results. Kim and Lu [45]
performed simulations to study the influence of time and frequency selectivity on OFDM-
UWC and determined that a robust system could be established. By developing multipath
Doppler diversity in the channel, Zhakharov and Kodanev [46] revealed a low-frequency
long-range OFDM communication link to the Baltic Sea. Yeung et al. [47,48] established
a multicarrier high-speed communication link near Hong Kong’s shallow coastal waters.
Lately, Frassati et al. [49] confirmed long-range low-speed OFDM communication in the
Mediterranean sea.

OFDM is employed in many telecommunication schemes, particularly to deal with
impulsive noise [50–52]. OFDM can be appropriate for UWA applications because warm
shallow water exhibits impulsive ambient noise. Investigators of the UWACs have not
developed these types of OFDM characteristics. Time reversal mirroring (TRM) has been
employed in the ocean and laboratories [53,54]. This technique utilizes the time symmetry
in the wave equation to transfer energy back to the source regardless of the channel
complexity by effectively utilizing the ocean as an analog computer. This provides the
idea to communicate using TRM [55]. For TRM, sound propagation over the ocean must
not vary significantly across the transmission cycle. Long coherence periods have been
discovered in deep and shallow water in low-to-mid frequency ranges. Minor deviations
in the surroundings including surface wave activity, are observed to be critical at high
frequencies. As a result, TRM is impracticable for high-frequency transmission due to the
extremely low coherence durations. TRM is normally applied in combination with a wide-
ranging array of transducers. The TRM gain in the system, although theoretically possible
to be implemented with only one transducer, is expected to be negligible. As a result, TRM
is not regarded relevant in high-frequency UWAC systems with a single transducer.

Spatial diversity processing, MIMO systems, and space-time coding have been the
focus of recent UWAC research [56–58]. As all these methods use arrays at the receiver
and/or transmitter, they are not directly related to the research completed in this paper.

2.1. Multicarrier Modulation for the UWAC

Communication systems struggle to attain high data rate communication. Increasing
the data rate requires a decrease in the duration of the symbol Ts, which effectually escalates
the system bandwidth. The signal undergoes frequency selectivity if the bandwidth of
the system is very high in comparison to the coherence bandwidth [59,60]. Usually, an
equalizer is compulsory at the receiver to manage the ISI initiated by the frequency-selective
channel [61]. However, small symbol duration and high bandwidth need a longer equalizer,
effectively improving the computational work and the probable instability [60]. Multicarrier
modulations have proposed an alternative method to achieve high data rates and are the
dominant modulation techniques for wireless systems.
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For propagations over multipath channels of communications, multicarrier modu-
lation systems are extensively used. The traditional methods assume the symbol for the
signal transmitted to be of longer duration in comparison to the channel delay spread. This
provides a subcarrier bandwidth that is comparably lower than the coherence bandwidth
of the communication channel, and a low-rated “sampling” of its impulse response (in each
sub-channel it is once per symbol) [62]. There are two reasons for the popularity of mul-
ticarrier modulations in the UWA channels. Firstly, processing a signal with multicarrier
modulations in the receiver significantly reduces interference and noise that may result
from linear equalization of a single carrier signal. Secondly, the long symbol duration used
in multicarrier modulation guarantees fast fades and better immunity to impulse noise [63].

The transmitted bit-stream is distributed into different sub-channels and numerous
sub-streams in multicarrier modulation [59]. The key is to assign bandwidth to every
sub-channel, which is lower than the total coherence bandwidth that in effect ensures a flat
fading in each sub-channel. Therefore, each sub-channel experiences a low data rate as
compared to the total data rate and large symbol period. The UWA multicarrier modulation
technology’s merits and demerits are depicted in Table 3.

Table 3. Merits and demerits of UWA multicarrier modulation technologies.

Sr. No. Modulation Technologies Merits Demerits

1.
Orthogonal Frequency
Division Multiplexing

(OFDM)

Convert selective fading channel to
flat fading channel, High utilization

for UWA channel, Simple
Equalization, Low complexity.

Need long guard interval, Not effective in
the long underwater communication

2.
Multiple Input Multiple

Output OFDM
(MIMO-OFDM)

The high data rate, Robustness,
High spectral efficiency, Scalability

High computational complexity, High
Interference, Range limited, and Accurate

channel estimation is critical

3.
Generalized Frequency
Division Multiplexing

(GFDM)

High spectral efficiency, Low out of
band radiation, Good performance
over frequency selective channels

Require high synchronization, Sensitive to
frequency and timing offset, and High

complexity due to a large number
of subcarriers

4.
Unfiltered Orthogonal

Frequency Division
Multiplexing (UF-OFDM)

Low power consumption, Not
filtering or equalization required,

Low complexity

Limited spectral efficiency, Poor band
emission, Sensitive to frequency offset

5. Continuous Phase Modulation
OFDM (CPM-OFDM)

High energy efficiency, High data
rate, Efficient spectrum usage, Low

probability of interception

Computational complexity, Nonlinear
distortion, Interference from other signals,
Sensitive to carrier frequency offset (CFO)

6. Filter Bank Multicarrier
Modulation (FBMC)

High spectral efficiency, No guard
interval needed Complex transmitter and receiver design.

7. Multiple Input Multiple
Output (MIMO) High spectral efficiency Complex transmitter and receiver design

with a high BER.

8. Spatial Modulation
Technologies (SMTs)

High energy efficiency can support
long communication. High BER with complex receiver design.

9.
Orthogonal Frequency

Division Multiplexing Index
Modulation (OFDM-IM)

High energy and spectral efficiency High BER with complex receiver design.

2.1.1. Orthogonal Frequency Division Multiplexing

The OFDM is defined as a multicarrier communication modulation scheme and nor-
mally finds its applications in wireless networks, 4G mobile applications, digital television,
audio broadcasting, etc. The developed methods effectively deal with problems related to
the UWA channels. OFDM method is extensively implemented [64–66] due to its numerous
benefits as discoursed below.

1. Subcarrier signals’ orthogonality allows easy transmission and generation of signals
across a block of an Inverse Fast Fourier transform (IFFT). It eases separating receiver’s
transmitted data symbols across a fast block, eases equalization via scalar gain per
subcarrier, and is easy to adopt for the MIMO channels.
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2. The existing bandwidth is partitioned into the largest collection of narrow sub-bands
using narrowly spaced orthogonal subcarriers.

3. To improve the bandwidth efficiency and rate of transmission adaptive modulation
systems may be applied to subcarrier bands.

4. The distinct OFDM symbol structure makes the carrier tasks simpler and helps in
symbol synchronizations.

Using an orthogonal partition method, OFDM divisions the channel into multiple nar-
rowband parallel channels [59]. The partitioning in the OFDM is achieved using the Fourier
transform that helps in transmitting the data on multiple equally orthogonal sinusoids. The
orthogonality concept of subcarriers in OFDM is depicted in Figure 2. In OFDM, multiple
subcarriers are used to transmit data simultaneously over a communication channel. These
subcarriers are combined to create an OFDM symbol in the time domain using Inverse
Fast Fourier Transform (IFFT). The OFDM symbol is then transmitted over the channel.
At the receiver end, the subcarriers are separated using Fast Fourier Transform (FFT) to
retrieve the original data bits. This process enables high data rates to be transmitted over a
communication channel while reducing the effect of ISI and multipath fading. The core
concepts of OFDM signal and the correlation between the frequency and time domains are
depicted in Figure 3. In the frequency domain, adjacent subcarriers or tones are modulated
with individual complex data. The subcarriers are transformed into OFDM symbols in
the time domain via an Inverse FFT process. To prevent inter-symbol interference at the
receiver due to multipath delay spread in the radio channel, guard intervals are inserted
between each symbol in the time domain. Multiple symbols are combined to form the final
OFDM burst signal. At the receiver end, an FFT is conducted on the OFDM symbols to
retrieve the original data bits. Typically, the preamble and postamble waveforms are linear
frequency modulated (LFM) or hyperbolic frequency modulated (HFM). These assist in
detecting data, its synchronization, Doppler scaling, and estimation of the channel, while a
few methods do not need a postamble. Researchers in [67] assembled the preamble. This
is performed to match each set of parallel correlates to a distinct Doppler scaling factor
keeping in view the dilation or compression of the waveform. This assembly performs the
detection of signal and estimation of the Doppler scale. The peak-to-average power ratio
(PAPR) problem in OFDM for UWAC is caused by the superposition of multiple subcarriers
which can result in high peaks in the amplitude of the transmitted signal. These high peaks
can lead to signal distortion, particularly in nonlinear UWA channels, and can result in a
higher bit error rate (BER) [68,69]. The PAPR problem in UWA OFDM is exacerbated by the
narrow bandwidth of the UWA channel which restricts the use of standard PAPR reduction
techniques, such as selected mapping (SLM) and partial transmit sequence (PTS). Moreover,
the limited computational resources available on UWA modems make it challenging to
implement complex PAPR reduction algorithms. The PAPR problem in MIMO-OFDM
signals transmitted through underwater channels is caused by the superposition of multiple
subcarriers in multiple transmit antennas. As a result, the peaks of the transmitted signal
can be very high, leading to nonlinear distortion in the acoustic channel and a higher BER.
The PAPR problem in MIMO-OFDM signals transmitted through underwater channels
is more challenging to address than in single-input single-output (SISO) OFDM systems
due to the additional complexity of multiple antennas. The use of MIMO-OFDM increases
the number of subcarriers that need to be processed, and the computational complexity of
PAPR reduction algorithms increases as the number of transmit antennas increases [70].
OFDM as a multicarrier modulation is most effective if the noise has been extended over a
large part of the available bandwidth. It transfers signals across multiple orthogonal subcar-
riers concurrently and functions robustly in strict multipath scenarios thus attaining higher
spectral efficiency. OFDM is considered the best alternative to a single carrier broadband
modulation scheme in UWCs to attain transmission with high data rates [71–75].
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Figure 2. Orthogonality concept of subcarriers in OFDM.

Figure 3. Demonstration of OFDM data in the time and frequency domain.

This method has demonstrated its affectivity for considering the multipath delay
spread eliminating the need for complex time-domain equalizers, because of its robustness
for narrowband interference and frequency selective fading. Moreover, in comparison to
the wideband carriers, every subcarrier deals with flat fading only instead of frequency
selective fading if the number of subcarriers is sufficiently large. Only one or two of the
complete group of subcarriers will be affected by the narrowband interference. Motion-
provoked Doppler distortion is the foremost concern in relating OFDM to underwater
channels because in a wideband acoustic signal, it generates a non-uniform frequency
offset [71–75]. Figures 4 and 5 illustrate the block diagram of a typical OFDM transmitter
and receiver, respectively. The bank of oscillators revealed in Figures 4 and 5 has been
replaced by IFFT and Fast Fourier transform (FFT) blocks which have been computationally
effective and easy to implement in transmitter and receiver, respectively.
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Figure 4. Block diagram of OFDM transmitter [76].

Figure 5. Block diagram of OFDM receiver [76].

Cyclic Prefix Orthogonal Frequency Division Multiplexing

CP-OFDM is a prevalent modulation technique that is used in UWAC. It is a variant
of OFDM that includes a CP which is a copy of the last few samples of each symbol, added
to the commencement of the OFDM symbol, as shown in Figure 6. This prefix is used
to mitigate the ISI effect caused by multipath propagation which is a common issue in
UWC channels. In a UWAC, to transmit the data/information, sound waves are used
through the water. The sound waves are affected by several factors, such as reflections,
refraction, absorption, and scattering, which can cause attenuation and distortion of the
signal. Multipath propagation is a phenomenon where sound waves take multiple paths
to reach the receiver, resulting in multiple versions of the same signal arriving at different
times. This can cause ISI and reduce the SNR of the signal at the receiving end. Extracting
the original information from the received signal will be difficult. CP-OFDM addresses
this issue by adding a CP to each OFDM symbol. This prefix contains a copy of the last
few samples of the symbol, which allows the receiver to effectively filter out the ISI caused
by multipath propagation. The length of the cyclic prefix is chosen based on the expected
delay spread of the channel, which is the difference in arrival time between the direct and
reflected signals. By choosing an appropriate length for the CP, the receiver can effectively
remove the ISI caused by multipath propagation which can improve the performance and
reliability of the UWC system. When a transmitting signal is combined with the response of
the channel impulse through linear convolution, it can be converted to circular convolution
if a CP is added to the input sequence of the channel [59]. This technique is commonly used
in CP-OFDM. The OFDM data block is processed using Fourier transform on the transmitter
side, while the samples that are analogous to the CP are discarded on the receiver side.
CP-OFDM is a popular modulation technique used in UWAC that addresses the issue of ISI
caused by multipath propagation. However, several specific requirements and constraints
must be considered when designing a UWAC system using CP-OFDM, such as limited
bandwidth, interference, power consumption, Doppler shift, and propagation delay.
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Figure 6. The transmitting process of ZP-OFDM and CP-OFDM [75].

CP-OFDM is adapted for UWAC by taking into account the unique characteristics of
the underwater environment and the communication channel. Following are some ways
through which CP-OFDM is adapted for UWAC.

Cyclic Prefix Length: The length of the cyclic prefix is chosen based on the expected
delay spread of the channel. In UWA channels, the delay spread can be relatively large
due to multipath propagation, so longer cyclic prefixes are often used to ensure effective
ISI mitigation.

Modulation Scheme: The modulation scheme used in CP-OFDM can be adapted to the
specific requirements of UWA communication. For example, a lower-order modulation
scheme may be used to reduce the impact of noise and interference, or a higher-order
modulation scheme may be used to increase data throughput.

Channel Estimation: Channel estimation is an important part of CP-OFDM in UWAC.
Since the channel characteristics can change rapidly in UWA environments, adaptive
channel estimation algorithms can be used to continuously estimate the channel response
and adjust the transmitted signal to optimize performance.

Interference Mitigation: Interference is a common issue in UWAC, and CP-OFDM can
be adapted to mitigate interference. For example, frequency hopping can be used to avoid
interference from other sources or adaptive interference cancellation algorithms can be
used to remove interference from the received signal.

Synchronization: Synchronization is critical in CP-OFDM for UWAC due to the long
propagation delays and Doppler shifts in the channel. Adaptive synchronization algorithms
can be used to maintain synchronization between the transmitter and receiver, even in the
presence of channel variations and environmental changes.

In summary, CP-OFDM is adapted for UWAC by taking into account the specific
requirements and constraints of the underwater environment and communication channel.
These adaptations can improve the reliability and performance of the communication
system and ensure effective communication in challenging underwater environments.

Zero Padding Orthogonal Frequency Division Multiplexing

In ZP-OFDM (Zero Padding Orthogonal Frequency Division Multiplexing), the guard
interval is placed after the data block and is filled with zeros. Unlike the CP-OFDM
receiver, the ZP-OFDM receiver does not discard the samples from the guard interval.
Instead, it uses a method called overlap and adds, which involves adding the samples
from the guard interval to the received samples that correspond to the beginning of the
OFDM data block. The resulting sequence is then subjected to Fourier transform. Figure 7
illustrates the transformation in the processing of the receiver in ZP-OFDM and CP-OFDM.
The advantages of CP-OFDM and ZP-OFDM are compared in [77]. It is observed that
ZP-OFDM is better than CP-OFDM due to the following reasons:

1. Regardless of the position of channel nulls, ZP-OFDM assures symbol recovery be-
cause it facilitates linear channel equalization.
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2. ZP-OFDM offers better flexibility to practice a range of diverse methods to channel
equalization and estimation.

3. Compared to CP-OFDM, ZP-OFDM, with a semi-blind pilot-based estimation of
channel trails, better channel variations.

Figure 7. The receiving process of CP-OFDM and ZP-OFDM [75].

The single weakness of ZP-OFDM, according to [77], is its relation to the PAPR, and
thus inducing clipping. Since ZP-OFDM presents somewhat added nonlinear variations
in comparison to CP-OFDM, it requires marginally extra increased power back-off. The
issue of power back-off was discussed in [78]. Here, the PAPR is observed to be reduced
using a non-binary LDPC code in aggregation with ZP-OFDM. An added disadvantage for
ZP-OFDM is the retaining of guard samples, compulsory for the overlap and adds process
in an interference condition. The ZP-OFDM technique retains interference that occurs on
the samples, while interference that arises in the guard band is removed along with the CP
in CP-OFDM. In this study, ZP-OFDM was chosen as it is the prevailing choice for UWAC
systems. Additionally, the interference cancellation method proposed in [79] was applied
to ZP-OFDM. The use of ZP-OFDM enables a more direct comparison between the present
work and previous literature.

Figure 8 shows the receiver basic processing chain for the received OFDM signal
through an underwater channel. First, a bandpass filter (BPF) removes any noise outside
the frequency band of interest. Next, the received signal is synchronized using the known
packet preamble. The main Doppler effect is eliminated through coarse estimation and
re-sampling before the packet is partitioned into blocks. The time-domain waveform
is then downshifted to low pass filtering (LPF) and baseband, followed by conversion
to the frequency domain through addition, overlap, and FFT. After compensating for
any remaining Doppler effect (e.g., estimation and compensation of carrier frequency
offset (CFO)), the estimate of channel and equalization of the signal is accomplished. The
processing steps have been completed through symbol detection and decoding. In some
receivers, turbo equalization is used if not all parity checks are satisfied on the initial
attempt. In this method, information from satisfied parity checks is fed back to support the
equalization process where they serve as added pilot tones.

The duration of the OFDM block is given by T′ = T + Tg, where, T defines the duration
of the OFDM symbol and Tg denotes the guard interval between blocks. ∆ f = 1/T is the
frequency spacing. The κth subcarrier occurs at the frequency:

fκ = fc +
κ

TD
= fc + κ∆ f (1)

κ = −K
2

, . . . ,
K
2
− 1 (2)

where, fc denotes the center frequency while K is presumed even. B = K
T = K∆ f is the

bandwidth of the signal. Consider s[κ] depicting the κth subcarrier information symbol. sa
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and sn define the non-overlapping sets for active and null subcarriers. These subcarriers
should satisfy the following relation :

sa ∪ sn =

{
−K

2
, . . . ,

K
2
− 1
}

(3)

Figure 8. OFDM receiver for UWACs [75].

The bandpass signal transmitted is given by:

s(t) = 2Re
(
∑ κ ∈ sas[κ]ej2π f t

κ g(t)
)

, t ∈
[
0, T′

]
(4)

where, g(t) denotes the pulse-shaping filter with Fourier transforms G( f ). In this work,
g(t) = 1, t ∈ [0, T] and g(t) = 0 otherwise. That is, g(t) is a rectangular window of
duration T.

Time Domain Synchronous Orthogonal Frequency Division Multiplexing

Authors in [80,81] discussed a time-domain synchronous orthogonal frequency di-
vision multiplexing (TDS-OFDM) system for the UWAC with dual pseudorandom noise
(DPN). Figure 9 shows the usage of a TDS-OFDM system for the UWA channel [81]. Due
to fast channel deviation in each OFDM symbol, the regular functioning of a ZP-OFDM
receiver is rigorously restricted by inter-carrier interference (ICI). Moreover, due to the
small ratio of the carrier frequency to the bandwidth of the signal, the nature of the UWA
channel is wideband [82,83]. For the UWAC system, a cyclic shift keying spread spectrum
OFDM technique is suggested in [84]. The objective of this research was to solve the
problem related to low data rates of DSSS UWAC [85] and the one related to receivers’
computational complexity for the M-array SS. Moreover, it also improved bit rates and the
efficiency of bandwidth. This technique results in a low BER and high data rate in compar-
ison to conventional approaches. The inter-block interference (IBI) between the training
sequence and OFDM data blocks is the core difficulty in TDS-OFDM. Many attempts have
been made to resolve this issue. The suggested approaches fall under two categories [86].
Classical iterative interference cancellation algorithm is the primary approach [87] and
its extension involves procedures without altering the frame structure of the TDS-OFDM
system [88]. However, only trivial progress can be attained with these techniques [86],
specifically in UWA channels with a long delay. The other category depends on the alter-
ation of the TDS OFDM frame structure for substantial cancellation of interference [86]. For
instance, a noteworthy reduction in interference can be attained within OFDM data blocks
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due to the scattering of redundant frequency-domain pilots in the unique word OFDM
(UW-OFDM) [89] to produce the training sequence (TS) in the time domain.

Figure 9. TDS-OFDM for the UWA channel [81].

The interference caused by OFDM data blocks to the TS sequence cannot be elimi-
nated, but the DPN-OFDM system provides a promising solution[90]. This method adds
two repeated guard intervals to each TDS-OFDM symbol to prevent interference from
OFDM data blocks to subsequent PN sequences. Therefore, DPN-OFDM is now under
extensive general research, and the implementation of hardware to assess digital terres-
trial multimedia broadcast (DTMB) standards is being conducted [86,90,91]. However,
the use of duplicated guard intervals can significantly reduce the system’s spectrum and
energy efficiency, particularly in UWA channels with significant tap delay. The basic DTMB
methodology in Chinese digital television terrestrial broadcasting (DTTB) [86] is the TDS-
OFDM (well recognized as the known symbol padding KSP-OFDM) [92]. TDS-OFDM is
recommended to circumvent the use of a pilot signal for bandwidth and energy efficiency
as in ZP-OFDM and CP-OFDM. Yet, the energy and spectrum efficiency of TDS-OFDM can
result in significant deterioration in BER performance due to the IBIs between OFDM data
blocks and the sequence of training [93].

Figure 10 illustrates the relationship between the time and frequency domains of
CP-OFDM, TDS-OFDM, and ZP-OFDM signals. In TDS-OFDM, the CP used in CP-OFDM
is replaced by a PN training sequence while in ZP-OFDM it is substituted by a zero-
padding segment. The ith TDS-OFDM signal transmitted, given by si = [si,0, si,1, . . . , si,q−1]

′
,

comprises two separate parts; OFDM data blocks of length N, i.e., xi = [xi,0, xi,1, . . . , xi,q−1]
′

and a known PN sequence of length M, i.e., ci = [ci,0, . . . . . . , ci,q−1]
′

which can be written as,

si = [ci, xi]
′
Q×1 (5)

where, Q = M + N gives the TDS-OFDM frame length. Figure 11 illustrates IBIs between
PN sequences and the OFDM data blocks in multipath channels. Such a type of mutual
interference can be removed from the TDS-OFDM data block with a perfect estimation of
a channel. TDS-OFDM is equivalent to ZP-OFDM after subtraction of the PN sequence.
The DPN-OFDM method is used to address the influence of mutual interference between
the PN sequence and TDS-OFDM data blocks that can occur in traditional TDS-OFDM
systems. In a DPN-OFDM frame, impeccable estimation of the channel can be obtained by
duplicating the guard interval to attain a PN sequence free of IBI. Due to its battery-based
nature and limited bandwidth, DPN is nevertheless unprepared for the UWAC. To avoid
such problems, the compressive sensing (CS) theory algorithm using the sparse nature
of the UWA channels gets the time-varying channel state information (CSI). The IBI-free
region helps to approximate the precise impulse response of the UWA channel and lessen
its interference.
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Figure 10. CP-OFDM, ZP-OFDM, and TDS-OFDM signal structure (a) time domain (b) frequency
domain [94].

Figure 11. The frame structure of the received signal (a) conventional TDS-OFDM (b) The DPN-TDS-
OFDM (c) TDS-OFDM based on CS [94].

It is suggested to apply the look-ahead backtracking orthogonal matching pursuit-
based sparse channel estimation method for underwater TDS-OFDM in a real sparse
time-varying multipath channel in which there is a random distribution of channel taps.
The PN sequence in the time domain is used to compensate for and estimate the Doppler
shift of the UWA channel [94]. The variance among the frames received for the schemes of
TDS-OFDM upon multipath channels is shown in Figure 11.

MIMO-OFDM

Underwater acoustic MIMO-OFDM is a technique that combines MIMO technology
with OFDM to improve the performance of UWC systems. The MIMO technique involves
the use of multiple transmit and receive antennas to transmit and receive multiple data
streams simultaneously, while OFDM divides the available frequency spectrum into mul-
tiple subcarriers that are transmitted in parallel [95]. The use of MIMO-OFDM in UWC
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has several advantages. One of the main advantages is its ability to combat the effects of
multipath propagation which can cause significant signal distortion and degradation. By
using multiple antennas and OFDM, MIMO-OFDM can take advantage of the frequency
diversity and spatial diversity of the underwater channel, which can help to mitigate the
impact of multipath fading which is caused by sound waves reflecting off objects in the
water, and improve the overall system performance.

MIMO-OFDM can also provide higher data rates and increased robustness compared
to other UWC techniques, such as single-input single-output (SISO) and frequency-shift
keying (FSK). However, the use of MIMO-OFDM in UWC also presents several challenges,
such as the need for accurate channel estimation, synchronization, and power allocation as
well as the impact of underwater noise and interference. Despite these challenges, there
is ongoing research and development in UWA MIMO-OFDM, including the exploration
of new optimization techniques, modulation and coding schemes, signal detection, and
channel estimation algorithms [96,97]. The ultimate goal is to achieve reliable and high-
speed communication in underwater environments which has significant applications in
areas such as underwater exploration, ocean monitoring, and underwater sensor networks.

Overall, MIMO-OFDM is a promising technique for improving the performance of
UWAC systems, and there is ongoing research exploring its potential applications and
optimization techniques.

Generalized Frequency Division Multiplexing (GFDM)

GFDM is a promising modulation technique for UWAC. UWAC is a challenging task
due to the unique characteristics of the underwater channel, such as multipath propagation,
fading, and noise. GFDM has been developed to overcome these challenges and provide
better performance compared to conventional OFDM [98]. In GFDM, the available band-
width is divided into several subcarriers, and the information symbols are transmitted in
parallel over the subcarriers. The subcarriers are orthogonal to each other and are mod-
ulated using a pulse-shaping filter. The pulse-shaping filter is designed to provide good
spectral containment and minimize ICI [99]. Figure 12 depicts the transceiver of GFDM
for UWAC.

Figure 12. GFDM transceiver block diagram of UWA.

One of the key benefits of GFDM is its spectral efficiency. GFDM allows the transmis-
sion of multiple symbols in parallel over the subcarriers which results in a higher spectral
efficiency compared to conventional OFDM. Additionally, GFDM provides good robust-
ness to time and frequency synchronization errors. The orthogonality of the subcarriers
ensures that the receiver can correctly demodulate the symbols even in the presence of
synchronization errors. Another benefit of GFDM is its ability to mitigate the impact of ISI.
In UWAC, ISI is a major issue due to multipath propagation and fading. GFDM reduces
the impact of ISI by using a pulse-shaping filter that provides good spectral containment
and reduces ICI [99,100]. In conclusion, GFDM is a promising modulation technique for
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UWAC that provides improved performance in terms of spectral efficiency, robustness in
synchronization errors, and mitigation of ISI.

Unfiltered Orthogonal Frequency Division Multiplexing

OFDM is a popular modulation scheme for high-speed data communication over
wireless channels. In the case of complex channels, OFDM is effective because of its ability
to mitigate the effects of multipath propagation and Doppler shift. UF-OFDM is a variant
of OFDM that does not use a pulse-shaping filter before transmission. This means that the
signal occupies a wider bandwidth than conventional OFDM, but it also allows for a higher
data rate.

UF-OFDM is effective in mitigating the effects of ISI caused by multipath propagation.
The wider bandwidth of UF-OFDM means that the delay spread of the channel is reduced,
which reduces the effect of ISI. However, UF-OFDM also has some drawbacks. The wider
bandwidth can lead to increased interference with other users of the UWA channel. Addi-
tionally, the lack of a pulse-shaping filter means that the signal has a higher PAPR, which
can be problematic for some hardware implementations. Overall, UF-OFDM is a promising
modulation scheme for communication, but its use should be carefully considered in the
context of specific application and characteristics of the underwater channel.

Continuous Phase Modulation Based OFDM (CPM-OFDM)

UWAC is challenging due to the high attenuation, dispersion, and multipath prop-
agation of sound waves in water. This results in severe signal distortion which makes it
difficult to transmit and receive signals over long distances. To overcome these challenges,
CPM-OFDM is used as a digital modulation technique. CPM-OFDM combines two key
components: CPM and OFDM [101]. CPM is a modulation technique that maintains a
constant amplitude but varies the phase of the carrier signal according to the input data.
By continuously varying the phase of the carrier signal, the data is transmitted as changes
in the frequency of the signal. This results in a constant envelope signal, which is more
power-efficient than other modulation techniques that require varying amplitude.

OFDM is a technique that divides the available bandwidth into multiple subcarriers,
each carrying a different portion of the data. These subcarriers are orthogonal to each other,
meaning they do not interfere with each other, even when transmitted simultaneously. This
makes OFDM an efficient way to transmit data over a wide bandwidth. By combining
CPM and OFDM, CPM-OFDM provides a powerful modulation technique for UWAC. The
CPM component helps to maintain a constant envelope signal, which is critical in UWAC
where the signal can experience severe attenuation and distortion. The OFDM component
provides efficient transmission of data over a wide bandwidth, allowing for high data rates
and reliable communication over long distances [101,102]. In UWAC, CPM-OFDM can
be used to mitigate the effects of multipath propagation, which causes signal distortion
due to reflections, scattering, and refraction of sound waves. The OFDM component of
CPM-OFDM allows for the use of multiple subcarriers, which can be selectively attenuated
by the underwater environment. By selecting the subcarriers that experience the least
amount of attenuation, the distortion caused by multipath propagation can be reduced.
The CPM-OFDM transceiver block diagram for UWAC has been shown in Figure 13.

In addition, the constant envelope nature of the CPM component of CPM-OFDM
allows for the use of low-power amplifiers, which are critical in UWAC where power con-
sumption is a major concern. The use of low-power amplifiers can also reduce the amount
of noise generated by the transmitter, which is important in underwater environments
where noise can be a major source of interference. Overall, CPM-OFDM is a powerful
digital modulation technique for UWAC, offering high data rates, reliable communication
over long distances, and resistance to the effects of multipath propagation, attenuation,
and noise.
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Figure 13. Transceiver block diagram of CPM-OFDM for UWAC [101].

2.1.2. Filter Bank Multicarrier Modulation

FBMC is suggested to deploy the OFDM scheme with long CP to combat the time
dispersion in the UWA channel. Furthermore, OFDM data symbols are longer than CP
length by at least four times and are utilized to attain high data transmission with efficiency
in bandwidth. FBMC has deliberated the substitution of conventional OFDM schemes for
spectrum pooling cognitive radio because of the small power leakage of the sideband [103].
This informs the OFDM that the channel is highly time-varying for each OFDM data
symbol which might be unacceptable, and this results in the ICI of a significant level [104].
Over the doubly dispersive UWA channel, FBMC is the candidate which results in robust
performance [104]. Twenty percent of every OFDM data symbol is allocated for the CP
in the OFDM system, so it has a loss of transmission bandwidth efficiency. In the OFDM
system, the length of CP must be equivalent to one-fourth of every FFT block length.
Furthermore, at least the CP length must be considered equal to the length of the CIR;
generally, the UWA channel is long because in the UWAC the length of the data symbol of
the OFDM system is very long [104]. As a Nyquist filter, the prototype filter ρ(t) is intended
to evade the ISI in FBMC systems [105,106]. The proposed method in [107] creates an
isotropic filter according to the following equation:

ρ(t) =
L

∑
κ=0

aκh4κ(t) (6)

where, hκ(t), the set of Hermit’s functions is defined as [104]:

hn(t) =
1

(2π)n/2 eπt2 dn

dtn e−2πt2
(7)

The author in [104] shows that the existence of the channel will generate Ad
ρ(τ, υ),

i.e., a disturbing ambiguity function with smeared-out null points Ad
ρ(τ, υ). The robust

prototype filters are created by relaxing the constraints on the null points of Aρ(τ, υ), the
ambiguity function. Each null point is substituted by a null region in the (τ, υ) plane. Thus,
one should choose to minimize the cost function of designing the ρ(t):

ζ =
∫

A0

∣∣Aρ(τ, υ)− 1
∣∣2dτdυ +

N

∑
κ=1

γκ

∫
Aκ

∣∣Aρ(τ, υ)
∣∣dτdυ (8)

where, γκ are positive weighting factors set, A0 is the region around (τ, υ) = (0, 0) over
which the peak of Aρ(τ, υ) remains equal to one approximately, and Aκ are sets of null
regions, where κ = 1, 2, ...N.

The FBMC system class has been proposed for the UWAC [104]. This FBMC system
was developed for robust performance in contrast to channel dispersion in frequency and
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time domain. When we compare the OFDM with the FBMC system, the FBMC system
performance is much better in terms of bandwidth saving and high spectral efficiency than
OFDM [104]. In the scenario of single-user communication, the computational complexity
of OFDM is lower than FBMC but the bandwidth efficiency of FBMC is higher. FBMC can be
used in definite MIMO setups while OFDM offers full flexibility in MIMO communications.
The flexibility is similar to the OFDM and is only presented using filtered multi-tone
modulation (FMT). Though both OFDM and FMT undergo a similar loss of bandwidth [108],
FBMC modulation can feasibly replace OFDM in the UWAC and is considered a capable
contender for systems of communication. Authors in [109] state the estimation of the
channel through auxiliary and coding pilot methods for underwater FBMC systems. It
is suggested that the multipath UWAC is considered with additive white Gaussian noise.
FBMC for UWC has not yet been the emphasis of research and thus will require further
investigation in the future.

2.2. Multiple Input Multiple Output

MIMO schemes are briefly deliberated for the UWACs to overcome the limitation
of bandwidth problems for the acoustic channel under water [73]. MIMO methods offer
reasonable robustness and extensive spectral efficiency in contrast to frequency fading
whilst having the simple structure of the equalizer [110–113]. However, this limits the
applicability of the channel estimation techniques of the MIMO system, which necessitates
matrix inversion whose dimension has been proportional to the multipath spread and the
number of transmitting elements. To mitigate that issue, the adaptive algorithm has been
proposed that functions in a decision-directed way, does not require the inversion of the
matrix, and that overcomes the problems of complexity and overhead [114]. Complexity
lessening is required for important impulse response coefficient selection that concludes
in the matrix inversion of the reduced size [114–116]. The following key points have been
applied in the MIMO-OFDM design:

1. At the receiver end, the Doppler shift compensation, and at the transmitter end, the
null subcarriers are implanted.

2. To estimate the channel in the MIMO system, pilot tones are utilized.
3. An iterative structure of the receiver has been implemented that couples MIMO

detection with channel decoding [73].

Many features are desired for OFDM that include mature technologies and imple-
mentation of low computational complexity, which retain it as the main technology in
the UWACs for a single user. However, the MIMO-FBMC development may be still lim-
ited and nontrivial while, for MIMO channels, OFDM is eased to adopt. Only FMT can
deal with the same level of flexibility in MIMO channels as OFDM systems with a low
bandwidth-efficient member of the FBMC system class. Consequently, the poor frequency
spectrum of the subcarrier signals for the OFDM system is one of the prime problems.
It can limit the present and future applicability of the OFDM system for the expansion
of broadband UWAC. On the other hand, the FBMC [117] is a sophisticated method for
underwater multicarrier communications.

2.3. Spatial Modulation Techniques

Recently, an alternate group of MIMO systems, identified as space modulation tech-
niques, has been recommended to study the advanced method for dealing with the current
problems related to the MIMO systems. In SMTs, receiver computational complexity and
energy resources are conserved using a novel spatial constellation diagram to improve
spectral efficiency. The elementary approach comes from [118]. With the set of numerous
antennas present, currently, a symbol of BPSK is employed to identify an active antenna.
The receiver estimates the transmitting antenna and the transmitted symbol of BPSK.
Mesleh et al. suggested the prevalent initial SMT [119,120] known as SM. The rest of the
SMTs are defined as generalized or special cases from the SM. As compared to the custom-
ary systems of modulation, information by SM is carried through the multipath method,
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as an extra constellation map signified as a spatial constellation for the fading channel
of MIMO. The spatial symbol of the constellation is modulated by the data bits received.
Therefore, the spatial location relevant to one of the existing antennas for communication
is specified. It is stimulated at a particular time for transmission of the modulated carrier
signal and further processed through extracted complex symbols from an arbitrary diagram
of the constellation. The concept of the spatial constellation was primarily explained using
the SM system. It proposes to transfer the data using modulating spatial symbols. It is
observed that SM can attain a gain in multiplexing by free ICI upholding [120], reduce the
complexity of computation for the receiver [121], improve the likelihood of bit error [122],
and ensure the use of chain transmitter for a single radio frequency (RF) [123].

Considerable research comprised the theory of SM. In recent years, diverse features
of functioning were reflected methodically [124–135]. Later, multiple different systems
relating to similar SM conceptions were projected. A system of space shift keying (SSK)
was suggested in [133]. SSK lacks in the transmission of the data symbol, therefore, simply
spatial symbols appear. Generalized spatial modulation (GSM) triggers multiple transmit
antennas at each time instant for transmission of similar data [135]. Likewise, researchers
in [134] recommended generalized space shift keying (GSSK). To transmit the spatial bits, all
these layouts formed and applied a single-dimensional spatial diagram for the constellation.
References [127,128] defined an added quadrature spatial constellation diagram. Different
spatial symbols are used to transmit the real and imaginary parts of the complex data
symbol. After protecting all previous SM benefits, the development of the data rate
for two base logarithms of the many transmit antennas is achieved. Quadrature space
shift keying (QSSK) and quadrature spatial modulation (QSM) fall under this category of
systems. Their generalized forms are known as generalized quadrature spatial modulation
(GQSM) and generalized quadrature space shift keying (GQSSK). Similarly, enhanced
fully generalized spatial modulation (EFGSM) [136] and FGSM [137] are suggested for the
UWAC. For accurate detection of data in SMTs, perfect channel state information (P-CSI)
is required by the receiver. However, it is not practical to avail the perfect knowledge
of the channel at the receiver. To acquire the CSI, the estimation of the channel is the
main concern. Therefore, the adaptive estimation of the channel method, i.e., pilot-based
recursive least squares (RLS) in comparison to the time-varying underwater MIMO channel
has been suggested. The transmitted data is detected using the maximum likelihood (ML)
decoder. The decoder also identifies the estimated UWA-MIMO channel and the antenna
indices from the signal received [138]. These are the basic SMTs. The core part includes
their function, method of work, limits, practical applications and capacity analysis. So far,
numerous other progressive methods have been projected using the operational mechanism
of these methods.

2.4. OFDM-IM

ICI in OFDM becomes a complicated task to deal with in communication systems
with a challenging physical layer, such as UWACs [11]. Therefore, inspired by the idea
of SM, OFDM-IM has been presented to avoid the ICI issue by transmitting a part of the
information bits physically by activated subcarriers out of the available subcarriers. The
other part of the information bits is transmitted by the index of those active subcarriers.
In low-to-medium data rate systems, OFDM-IM outperforms the conventional OFDM
in terms of BER [139,140]. Unfortunately, like the conventional OFDM, OFDM-IM too
suffers from ICI resulting from superimposing all the time-domain subcarrier data and
high PAPR. In rapid time-varying channels, OFDM-IM provides better performance in the
case when only activating fewer subcarriers, but unfortunately, that is at the expense of
the achievable data rate. In OFDM-IM, the ML detector is considered an optimal receiver
to detect the information bits transmitted by the index of subcarriers and modulated
data jointly. Accordingly, many other schemes related to OFDM-IM have been presented
either to improve the BER performance or to increase the achievable data rate [141,142].
Others are trying to increase the indexed data bits by implementing different modes of
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indexing instead of setting the subcarriers to only be active and idle. On the other hand, the
OFDM-IM has been discussed for the UWAC [143] to provide reliable data transmission.
However, the UWA effects and analysis have not been discussed. However, OFDM-IM
channel estimation is a challenging task due to the UWA channel features, which cannot be
considered as perfectly known.

OFDM-IM does not offer any diversity degree compared with conventional OFDM; it
has only improved the performance as the ICI effect is reduced. Therefore, to propose a
higher gain in spectral efficiency in comparison to the OFDM-IM [139], the index modula-
tion OFDM with spread spectrum (IM-OFDM-SS) has been introduced [144]. Unlike the
scheme of OFDM-IM, all subcarriers of the IM-OFDM-SS are active. However, every data
symbol, by applying a predefined spread code, is spread across numerous subcarriers. The
index of the selected spreading code carries a part of the information bits while the rest
of it is conveyed through the spread-modulated symbols. Hence, additional diversity is
harvested through the data symbols spreading across different subcarriers. The information
bits at the receiver end can be detected through a maximal ratio combining (MRC) detector.
MRC as compared to the ML detector used in OFDM-IM, proposes improved efficiency for
computational complexity with less proneness to error for channel estimation [144].

In an untrusted environment, such as UWAC, the use of OFDM-IM schemes with an
ML detector might be less attractive as the detected information bits mainly depend on the
correct detection of the index of active subcarriers [145]. Entirely inaccurate detection of
all the bits of information can result from the inaccurate detection of the active subcarriers
index. To overcome that issue, an encoder and inter-leaver have been adopted [145–147].
The use of encoding and/or coordinate interleaving leads to an additional diversity degree
where the information bits of the same sub-group used within the IM are spread over
different groups. This spreading increases the diversity compared to the OFDM-IM whose
diversity degree is always one. Other channel effects should also be discussed in UWA
environments, such as the Doppler effects on the detection of IM. However, the diversity
degree in the IM-OFDM-SS is harvested since the same information bits are spread over
different subcarriers. However, that diversity is at the cost of the attained data rate-making
IM-OFDM-SS only suitable for small data rate systems. In summary, both OFDM-IM and
IM-OFDM-SS might be promising techniques for achieving reliable UWAC without any
extra-required hardware complexity.

3. Modeling of UWA Channel Problems and Challenges

The complex channel of communication is an important parameter that makes the
UWC different from terrestrial communication. Thus, modeling the perfect underwater
channel is one of the most crucial parts of the UWC because of the inhomogeneous nature
of seawater. It is impossible to capture the key propagation aspects of the sea environment
with a single acoustic channel model. The absence of any fixed environment in the UWAC
results in no universal UWA channel. It has been determined by the properties of the
oceanic water as well as the presence of significant noise sources that the sound channel
is formed by the continual change in sound speed in various layers of seawater [9]. As
noise sources provide various problems at different depth levels and frequencies, distinct
channels for shallow water and deep seas must be simulated. The low speed of sound in
seawater creates a time-varying multipath which has a substantial influence on the system’s
output and must be considered while constructing the UWA tube as well as other problems,
such as noise and transmission failure.

Robotic vehicles attached to surface ships with expensive and heavy cables are mostly
used to conduct communications underneath the ocean. The use of cables significantly
limits the range of robots. Moreover, due to heavy attenuation, signals penetrate only a few
meters in the conductive seawater making wireless electromagnetic communication difficult
under the ocean. Thus, maximum attention intended for the UWC has concentrated on the
acoustic channel, with hydrophones and acoustic transducers performing the functions
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of receivers and transmitters, correspondingly. Methodologies found for the underwater
channel can be used in common UWWC.

The UWA channel has been considered among a few of the most exciting mediums for
wireless communication. The environmental dynamics in the ocean introduce a large vol-
ume of ISI and an abrupt time-varying channel. Because of frequency-related attenuation,
the bandwidth of the channel is restricted to within kilo Hertz (kHz). The delay spread of
the channel is almost 50 msec owing to the highly scattering environment. There is sub-
stantial Doppler spread because of slow-speed waves and mass propagation in the oceans.
Therefore, researchers aim to propose a methodology that can prevent these problems and
provide definitive and rapid communication in the UWA channel. Particularly, to prevent
the time differences in the UWA channels. We aspire to design a rateless communication
system aiming to work at rates near the channel capacity under all channel environments.
The authors in [4,31,148] provided a thorough explanation of the UWAC problems and
current advancements in the UWA signal processing methodologies.

The design of an authentic UWC system has remained an active research area. The
UWAC system design is very important to know where the UWA wireless sensor nodes
will be deployed. Vertical communication across the ocean has been considered the easiest
regime, normally due to a slight multipath. Due to the ensured channel fidelity, the
atmosphere is named the reliable acoustic path (RAP) [149]. The surface bounces effects are
reduced using Baffles and/or directional hydrophones. The channel of communication in
deep water is probably sparse, time-invariant, and widespread in delay due to lesser contact
with the surface. Modeling practices are commonly used in deeper water systems to know
the position where communication is achievable because of channel physics. The shortest
path usually arrives at the end in deeper waters as the natural waveguide surrounds the
sound speed minimum in deeper water [150].

It is not possible to avoid contact with the time-varying ocean surface in shallow
waters. Added disturbances come from wave noises, marine life, interactions between the
bottom and proximate obstacles, and shipping traffic. Adaptive equalization methods and
adaptive channel tracking have been used to handle operations in these types of dynamic
environments, specifically by employing the algorithm called exponentially weighted
recursive least squares (EW-RLS). This subdivision provides some features and factors
associated with the modeling of the UWA channel. The channel parameters considered in
this article are given in Table 4.

Table 4. Underwater channel modelling parameters.

Sr. No. Parameters

1. Sound Speed Modeling
2. Propagation Loss Modeling
3. Absorption Coefficient ‘α’
4. Noise Variance Modeling
5. Multipath Modeling
6. Distance vs SNR
7. Delay Spread
8. Doppler Shift
9. Channel Capacity

10. Doppler Shift Estimation

3.1. Sound Speed Modeling

One of the most important acoustical variables in seawater is sound speed. Differences
in sound speed affect all the other acoustic parameters in different types of seawater
at variable depths and temperatures. The sound speed is determined by the density
distribution of the ocean. The sound speed in water for many activities is presumed to be
1500 m/s. Within certain conditions and ranges, this speed is accurate. Bathymetry data
state that the velocity of sound in the Pacific Ocean ranges between 1450 and 1485 m/s.
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In the Atlantic Ocean, it lies between 1450 and 1500 m/s while its range is between 1490
and 1540 m/s in the Bay of Bengal, the Indian Ocean, and the Arabian Sea [5]. Moreover,
factors such as temperature, season, salinity, location, depth, and time of the day directly
influence the speed of sound. The above-mentioned aspects are also interdependent and
vary across the ocean. This introduced the requirement of a precise model to observe the
influence of these parameters on the speed of sound.

For the analysis and calculation of the speed of sound in water, several mathematical
models have been researched and proposed. However, the K.V. MacKenzie model is mostly
used that calculates the speed of sound with an estimated error of almost 0.070 m/s [151].
Later, it is found that the resulting change in the speed of sound in seawater is within
0.024 and 0.017 m/s for the UNESCO and the DelGrosso equations, respectively [152]. The
sound speed underwater based on the K.V MacKenzie model can be calculated as:

c = 1448.96 + 4.591T− 5.304× 0−2T2 + 2.374× 10−4T3 + 1.340(S− 35)+
1.630× 10−2D + 1.675× 10−7D2 − 1.025× 10−2T(S− 35)− 7.139× 1013TD3 (9)

In Equation (9), T denotes the temperature in degrees Celsius from 2◦ to 30◦; S specify
the salinity that ranges between 25 and 40 PPM, and the sea depth D in meters from 0
to 8000 m. K.V. MacKenzie’s model showed the variation in the speed of sound (under
constant salinity) with an increase in temperature at variable depths depicted in Figure 14.

Figure 14. Temperature and depth-dependent speed variation.

3.2. Propagation Loss Modeling

The factors contributing to the loss of propagation include absorption and attenuation,
an irregularity of propagation, and geometric spread. Since there are so many vector factors
affecting propagation, the first part is very difficult to model. Attenuation by absorption
happens when acoustic energy is transformed into heat in seawater. The important elements
of absorption attenuation include the frequency of transmission, ecological conditions,
and wavelength. The fact that frequency is directly related to energy is confirmed by
the consumption of more energy at higher frequencies. The attenuation for the range of
transmission (dB) associated with a frequency f is calculated using the function given below.
The attenuation A in (dB) occurring for a frequency f , and over a range of transmission l is
obtained using the mathematical equation in [30,153]:

10logA(1, f ) = k.10logl = lα (10)
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where, α is the coefficient of absorption and is measured in dB/km and k defines the factor
for geometric spread. A sound wave undergoes spread loss while propagating away from
the source. Spread loss is the signal weakening resulting from the geometrical spread. The
two types of spread include spherical (for long-distance communication) and cylindrical
(for short-distance communications). The following formula can be used to measure the
spreading loss [154]:

PLspread = klogl, (11)

where, PLspread is the propagation loss caused to spreading given in decibels (dB) and
l defines the range of transmission measured in meters. For cylindrical spreading, the
geometric spreading factor is set to one while for spherical spreading it is set to two. In
practice, ‘1.5’ is employed when the two forms of spreading are predictable and inevitable.

3.3. The Coefficient of Absorption “α”

Several studies have been performed on the acoustic absorption method in seawater.
Many models have been developed that serve as the basis for existing scientific research.
The absorption coefficient is calculated using two commonly used models: Thorp’s [155]
and Fisher & Simmons’ [156]. To attain the absorption coefficient, each of these models is
described and contrasted. First, Fisher and Simmons’ model is discussed. It considers the
influence of the depth of seawater, its temperature, and relaxation frequencies produced
due to the existence of boric acid and magnesium sulfate [157]. The constants of these
models are determined by the following:

A1 = 1.03× 108 + 2.3× 10−10T − 5.22× 10−12T2 (12)

A2 = 5.62× 10−8 + 7.52× 10−10T (13)

A3 =
[
55.9− 2.37T + 4.77× 10−2T2 − 3.48× 10−4T3

]
.10−15 (14)

f1 = 1.32× 103(T + 273.1)e−1700/T+273.1 (15)

f2(inHz) = 1.55× 107(T + 273.1)e−3052/T+273.1 (16)

P1 = 1 (17)

P2 = 1− 10.3× 10−4P + 3.7 ∗ 10−7P2 (18)

P3 = 1− 3.84× 10−4P + 7.57× 10−8P2 (19)

where, A1, A2, and A3 designate the influence of temperature on the absorption of signal;
P1,P2, and P3 show the effects of depth; and f1 and f2 demonstrate relaxation frequencies
introduced by absorption in sea water-induced due to the existence of magnesium sulfate
and boric acid, respectively. Here, A measures in sec/m f stands for hertz, and P is atmo-
spheric pressure (atm). The absorption coefficient may be computed using Equation (20)
below, and then multiplied by 8686 to change α to dB/km:

α =

(
A1P1 f 2)
f 2
1 + f 2)

+

(
A2P2 f 2)

f22 + f 2)
+ A3P3 f 2 (20)

Thorp’s model can be used to determine the attenuation constant for the UWAC across
a frequency f (kHz) and range of transmission [155,158].

10logα( f ) = 0.11
f 2

(1 + f 2)
+ 44

f 2

(4100 + f 2)
2.75× 10−4 f 2 + 0.003 (21)
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The attenuation value for the transmission of the signal can be found using the
calculation α( f ). It is also in dB/km and can be placed straight into Equation (10).

3.4. Noise Modeling

The ambient noise underwater is Gaussian, not white, and possesses an unremitting
power spectral density (PSD). The greatest and most noticeable base of ambient noise is
waves driven by wind, thermal, shipping, and turbulence. Wenz’s model [157,159,160]
suggests a method to compute the PSD in dB re.µPa per Hz for different sources of these
noises. It is estimated by the following:

10logNt( f ) = 17− 30log f (22)

10logNsr( f ) = 40 + 20(sr− 0.5) + 26log f − 60log( f + 0.03) (23)

10logNw( f ) = 50 + 7.5w1/2 + 20log f − 40log( f + 0.4) (24)

10logNth = −15 + 20log f (25)

where, Nt denotes turbulence noise, Nsr specifies the noise induced by shipping, sr is the
factor of shipping ranging between 0 and 1, Nw denotes the noise from wind-driven waves
(as w is the wind speed in m/s), and Nth infers the thermally induced noise. Each of the
noises dominates in a specific frequency domain due to the colored nature of ambient
noise in the water. Turbulence noise is more evident in the low-frequency domain whereas
thermal noise is evident in the higher-frequency zone [148]. Wind noise has 100 Hz to
100 kHz frequency range, while noise from shipping has 10 Hz to 100 Hz frequency range.
The different noise variances have been shown in Figure 15. The entire PSD noise N( f ) is
determined using the following equation:

N( f ) = Nt( f ) + Ns( f ) + Nw( f ) + Nth( f ) (26)

Figure 15. Different noise variances in UWC.
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3.5. Multipath Modeling

The multipath propagation of acoustic waves may result in a considerable decline
in the acoustic communication signal. It is one of the main causes of the presence of ISI.
Vertical acoustic channels exhibit low time dispersion because the multipath geometry
is affected by the link architecture. The horizontal acoustic channels, on the other hand,
possess large multipath spreads that differ subject to the changes in water depth. Therefore,
this multipath geometry determines the response of channel impulse, its refraction, and
reflection features that control the number of pathways for propagation, their comparative
delays, and intensities.

Multipath happens from ray bending; however, rays of sound tend to reach the region
of deep water with low propagation speed. Sound reflections occurring from the possible
direct path of the surface and/or bottom generate the multipath in shallow waters (with
a depth of fewer than 100 m) [161]. Figure 16 shows that for propagation from source to
receiver, there are four different categories of pathways. This includes (1) the direct path,
(2) reflected from the surface alone, (3) only bounce from the seabed (4) and bounce from
both single and many times.

According to Bouvet and Loussert, the Ray tracing theory [7] provides a good estimate
to determine the coarse configuration for the multipath channel. Ray model considers
that sound travels in straight lines in form of rays at a constant speed. These rays reflect
or refract with the variation in the speed of sound. Suppose, d=b is the distance in the
upward direction initiating the Eigen-rays with the reflections from the surface denoted by
= and b is the bottom reflections having the time of arrival τ=b. Therefore, the attenuation
is assumed by Γ=b/

√
A(d=b, f ). By assessing all possible paths that result in a limited

response of impulse, the shallow water acoustic channel is determined using the transfer
function given in Equation (27):

H( f ) =
1

A(d∞, f )
e−j2π f τ∞ +

+∞

∑
==1

b

∑
==b−1

Γ=b√
A(d=b, f )

e−j2π f τ=b (27)

where, d∞ represents the distance along a direct ray. The transfer function of the channel
for a finite number of reflections from the surface of the sea and its bottom for practical
calculations is given in Equation (28):

H( f ) =
p=0

∑
p−1

Γp√
A
(
lp, f

) ej2π f τp (28)

where, τp, Γp and A
(
lp, f

)
is the path time arrival p, the loss in total reflection, and the

attenuation of the medium, respectively. Therefore, the individual channel path behaves as
an LPF that contributes to the general impulse response [7,162].

3.6. Distance vs. SNR

Most of the ocean noises fall under one of the four categories including thermal noise,
shipping, turbulence, and wind. Turbulence prevails in the low-frequency band of 0–10 Hz,
shipping noises dominate in the frequency zone of 10–100 Hz, and wind-driven wave noise
exists in the frequency range of 100 Hz–100 kHz, while thermal noises are dominant above
100 kHz [163]. The unweighted sum of the four noise elements forms the total noise. The
frequency function f in kHz is used to model the noise PSD and is estimated through
Equation (29):

10log10N( f ) ≈ N1 − nlog10 f (29)



J. Mar. Sci. Eng. 2023, 11, 885 29 of 45

Figure 16. Ray tracing for the representation of multipath channel [164].

where, n and N1 are the constants with values of 18 and 50, correspondingly [163]. The
unit for the expression stated in Equation (29) is dB re. µPa per Hz. The 100 Hz to 100 kHz
is the usual acoustic communication frequency range. Hence, the generated wind noise
overshadows. Having a few prominent exceptions of breaking ice and snapping shrimp,
noise occurring in frequency range of the acoustic communication is successfully modeled
by adopting the Gaussian random procedure [163,165]. Generally, the path of noise is not
white as the PSD is not flat. l defines the attenuation function, i.e., the length of the acoustic
path) and f specifies the frequency of the signal) [166,167]:

A(l, f ) = (l/lr)
2α( f )l−lr (30)

where, lr is defined as reference distance and ( f ) means the coefficient of absorption.
The absorption coefficient as a function of frequency has been estimated by Thorp

in [155,168]. The frequency is valid in the range of 500 Hz to 50 kHz. Most of the acoustic
communication frequencies are categorized in this range. The absorption coefficient is
expressed as:

10log10α( f ) = 0.11
f 2

1 + f 2 + 44
f 2

4100 + f 2 + 2.75× 10−4 f 2 + 0.003, (31)

where, f is expressed in kHz and 10log10α( f ) is in dB/km. The other expression for
frequencies below 500 Hz can be written as the following:

10log10α( f ) = 0.11
f 2

1 + f 2 + 0.11 f 2 + 0.002 (32)

Equation (32) is a better estimate [163,166]. Fisher and Simmons [156] interlinked
these mathematical models with the chemical and physical composition of seawater. The
signal-to-noise ratio (SNR) can be deduced as a function of distance and frequency if any
multipath effects are ignored, and a narrowband approximation is employed:

SNR(1, f ) =
P/A(l, f )
N( f )V f

=
P

A(l, f )N( f )V f ′
(33)

The Vf is defined as the receiver bandwidth and thus the noise received (narrowband
estimation) [163]. The expression A(l,f )N(f ) includes the frequency-dependent part of
this mathematical expression. P is defined as the complete source power through the
existing bandwidth. Using the spreading coefficient k = 1.5, Figure 17 demonstrates the
association between SNR and frequency [163]. It can be observed that the 3-dB bandwidth
and optimum/optimal center frequency are equally reliant on the range of transmission.
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Figure 17. The range-dependent SNR for UWA links as a function of frequency [150].

Jensen and Kuperman [169] conducted an interconnected analysis to determine the
optimum frequency that well-adjusted the attenuation and propagation methods of the
shallow water channels but noise power was not kept into account. The optimum frequency
is considered a generalized characteristic of ducting propagation or waveguide and is
strongly dependent on depth in the case of shallow water channels [150]. When the water
depth is 100 m, the usual optimum frequencies range between 200–800 Hz. In comparison
to the range of frequencies in [163] having the noise characterization, the above-expressed
range is lower.

3.7. Delay Spread

When sound propagates from the transmitter to the receiver, refractions are observed
in the path of the sound waves. In addition to the direct path it follows, auxiliary paths
result from surface reflections, sea floor reflections, and irregularities in the speed of sound.

The channel delay spread is defined as the difference in time between the first and last
received path. The fastest rate of data transmission without ISI is determined by the delay
spread. The length of the delay spread is frequently stated in terms of transmitted symbol
intervals, and the transmitted symbol rate in terms of the transmitted symbol rate. In UWC
routes, delay spreads of tens or hundreds of symbols are uncommon. On the other hand,
the ISI symbols in an RF channel are usually about three. The paths are different from the
transmitter to the receiver causing the delay spread in the UWCs channels. The spread
of channel delay in shallow water is induced due to the bottom and top surface of sea
reflections. Some reflections result from objects present in the column of water. Since they
exist due to macro features in the surroundings, such reflections are described as macro-
multipath. These attributes are typically presumed to be approximately time-invariant
upon a timescale that is considerably bigger in comparison with the data rate [170].

The acoustic rays rather than two-dimensional lines are preferably modeled as three-
dimensional tubes. When the tubes come across an obstacle, the reflections commonly are
not pointed reflections but rather are reflections from an area, for instance, an uneven sand
patch or rough surface of the sea. This results in each path of the ray exhibiting a time
spread, sometimes of the order of a few milliseconds. The micro-multipath is perceived
as a multipath due to the small-scale properties, such as random oscillations in the water
and surface roughness. The micro-multipath is non-specular and only a few parts of the
small-scale random variations can be statistically modeled [170]. The micro-multipath
concept in acoustics literature is well-known as ray tubes [150].
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In deep-water atmosphere, completely refracted paths are detected in the sound
speed profile by a local minimum in addition to the bottom and surface recoils. The
sound “favors” parts with slow sound speeds and eventually turns towards them. The
ocean channel of deep sound, i.e., the channel for the ranging and fixing of sound has the
slowest sound speed (SOFAR). The bending of rays occurs due to Snell’s law employed on
channels exhibiting a constantly varying sound speed. In comparison to time and scales
of equalizer adaption relevant to acoustic transmission, the channel of deep water may
have a considerable time spread but is generally sparse and progressively time-varying.
Shadow zones are defined as sections of slight acoustic penetration owing to the geometry
of the system and the profile of sound speed. These are a result of obstacles (e.g., mounts in
the sea) or more notably due to the physics of waveguide propagation. Shadow zones can
occur in both the deep and shallow channels of water [150,160]. A little signal processing
can be employed to adjust the shadow zones therefore their compensation is achieved
using mission design and system placement.

3.8. Doppler Shift

From transmitter to receiver, each path encounters variable time inconsistency effects
because of reflections from moving objects, platform motion, currents, surface waves, tides,
and internal waves. Doppler spread/shift is prompted by each variability source that
moves the entire ranges of frequencies either up/down or where neighboring frequencies
are spread mutually. Doppler spread in the range of 0 to 30 Hz is highly influenced by the
communication system features, such as the motion of the sea surface, climate, the motion
of the platform, and transmission frequency. As the sound speed is considerably lower
compared to the speed of light, the Doppler effect detected in the underwater channels is
comparatively severe compared to the RF channels. To demonstrate the Doppler effect,
consider a pulse p(t), modulated through carrier frequency fc and transmitted across
an acoustic communication channel with a fixed sound speed vs, moving at a constant
velocity v transmitter to receiving end. The delay in the propagation of the received signal
is τ(t) = τ0 − vt/vs, where τ0, defined as a reference delay. The equation, i.e., a = v/vs
entails the proportionality of the Doppler effect to this mathematical function. As given
in [171], the signal transmitted, i.e., s(t) is:

s(t) =
{

Rep(t)e(j2π fct)
}

(34)

The signal received at the end of the receiver as stated in [171] is:

r(t) = s(t + vt/vs − τ0) = s(t + at− τ0) = Re
{

p(t + at− τ0)ej2π fc(t+at−τ0)
}

(35)

Considering the central frequency, the baseband receives the signal (the signal received
after demodulation and low pass filtering) [171]. Two signal distortions are observed while
ignoring the phase shift 2π fcτ:

1. There is time dilation of the signal by a factor of 1 + a. Hence, the function p′(t) =
p(t(1 + a)) can be used to model the signal. The frequency response is contracted due
to dilated response in the time domain.

2. The signal shows a frequency offset a fc that is identified as a Doppler shift.

When the signal bandwidth is appropriately small, the dilation effect can be over-
looked. If the bandwidth p(t) is signified as Bp the signal is almost time-invariant for a
time B−1

p . If the total duration of the data packet is T, the total packet dilation vT/vs needs
to be much less than B−1

p to ignore the dilation. Therefore, dilation can be ignored if the
product of time and bandwidth TBp satisfies the relation TBp = vs/v; otherwise, the signal
received needs sampling [172].

Another method to describe the Doppler is the scattering function. Suppose, the
coefficient of the channel at a specific delay τ and time t is g(t, τ). The relation is considered
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a time difference function if the identified channel is wide-sense stationery. Therefore, the
function for channel temporal correlation is shown as:

Rg(Vt; τ, τ2) = E{g(t, τ1)g∗(t + Vt, τ2)}, (36)

that is considered a function of three different variables; the time difference Vt and the two
delays τ1 τ2. The function for the scattering of the channel is named the Fourier transform
of the function for temporal correlation:

sg(λd; τ1, τ2) =
∫ ∞

−∞
Rg(Vt; τ1, τ2)e−2πλdVtdVt (37)

where, λd is the variable for Doppler spreading. At a specific delay, τ1 = τ2 is a demon-
stration of the channel Doppler spread. This results in a relationship between the Doppler
spread Bd and the channel coherence time (Vt)c [32]:

(Vt)c ≈
1

Bd
(38)

The time at which the channel at a specific delay is correlated, i.e., coherence time
(Vt)c, is the inverse of the channel Doppler spread Bd. For a channel with time-invariant
property, (Vt)c = ∞ results in no Doppler spread. In addition to the Doppler effect, waves
cause some other channel effects. For certain geometrical constraints, the waves take on
the qualities of a concave mirror and concentrate the acoustic energy, causing severe and
significant changes in the channel magnitude and phase behavior [173,174]. These focusing
effects on the paths that interact with the surface have a large magnitude compared to
the straight path causing instantaneous π/4 phase shifts. The motion of waves can also
introduce bubbles into the water column [14] creating a highly inconstant channel for the
transmission of sound. It can also increase the coefficient of absorption or decrease the
operative height of the water volume.

There is a considerable reduction in transmission due to the Doppler shift in the
channel for the UWAC. Literature reveals that two different sources contribute to the
Doppler shift and spread [148]. The frequencies of the signal, variable acoustic velocity, and
relative velocity of different objects, such as the transducers and hydrophones, contribute
to the Doppler shift. Conversely, internal currents and the speed of wind on the surface of
waves cause the Doppler spread. Doppler effect is the combination of Doppler spread and
shift. The average Doppler shift in comparison to the overall Doppler spread is considerably
larger [45]. Doppler causes forfeiture of orthogonality in the OFDM system. Therefore, the
receiver performance has been degraded severely. In the systems for the UWC, there exists
an analogy between the bandpass (Hz or kHz) and baseband subcarrier frequencies (kHz
or Hz). There is a pronounced variation between bandpass and each subcarrier frequency.
Consequently, the result of the Doppler shift will be different for the signal subcarriers.
Due to the mth scatterer in baseband the κth subcarrier shift is given as,

FDκm =
v
vs

fκ cos θm (39)

where, θm corresponds to the scattering angle of the mth scatterer and fκ represents the
frequency of κth the subcarrier. The Doppler shift effects over OFDM subcarriers in UWAC
are much more severe than the narrowband terrestrial communication. This is mostly
because (a) the very low velocity of the acoustic signal as compared to the velocity of RF
in terrestrial communication causes a large shift in the Doppler effect (b) the analogous
amount of the Doppler to the small value frequencies of the subcarrier influences each
subcarrier, and (c) because of the low frequencies of the bandpass, the variable effect of
Doppler shift over the subcarriers. The variable effect of the Doppler shift over OFDM
subcarriers is illustrated in Figure 18.
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Figure 18. Doppler shifts varying effects over OFDM subcarriers [175].

3.9. Channel Capacity

The theoretical upper bound referred to as the channel capacity C according to the
Shannon theorem is transmitted through an undistorted channel considering the white
Gaussian noise is anticipated in [153],

C = B log2(1 +
S
N
) (40)

where, B represents the channel bandwidth measured in Hz and S
N is the channel SNR.

Equation (40) is the basic Shannon relationship and is extended for the scenarios where
frequency has a direct relation with noise and thus results in [153]:

C =
∫

B
log2

(
1 +

S( f )
N( f )

)
d f (41)

The total capacity for the time-invariant channel is calculated by adding the individual
capacities of the sub-bands over a certain time interval considering the Gaussian noise.
Each sub-band is centered on the bandwidth, i.e., transmission frequency with a width
of ∆ f . Equation (41) is further extended to achieve the channel capacity over a distance l
along with the transmission power P(l) and is written as in [153]:

C =
∫

B
log2

(
P(l)

A(l, f )N( f )B(l)

)
d f (42)

The fundamental absorption coefficient model requires a dependence of the capacity
on acidity, salinity, temperature, and depth.

3.10. Doppler Shift Estimation

There are many issues when we implement the UWA multicarrier modulation. The
main issues of these challenges are recharging capabilities, low power received, short
communication range, high environmental noise, and Doppler shift. The Doppler shift can
be considered a severe problem in acoustic UWCs. The UWA modulation is very sensitive
for any moving node. The low propagation speed of the acoustic signal underwater causes
a high Doppler effect.

Doppler effects in the UWAC are instigated by the relative velocity of the receiver and
transmitter or by movements of the medium for propagation medium [176]. The processing
of signals received frequently generates added problems. For example, the UWACs with
submarines directing at the speed of nearly 12 m/s, i.e., 25 knots cause the problem due
to the huge Doppler shift that must be handled by a capable receiver. Expansion or
compression of the signal which has been transmitted over the UWA channel results from
the Doppler effects [177]. It is needed to eliminate the effect of these occurrences before any
additional processing at the receiver, for instance, carrier recovery and timing. A receiver
that executes channel equalization and optimal phase synchronization mutually has been
recommended for communication systems underwater [33].
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Joël Trubuil proposed an algorithm to estimate the Doppler shift keeping in view the
cross-correlation amongst sequences of training positioned at the start and end of data
frames transmitted [176]. A coarse and precise phase is estimated from these training
sequences. The precise estimation produces higher accuracy for the estimated Doppler
frequency and shows a much smaller range of ambiguity comparable to course one. The
researchers found that a suitable arrangement of the precise and coarse phases provides
a better estimation of Doppler shift in the considered range of speed. The small carrier
frequency of the UWA channel produces Doppler shifts dependent on frequency.

Contingent to the ZP-OFDM/CP-OFDM null subcarrier, multicarrier permits Doppler
compensation and the pilot subcarriers that are involved in the channel estimation, where
an OFDM is inspected in the UWA channels of the wider band and non-uniform Doppler
shifts [13]. For re-sampling, a method with two steps was suggested tracked by high-
resolution steady compensation of the residual Doppler. Through this procedure, the
non-uniform Doppler distortion is recompensed. Furthermore, a block-by-block receiver
is considered appropriate for fast-varying channels. A technique was established to ap-
proximate the offset parameters in the OFDM transmission, relying on the pilot tones
accessibility. An estimator for a hybrid channel was recommended later to view the offset
that has been compensated [178]. To resolve the problems relevant to the estimation of the
channel in the UWA system, the CS method can be used. Dependent on the existence of a
sparse design for the treated signal and an over-complete dictionary with a non-orthogonal
base set [179], a new class of channel estimator is suggested using the compressed sensing
theory. It leads to an estimation of the sparse channel that is highly dependent on Doppler
compensation. As a substitute for different compensation methods, the suggested index is
designed, when the atoms shift in an over-complete dictionary, using models for Doppler
shifts. This technique increases the MSE functioning with lesser computational complexity
and reduces the cost of hardware. Moreover, this process has the added advantage of being
less sensitive to the variety of Doppler rates.

4. UWA Modern Technologies

In the future, UWCs can be used for the examination of the sea, preservation of
biology, and coastal protection with fast speed and rabid-reliable communication. To obtain
a high data rate and accuracy, the UWC systems need to integrate advanced technology.
The substantial design associated with the novel technique of modulation for estimation
of channel for time-varying underwater channels, design of transceiver having medium
access control (MAC) and spatial diversity, and multiuser multiple input (MU-MIMO)
or full-duplex protocol design underwater systems is categorized under the progressive
technologies. Artificial intelligence (AI) schemes are used as well to make enhance wireless
communications and networks underwater. The performance of the UWC can be enhanced
by using profound and complicated communication systems.

It aids in managing a huge number of requirements with great strength and system
capacity. It also allows for deeper sea exploration. UWCs researchers have been interested
in artificial intelligence due to its better performance. Recently, UWA modern technologies
has been introduced in a brief although there are many papers published dealing with
UWAC [180–182]. UWWC’s contemporary technologies are depicted in Figure 19.

ML algorithms, particularly deep learning, have shown great promise in improving
the performance of UWAC systems. Deep learning techniques can be used for tasks,
such as signal processing, feature extraction, and modulation classification. For example,
convolutional neural networks (CNNs) have been used to improve the accuracy of acoustic
signal classification in underwater environments. Additionally, ML can be used for channel
estimation, equalization, decoding, and improving the reliability of UAC systems. Recent
research has also explored the use of ML for underwater acoustic localization and tracking
of mobile underwater platforms. For instance, recurrent neural networks (RNNs) and long
short-term memory (LSTM) networks have been used to improve the accuracy of UWA
source localization.
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Figure 19. Underwater wireless communication modern technologies.

IoUT is a network of underwater devices that can communicate with each other
to collect and exchange information. IoUT can enable real-time monitoring of the ocean
environment, improve the efficiency of underwater operations, and enable remote control of
underwater devices. IoUT can be used in conjunction with UAC to improve the reliability
and efficiency of UWC. Some of the challenges of IoUT include the limited range of
UWWC, the low data rate of acoustic communication, and the high energy consumption of
underwater devices. To overcome these challenges, researchers are exploring new wireless
communication technologies, such as UWOC and UWAC, at higher frequencies.

NOMA is a multiple-access technique that allows multiple users to share the same fre-
quency and time resources. NOMA can improve the spectral efficiency of UWAC systems,
which is critical for high data rates applications, such as video streaming and underwater
imaging. In underwater environments, the limited bandwidth and high signal attenuation
make it challenging to achieve high data rates. NOMA can improve the efficiency of UWC
systems by allowing multiple users to share the available bandwidth. Recent research has
explored the use of NOMA for multiple-access UWC systems, demonstrating significant
improvements in spectral efficiency and user capacity.

Energy harvesting techniques can be used to power underwater devices without
the need for external power sources. Energy harvesting can enable the long-term and
autonomous operation of underwater devices, reducing the need for costly and complex
maintenance operations. Several energy harvesting techniques can be used in underwater
environments, including solar cells, thermoelectric generators, and piezoelectric generators.
Solar cells can harvest energy from sunlight, but their effectiveness is limited in under-
water environments due to the limited availability of sunlight. Thermoelectric generators
can convert thermal energy into electrical energy, but their efficiency is limited due to
the low-temperature gradient in underwater environments. Piezoelectric generators can
harvest energy from underwater vibrations and acoustic waves, making them a promising
technology for energy harvesting in underwater environments.

Underwater mmWave communication is a promising technology that can provide
high data rate communication for underwater platforms. MmWave communication can
overcome the limitations of UWAC, such as low data rates and limited bandwidth. Under-
water mmWave communication uses frequencies above 30 GHz, which are not affected by
the signal attenuation caused by seawater. However, underwater mmWave communication
faces several challenges, including the need for highly directional antennas and the vulner-
ability of mmWave signals to scattering and reflection. Recent research has explored the
use of mmWave communication for underwater applications, such as underwater imaging
and video streaming, demonstrating the potential of this technology to revolutionize UWC.

CS is a signal processing technique that allows the reconstruction of a signal using a
reduced number of samples, which can result in lower power consumption and improved
efficiency in UWAC. One of the future research directions in this area is to develop new CS
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algorithms that are optimized for the underwater environment, taking into account factors,
such as multipath interference, attenuation, and noise. Researchers could also explore
the potential of compressive sensing for other applications, such as underwater imaging
and sensing.

FBMC is a modulation technique that can provide high spectral efficiency and im-
proved robustness to multipath interference in UWAC. Future research in this area could
focus on developing new FBMC-based communication systems that are optimized for the
underwater environment considering factors, such as acoustic propagation characteristics,
Doppler shifts, and noise. Researchers could also explore the potential of FBMC for other
applications, such as underwater positioning and navigation.

WSNs are networks of wireless sensor nodes that can be used for environmental
monitoring, underwater surveillance, and ocean exploration. Future research in this area
could focus on developing new communication protocols and routing algorithms that
are optimized for WSNs in the underwater environment, taking into account factors,
such as limited energy resources, variable network topologies, and harsh environmental
conditions. Researchers could also explore the potential of WSNs for other applications,
such as underwater energy harvesting and underwater wireless power transfer.

Cooperative communication is an approach that involves multiple nodes working
together to improve the reliability and efficiency of UWAC. Future research in this area
could focus on developing new cooperative communication schemes that are optimized for
the underwater environment considering factors, such as node mobility, channel fading,
and multipath interference. Researchers could also explore the potential of cooperative
communication for other applications, such as underwater localization and underwater
acoustic source tracking.

Hybrid acoustic and optical communication is an approach that combines acoustic
and optical communication to achieve high data rate communication in underwater en-
vironments. Future research in this area could focus on developing new techniques for
integrating acoustic and optical communication, considering factors such as signal inter-
ference, transmission range, and energy consumption. Researchers could also explore the
potential of hybrid communication for other applications, such as underwater sensing
and imaging. Overall, these future research directions highlight the need for innovative
approaches and optimized solutions for UWAC, as well as the potential for UWC to have a
significant impact on a range of important applications in the marine environment.

5. Discussion

UWAC is a rapidly evolving field that has the potential to significantly impact a
range of important applications in the marine environment, such as ocean exploration,
environmental monitoring, and underwater surveillance. Recent trends and important
research in UWA have focused on improving the reliability, efficiency, and data rate of UWC
systems, while also addressing the unique challenges of the underwater environment.

One of the key trends in UWAC is the development of new modulation techniques
that can improve the spectral efficiency and robustness of communication systems. FBMC
is one such technique that has shown promise in UWAC, as it can provide high spectral
efficiency and improved resistance to multipath interference. Another trend is the use of
cooperative communication, which involves multiple nodes working together to improve
the reliability and efficiency of UWCs. Yet another important area of research in UWAC is
the development of new networking protocols and routing algorithms that are optimized
for the underwater environment. WSNs are becoming increasingly important in UWC for
applications, such as environmental monitoring and underwater surveillance. However,
WSNs face unique challenges in the underwater environment, such as limited energy
resources and variable network topologies, that need to be addressed to ensure reliable
and efficient communication. Energy harvesting is also an important area of research in
UWAC, as it can provide a sustainable source of energy for UWC systems. Researchers are
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exploring a range of techniques for energy harvesting, such as solar energy, thermal energy,
and vibration energy, to power UWC systems.

Despite these advancements, there are still significant challenges that need to be
addressed in UWACs. One of the major challenges is the limited bandwidth and low data
rates of UWC systems. This can limit the amount of information that can be transmitted,
which is a significant limitation for applications, such as underwater video streaming
and remote operation of underwater vehicles. Another challenge is the high levels of
noise and distortion in the underwater environment. UWC must contend with a range of
noise sources including ambient noise, noise from marine life, and noise from other UWC
systems. These noise sources can significantly affect the quality and reliability of UWC
systems, making it difficult to transmit and receive data accurately. Finally, the transmission
range of UWC systems is another challenge that needs to be addressed. UWA signals can
attenuate rapidly, making it difficult to maintain communication over long distances. This
is a significant limitation for applications, such as remote monitoring of ocean currents and
real-time tracking of underwater vehicles. Table 5 indicates the notable contributions of the
physical layer of UWAC.

Table 5. Some notable key contributions of physical layer UWAC technologies.

Techniques Mapper Bandwidth Symbol
Duration

Communication
Distance Data Rate Carrier

Frequency
Doppler
Spread

CP-OFDM [2] PAM 5 kHz 0.25 ms 20 m - 12.5 kHz 0.2
TDS-OFDM [10] QPSK 6 kHz 170.67 ms 967 m 11.99 Kbps 20 kHz 0.2
UW-OFDM [11] QPSK - 0.25 ms 150 m 8 Kbps 23 kHz
ZP-OFDM [67] QPSK 12 kHz - - - 27 kHz 0.4 m/s

OFDM [69] BPSK 10 kHz - 500, 1500 m - - 10 Hz

ZP-OFDM [71] QPSK 12 kHz
42.67 ms,
85.33 ms,
170.67 ms

150, 400 m
7.0 Kbps,
8.6 Kbps,
9.7 Kbps

27 kHz 5.86 Hz

MIMO-OFDM [73] QPSK, QAM 12 kHz,
4.88 kHz

85.33 ms,
209.71 ms 500, 1500 m 125.7 kbps - 2 Hz

OFDM [78] BPSK, QAM,
QPSK

3 kHz, 6 kHz,
12 kHz 209.7152 ms 500 m

2.86 Kbps,
4.29 Kbps,
5.72 Kbps,
8.59 Kbps

32 kHz -

OFDM, ZP-OFDM [79] QAM, QPSK 9.77, 5 kHz 104.86 ms,
170.7 ms - 798.7 bps,

10.4 Kbps 13, 11 kHz 9.54, 5.86 Hz

TDS-OFDM [81] QPSK 10.24 kHz - - - - 0.1, 1 Hz

ZP-OFDM [82] QAM 9.77 kHz 104.86 ms -
6.5 Kbps,
6.2 Kbps,
5.9Kbps

13 kHz 0.54 Hz

ZP-OFDM [83] QPSK 4.883 kHz 209.7 ms 500 m–4.5 km 2.7 Kb/user/s,
5.2 Kb/user/s 13 kHz -

TDS-OFDM [94] QPSK 6 kHz 170.67 ms - 11.9 Kbps 20 kHz 0.2
GFDM [98] QAM 28 kHz - 100 m - 40 kHz -
GFDM [99] BPSK, QPSK - 1 µs 1 Km - 15 kHz 10,100 Hz

Coded GFDM [100] QAM 10 kHz - 500 m–2.5 Km - 15 kHz 10 Hz
CPM-OFDM [101] CPM 10 kHz 52.2 ms 500 m - - 10 Hz

MIMO [111] BPSK, QPSK 3, 23 kHz - 2 Km 12 Kbps,
48 Kbps - -

OFDM-MIMO [112] BPSK 10 kHz 1 ms 10 m, 20 m 5 Kbps, 10
Kbps 10 kHz -

IM-OFDM-SS [140] QPSK 5 kHz 0.25 ms 200 m - 23 kHz 0.04
DL-CIM-SS [141] BPSK 6 kHz - 1 Km - 23 kHz 0.1

It is concluded that UWAC is a rapidly advancing field that is heading towards
more reliable, efficient, and high-speed communication systems. However, there are
still significant challenges that need to be addressed, such as limited bandwidth, noise,
and distortion in the underwater environment, as well as the limited transmission range
of UWC systems. Future research in UWAC will need to address these challenges to
enable the development of more advanced and effective communication systems for the
marine environment.
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6. Conclusions

This paper has discussed the survey related to the models for the UWA channel
problems and its challenges, and the techniques associated with the physical layer for the
transmission of data over such channels. The essential issues of the UWA channel, such as
delay spread, Doppler, waves, motion, distance, and SNR are summarized. This paper has
addressed the modulation techniques used in UWCs over the physical layer. Additionally, it
provided knowledge about the new UWC schemes, such as the SMTs which are mainly used
on the IoUTs. This paper shows the satisfaction conditions of reliable UWAC using different
modulation techniques. It reviewed the main characteristics of modulation technologies
over the UWA channel that have been considered as UWAC physical layer techniques for
UWWC: (1) underwater multicarrier communication modulation, such as OFDM (TDS-
OFDM, CP-OFDM, ZP-OFDM, MIMO-OFDM, GFDM, UF-OFDM, and CPM-OFDM); (2)
FBMC; (3) MIMO; (4) SMTs; and (5) OFDM-IM. Modern UWC technologies of researchers
have also been presented. It is evident from this study that OFDM, GFDM, FBMC, MIMO,
and MIMO-OFDM are used to achieve high spectral efficiency in UWAC. UF-OFDM and
OFDM surpassed all the traditional modulation techniques to achieve low computational
complexity. High energy efficiency techniques are essential for UWCC as they are battery-
based communications. It is observed from this study that OFDM-IM, SMTs, MIMO,
CPM-OFDM, and UF-OFDM outperform all the other modulation technologies in terms of
high energy efficiency.

Author Contributions: Conceptualization, N.U.R.J. and H.E.; methodology, N.U.R.J. and M.S.; soft-
ware, N.U.R.J. and H.E.; validation, S.A., H.S. and A.B.M.A.; formal analysis, N.U.R.J. and A.H.;
investigation, N.U.R.J. and H.E.; resources, H.S. and A.B.M.A.; data curation, N.U.R.J., M.S. and H.E.;
writing—original draft preparation, N.U.R.J. and H.E.; writing—review and editing, N.U.R.J., S.A.
and H.E.; visualization, M.S., S.A. and A.B.M.A.; supervision, H.S. and H.E.; project administration,
H.S. and H.E.; funding acquisition, H.S. and H.E. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported in part by National Natural Science Foundation of China
under Grants 62271426. This work was supported partially by the National Telecom Regulatory
Authority, Egypt, through the Project “AQUA-EIoUTs: Effective Internet of Underwater Things for
The Aquaculture Industry”. This paper is based upon work supported by Science, Technology &
Innovation Funding Authority (STDF) under grant number 46143.

Data Availability Statement: The authors declare that the data used to support the findings of this
study will be available from the corresponding author upon request.

Conflicts of Interest: The authors declare that they do not have any conflict of interest.

References
1. Mei, X.; Han, D.; Saeed, N.; Wu, H.; Chang, C.-C.; Han, B.; Ma, T.; Xian, J. Trajectory Optimization of Autonomous Surface

Vehicles with Outliers for Underwater Target Localization. Remote Sens. 2022, 14, 4343. [CrossRef]
2. Qasem, Z.A.; Wang, J.; Leftah, H.A.; Sun, H.; Hong, S.; Qi, J.; Esmaiel, H. Real Signal DHT-OFDM With Index Modulation for

Underwater Acoustic Communication. IEEE J. Ocean. Eng. 2022, 48, 246–259. [CrossRef]
3. Esmaiel, H.; Qasem, Z.A.; Sun, H.; Wang, J.; Rehman Junejo, N.U. Underwater image transmission using spatial modulation

unequal error protection for internet of underwater things. Sensors 2019, 19, 5271. [CrossRef]
4. Singer, A.C.; Nelson, J.K.; Kozat, S.S. Signal processing for underwater acoustic communications. IEEE Commun. Mag. 2009,

47, 90–96. [CrossRef]
5. MR, C.R.; Sukumaran, R. Modeling and Simulation of Acoustic Link Using Mackenize Propagation Speed Equation. Int. J.

Comput. Inf. Eng. 2015, 9, 2228–2236.
6. Stojanovic, M.; Preisig, J. Underwater acoustic communication channels: Propagation models and statistical characterization.

IEEE Commun. Mag. 2009, 47, 84–89. [CrossRef]
7. Bouvet, P.-J.; Loussert, A. Capacity analysis of underwater acoustic MIMO communications. In Proceedings of the OCEANS’10

IEEE SYDNEY, Sydney, Australia, 24–27 May 2010; IEEE: Piscataway, NJ, USA, 2010; pp. 1–8.
8. He, Y.; Wang, Y.; Zou, N.; Liang, G. Parametric GLRT for multichannel adaptive signal detection in space–time correlated

compound-Gaussian disturbance. IET Radar Sonar Navig. 2019, 13, 1597–1608. [CrossRef]

https://doi.org/10.3390/rs14174343
https://doi.org/10.1109/JOE.2022.3199202
https://doi.org/10.3390/s19235271
https://doi.org/10.1109/MCOM.2009.4752683
https://doi.org/10.1109/MCOM.2009.4752682
https://doi.org/10.1049/iet-rsn.2018.5540


J. Mar. Sci. Eng. 2023, 11, 885 39 of 45

9. Zhang, X.; Ying, W.; Yang, B. Parameter Estimation for Class a Modeled Ocean Ambient Noise. J. Eng. Technol. Sci. 2018,
50, 330–345. [CrossRef]

10. Junejo, N.U.R.; Esmaiel, H.; Sattar, M.; Sun, H.; Khalil, M.A.; Ullah, I. Sea Experimental for Compressive Sensing-Based Sparse
Channel Estimation of Underwater Acoustic TDS-OFDM System. Wirel. Commun. Mob. Comput. 2022, 2022, 2523196. [CrossRef]

11. Qasem, Z.A.; Wang, J.; Kuai, X.; Sun, H.; Esmaiel, H. Enabling unique word OFDM for underwater acoustic communication.
IEEE Wirel. Commun. Lett. 2021, 10, 1886–1889. [CrossRef]

12. Brady, D.; Preisig, J.C. Underwater acoustic communications. Wirel. Commun. Signal Process. Perspect. 1998, 8, 330–379.
13. Iglesias, I.; Song, A.; Garcia-Frias, J.; Badiey, M.; Arce, G.R. Image transmission over the underwater acoustic channel via

compressive sensing. In Proceedings of the 2011 45th Annual Conference on Information Sciences and Systems, Baltimore, MD,
USA, 23–25 March 2011; IEEE: Piscataway, NJ, USA, 2011; pp. 1–6.

14. Preisig, J. Acoustic propagation considerations for underwater acoustic communications network development. ACM SIGMOBILE
Mob. Comput. Commun. Rev. 2007, 11, 2–10. [CrossRef]

15. Coates, R.F. Underwater Acoustic Systems; Macmillan International Higher Education: London, UK, 1990.
16. Labrador, Y.; Karimi, M.; Pan, D.; Miller, J. Modulation and error correction in the underwater acoustic communication channel.

Int. J. Comput. Sci. Netw. Secur. 2009, 9, 123–130.
17. Babarsad, S.B.; Saberali, S.M.; Majidi, M. Analytic performance investigation of signal level estimator based on empirical

characteristic function in impulsive noise. Digit. Signal Process. 2019, 92, 20–25. [CrossRef]
18. Hajiabadi, M.; Radmanesh, H.; Samkan, M. Robust adaptive beamforming in impulsive noise environments. IET Radar Sonar

Navig. 2019, 13, 2145–2150. [CrossRef]
19. Zhang, X.; Ying, W.; Yang, P.; Sun, M. Parameter estimation of underwater impulsive noise with the Class B model. IET Radar

Sonar Navig. 2020, 14, 1055–1060. [CrossRef]
20. Hwang, S.-J.; Schniter, P. Efficient communication over highly spread underwater acoustic channels. In Proceedings of the 2nd

Workshop on Underwater Networks, Montreal, QC, Canada, 14 September 2007; pp. 11–18.
21. Felemban, E.; Shaikh, F.K.; Qureshi, U.M.; Sheikh, A.A.; Qaisar, S.B. Underwater sensor network applications: A comprehensive

survey. Int. J. Distrib. Sens. Netw. 2015, 11, 896832. [CrossRef]
22. Ghoreyshi, S.M.; Shahrabi, A.; Boutaleb, T. Void-handling techniques for routing protocols in underwater sensor networks:

Survey and challenges. IEEE Commun. Surv. Tutor. 2017, 19, 800–827. [CrossRef]
23. Jouhari, M.; Ibrahimi, K.; Tembine, H.; Ben-Othman, J. Underwater wireless sensor networks: A survey on enabling technologies,

localization protocols, and internet of underwater things. IEEE Access 2019, 7, 96879–96899. [CrossRef]
24. Awan, K.M.; Shah, P.A.; Iqbal, K.; Gillani, S.; Ahmad, W.; Nam, Y. Underwater wireless sensor networks: A review of recent

issues and challenges. Wirel. Commun. Mob. Comput. 2019, 2019, 6470359. [CrossRef]
25. Luo, J.; Chen, Y.; Wu, M.; Yang, Y. A survey of routing protocols for underwater wireless sensor networks. IEEE Commun. Surv.

Tutor. 2021, 23, 137–160. [CrossRef]
26. Zeng, Z.; Fu, S.; Zhang, H.; Dong, Y.; Cheng, J. A survey of underwater optical wireless communications. IEEE Commun. Surv.

Tutor. 2016, 19, 204–238. [CrossRef]
27. Kaushal, H.; Kaddoum, G. Underwater optical wireless communication. IEEE Access 2016, 4, 1518–1547. [CrossRef]
28. Zhu, S.; Chen, X.; Liu, X.; Zhang, G.; Tian, P. Recent progress in and perspectives of underwater wireless optical communication.

Prog. Quantum Electron. 2020, 73, 100274. [CrossRef]
29. Saeed, N.; Celik, A.; Al-Naffouri, T.Y.; Alouini, M.-S. Underwater optical wireless communications, networking, and localization:

A survey. Ad Hoc Netw. 2019, 94, 101935. [CrossRef]
30. Esmaiel, H.; Jiang, D. Multicarrier communication for underwater acoustic channel. Int. J. Commun. Netw. Syst. Sci. 2013, 6, 361.
31. Kilfoyle, D.B.; Baggeroer, A.B. The state of the art in underwater acoustic telemetry. IEEE J. Ocean. Eng. 2000, 25, 4–27. [CrossRef]
32. Proakis, J.G.; Salehi, M. Digital Communications; McGraw-Hill: New York, NY, USA, 2001.
33. Stojanovic, M.; Catipovic, J.A.; Proakis, J.G. Phase-coherent digital communications for underwater acoustic channels. IEEE J.

Ocean. Eng. 1994, 19, 100–111. [CrossRef]
34. Stojanovic, M.; Proakis, J.; Catipovic, J. Performance of high-rate adaptive equalization on a shallow water acoustic channel. J.

Acoust. Soc. Am. 1996, 100, 2213–2219. [CrossRef]
35. Freitag, L.; Stojanovic, M.; Singh, S.; Johnson, M. Analysis of channel effects on direct-sequence and frequency-hopped spread-

spectrum acoustic communication. IEEE J. Ocean. Eng. 2001, 26, 586–593. [CrossRef]
36. Stojanovic, M.; Freitag, L. Wideband underwater acoustic CDMA: Adaptive multichannel receiver design. In Proceedings of the

OCEANS 2005 MTS/IEEE, Brest, France, 20–23 June 2005; IEEE: Piscataway, NJ, USA, 2005; pp. 1508–1513.
37. Weinstein, S.; Ebert, P. Data transmission by frequency-division multiplexing using the discrete Fourier transform. IEEE Trans.

Commun. Technol. 1971, 19, 628–634. [CrossRef]
38. Lawrey, E. The Suitability of OFDM as a Modulation Technique for Wireless Telecommunications, with a CDMA Comparison.

Ph.D. Thesis, James Cook University, Townsville, Australia, 1997.
39. Lam, W.; Ormondroyd, R. A broadband UWA communication system: Based on COFDM modulation. In Proceedings of the

Oceans’ 97. MTS/IEEE Conference Proceedings, Halifax, NS, Canada, 6–9 October 1997; IEEE: Piscataway, NJ, USA, 1997;
Volume 2, pp. 862–869.

https://doi.org/10.5614/j.eng.technol.sci.2018.50.3.2
https://doi.org/10.1155/2022/2523196
https://doi.org/10.1109/LWC.2021.3085020
https://doi.org/10.1145/1347364.1347370
https://doi.org/10.1016/j.dsp.2019.04.009
https://doi.org/10.1049/iet-rsn.2019.0223
https://doi.org/10.1049/iet-rsn.2019.0477
https://doi.org/10.1155/2015/896832
https://doi.org/10.1109/COMST.2017.2657881
https://doi.org/10.1109/ACCESS.2019.2928876
https://doi.org/10.1155/2019/6470359
https://doi.org/10.1109/COMST.2020.3048190
https://doi.org/10.1109/COMST.2016.2618841
https://doi.org/10.1109/ACCESS.2016.2552538
https://doi.org/10.1016/j.pquantelec.2020.100274
https://doi.org/10.1016/j.adhoc.2019.101935
https://doi.org/10.1109/48.820733
https://doi.org/10.1109/48.289455
https://doi.org/10.1121/1.417930
https://doi.org/10.1109/48.972098
https://doi.org/10.1109/TCOM.1971.1090705


J. Mar. Sci. Eng. 2023, 11, 885 40 of 45

40. Lam, W.; Ormondroyd, R. A coherent COFDM modulation system for a time-varying frequency-selective underwater acoustic
channel. In Proceedings of the IEEE 7th International Conference on Electronic Engineering in Oceanography-Technology Transfer
from Research to Industry, Swansea, UK, 23–25 June 1997.

41. Lam, W.; Ormondroyd, R.; Davies, J. A frequency domain adaptive coded decision feedback equalizer for a broadband UWA
COFDM system. In Proceedings of the IEEE Oceanic Engineering Society. OCEANS’98. Conference Proceedings (Cat. No.
98CH36259), Nice, France, 28 September–1 October 1998; IEEE: Piscataway, NJ, USA, 1998; Volume 2, pp. 794–799.

42. Lam, W.; Ormondroyd, R. A novel broadband COFDM modulation scheme for robust communication over the underwater
acoustic channel. In Proceedings of the IEEE Military Communications Conference. Proceedings. MILCOM 98 (Cat. No.
98CH36201), Boston, MA, USA, 19–21 October 1998; IEEE: Piscataway, NJ, USA, 1998; Volume 1, pp. 128–133.

43. Coatelan, S.; Glavieux, A. Design and test of a coding OFDM system on the shallow water acoustic channel. In Proceedings of
the Challenges of Our Changing Global Environment. Conference Proceedings. OCEANS’95 MTS/IEEE, San Diego, CA, USA,
12–19 October 1995; IEEE: Piscataway, NJ, USA, 1995; Volume 3, pp. 2065–2070.

44. Bejjani, E.; Belfiore, J.-C. Multicarrier coherent communications for the underwater acoustic channel. In Proceedings of the
OCEANS 96 MTS/IEEE Conference Proceedings. The Coastal Ocean-Prospects for the 21st Century, Fort Lauderdale, FL, USA,
23–26 September 1996; IEEE: Piscataway, NJ, USA, 1996; Volume 3, pp. 1125–1130.

45. Kim, B.-C.; Lu, I.-T. Parameter study of OFDM underwater communications system. In Proceedings of the OCEANS 2000
MTS/IEEE Conference and Exhibition. Conference Proceedings (Cat. No. 00CH37158), Providence, RI, USA, 11–14 September
2000; IEEE: Piscataway, NJ, USA, 2000; Volume 2, pp. 1251–1255.

46. Zakharov, Y.V.; Kodanev, V. Multipath-Doppler diversity of OFDM signals in an underwater acoustic channel. In Proceedings
of the IEEE International Conference on Acoustics Speech and Signal Processing, Phoenix, AZ, USA, 15–19 March 1999; IEEE:
Piscataway, NJ, USA, 1999; Volume 5, pp. 2941–2944.

47. Bradbeer, R.; Law, E.; Yeung, L.F. Using multi-frequency modulation in a modem for the transmission of near-realtime video in
an underwater environment. In Proceedings of the 2003 IEEE International Conference on Consumer Electronics, 2003, ICCE, Los
Angeles, CA, USA, 17–19 June 2003; IEEE: Piscataway, NJ, USA, 2003; pp. 360–361.

48. Yeung, L.F.; Bradbeer, R.S.; Law, E.T.; Wu, A.; Li, B.; Gu, Z.G. Underwater acoustic modem using multicarrier modulation. In
Proceedings of the Oceans 2003. Celebrating the Past... Teaming Toward the Future (IEEE Cat. No. 03CH37492), San Diego, CA,
USA, 22–26 September 2003; IEEE: Piscataway, NJ, USA, 2003; Volume 3, pp. 1368–1375.

49. Frassati, F.; Lafon, C.; Laurent, P.-A.; Passerieux, J.-M. Experimental assessment of OFDM and DSSS modulations for use in
littoral waters underwater acoustic communications. In Proceedings of the Europe Oceans 2005, Brest, France, 20–23 June 2005;
IEEE: Piscataway, NJ, USA, 2005; Volume 2, pp. 826–831.

50. Wolf, J. Redundancy, the discrete Fourier transform, and impulse noise cancellation. IEEE Trans. Commun. 1983, 31, 458–461.
[CrossRef]

51. Abdelkefi, F.; Duhamel, P.; Alberge, F. On the use of pilot tones for impulse noise cancellation in Hiperlan2. In Proceedings of the
6th International Symposium on Signal Processing and its Applications (Cat. No. 01EX467), Kuala Lumpur, Malaysia, 13–16
August 2001; IEEE: Piscataway, NJ, USA, 2001; Volume 2, pp. 591–594.

52. Abdelkefi, F.; Duhamel, P.; Alberge, F. Impulsive noise cancellation in multicarrier transmission. IEEE Trans. Commun. 2005,
53, 94–106. [CrossRef]

53. Fink, M. Time-reversed acoustics. Sci. Am. 1999, 281, 91–97. [CrossRef]
54. Kuperman, W.; Hodgkiss, W.S.; Song, H.C.; Akal, T.; Ferla, C.; Jackson, D.R. Phase conjugation in the ocean: Experimental

demonstration of an acoustic time-reversal mirror. J. Acoust. Soc. Am. 1998, 103, 25–40. [CrossRef]
55. Edelmann, G.F.; Akal, T.; Hodgkiss, W.S.; Kim, S.; Kuperman, W.A.; Song, H.C. An initial demonstration of underwater acoustic

communication using time reversal. IEEE J. Ocean. Eng. 2002, 27, 602–609. [CrossRef]
56. Stojanovic, M.; Catipovic, J.; Proakis, J.G. Adaptive multichannel combining and equalization for underwater acoustic communi-

cations. J. Acoust. Soc. Am. 1993, 94, 1621–1631. [CrossRef]
57. Kilfoyle, D.B.; Preisig, J.C.; Baggeroer, A.B. Spatial modulation over partially coherent multiple-input/multiple-output channels.

IEEE Trans. Signal Process. 2003, 51, 794–804. [CrossRef]
58. Roy, S.; Duman, T.; Ghazikhanian, L.; McDonald, V.; Proakis, J.; Zeidler, J. Enhanced underwater acoustic communication

performance using space-time coding and processing. In Proceedings of the Oceans’ 04 MTS/IEEE Techno-Ocean’04 (IEEE Cat.
No. 04CH37600), Kobe, Japan, 9–12 November 2004; IEEE: Piscataway, NJ, USA, 2004; Volume 1, pp. 26–33.

59. Goldsmith, A. Wireless Communications; Cambridge University Press: Cambridge, UK, 2005.
60. Molisch, A.F. Wireless Communications; John Wiley & Sons: New York, NY, USA, 2012.
61. Proakis, J.G. Digital Signal Processing: Principles Algorithms and Applications; Pearson Education India: Delhi, India, 2001.
62. Morozov, A.K.; Preisig, J.C. Underwater acoustic communications with multi-carrier modulation. In Proceedings of the OCEANS

2006, Boston, MA, USA, 18–21 September 2006; IEEE: Piscataway, NJ, USA, 2006; pp. 1–6.
63. Kumar, P.; Kumar, P. Performance evaluation of DFT-spread OFDM and DCT-spread OFDM for underwater acoustic communica-

tion. In Proceedings of the 2012 IEEE Vehicular Technology Conference (VTC Fall), Quebec City, QC, Canada, 3–6 September 2012;
IEEE: Piscataway, NJ, USA, 2012; pp. 1–5.

https://doi.org/10.1109/TCOM.1983.1095820
https://doi.org/10.1109/TCOMM.2004.840628
https://doi.org/10.1038/scientificamerican1199-91
https://doi.org/10.1121/1.423233
https://doi.org/10.1109/JOE.2002.1040942
https://doi.org/10.1121/1.408135
https://doi.org/10.1109/TSP.2002.808118


J. Mar. Sci. Eng. 2023, 11, 885 41 of 45

64. Farhang-Boroujeny, B. OFDM versus filter bank multicarrier. IEEE Signal Process. Mag. 2011, 28, 92–112. [CrossRef]
65. Nee, R.v.; Prasad, R. OFDM for Wireless Multimedia Communications; Artech House, Inc.: Norwood, MA, USA, 2000.
66. Li, Y.G.; Stuber, G.L. Orthogonal Frequency Division Multiplexing for Wireless Communications; Springer Science & Business Media:

New York, NY, USA, 2006.
67. Mason, S.F.; Berger, C.R.; Zhou, S.; Willett, P. Detection, synchronization, and Doppler scale estimation with multicarrier

waveforms in underwater acoustic communication. IEEE J. Sel. Areas Commun. 2008, 26, 1638–1649. [CrossRef]
68. Qasem, Z.A.; Leftah, H.A.; Sun, H.; Esmaiel, H. Precoded IM-OFDM-SS for Underwater Acoustic Communication. Wirel. Commun.

Mob. Comput. 2022, 2022, 7940993. [CrossRef]
69. Murad, M.; Tasadduq, I.A.; Otero, P. Ciphered BCH Codes for PAPR Reduction in the OFDM in Underwater Acoustic Channels. J.

Mar. Sci. Eng. 2022, 10, 91. [CrossRef]
70. Zahra, M.; Tarrad, I.; Mounir, M. Hybrid SLM-PTS for PAPR Reduction in MIMO-OFDM. Int. J. Adv. Res. Electr. Electron. Instrum.

Eng. 2014, 3, 9313–9324.
71. Li, B.; Zhou, S.; Stojanovic, M.; Freitag, L.; Willett, P. Multicarrier communication over underwater acoustic channels with

nonuniform Doppler shifts. IEEE J. Ocean. Eng. 2008, 33, 198–209.
72. Stojanovic, M. Underwater wireless communications: Current achievements and research challenges. IEEE Ocean. Eng. Soc.

Newsl. 2006, 41, 10–13.
73. Li, B.; Huang, J.; Zhou, S.; Ball, K.; Stojanovic, M.; Freitag, L.; Willett, P. MIMO-OFDM for high-rate underwater acoustic

communications. IEEE J. Ocean. Eng. 2009, 34, 634–644.
74. Thottappilly, A. OFDM for Underwater Acoustic Communication. Ph.D. Thesis, Virginia Polytechnic Institute and State University,

Blacksburg, VI, USA, 2011.
75. McGee, J.A. Applying Diversity to Mitigate Interference in Underwater Acoustic Communication Networks. Ph.D. Thesis,

University Rhode Island, Kingston, RI, USA, 2015.
76. Taya, M. Multi-Carrier Communication Over Time-Varying Underwater Acoustic Channels. Ph.D. Thesis, Northeastern University,

Boston, MA, USA, 2018.
77. Muquet, B.; Wang, Z.; Giannakis, G.B.; De Courville, M.; Duhamel, P. Cyclic prefixing or zero padding for wireless multicarrier

transmissions? IEEE Trans. Commun. 2002, 50, 2136–2148. [CrossRef]
78. Huang, J.; Zhou, S.; Willett, P. Nonbinary LDPC coding for multicarrier underwater acoustic communication. IEEE J. Sel. Areas

Commun. 2008, 26, 1684–1696. [CrossRef]
79. Wang, Z.; Zhou, S.; Catipovic, J.; Willett, P. Parameterized cancellation of partial-band partial-block-duration interference for

underwater acoustic OFDM. IEEE Trans. Signal Process. 2011, 60, 1782–1795. [CrossRef]
80. Mutagi, R. Pseudo noise sequences for engineers. Electron. Commun. Eng. J. 1996, 8, 79–87. [CrossRef]
81. Hao, J.; Zheng, Y.R.; Wang, J.; Song, J. Dual PN padding TDS-OFDM for underwater acoustic communication. In Proceedings of

the 2012 Oceans, Hampton Roads, VA, USA, 14–19 October 2012; IEEE: Piscataway, NJ, USA, 2012; pp. 1–4.
82. Wang, Z.; Zhou, S.; Giannakis, G.B.; Berger, C.R.; Huang, J. Frequency-domain oversampling for zero-padded OFDM in

underwater acoustic communications. IEEE J. Ocean. Eng. 2011, 37, 14–24. [CrossRef]
83. Wang, Z.; Zhou, S.; Catipovic, J.; Willett, P. Asynchronous multiuser reception for OFDM in underwater acoustic communications.

IEEE Trans. Wirel. Commun. 2013, 12, 1050–1061. [CrossRef]
84. Jing, L.; Huang, J. Cyclic shift keying spread spectrum OFDM method over underwater acoustic channel. In Proceedings of the

2012 IEEE International Conference on Signal Processing, Communication and Computing (ICSPCC 2012), Hong Kong, China,
12–15 August 2012; IEEE: Piscataway, NJ, USA, 2012; pp. 798–801.

85. Sozer, E.; Proakis, J.; Stojanovic, R.; Rice, J.; Benson, A.; Hatch, M. Direct sequence spread spectrum based modem for under
water acoustic communication and channel measurements. In Proceedings of the Oceans’ 99. MTS/IEEE. Riding the Crest
into the 21st Century. Conference and Exhibition. Conference Proceedings (IEEE Cat. No. 99CH37008), Seattle, WA, USA,
13–16 September 1999; IEEE: Piscataway, NJ, USA, 1999; Volume 1, pp. 228–233.

86. Dai, L.; Wang, J.; Wang, Z.; Tsiaflakis, P.; Moonen, M. Spectrum-and energy-efficient OFDM based on simultaneous multi-channel
reconstruction. IEEE Trans. Signal Process. 2013, 61, 6047–6059. [CrossRef]

87. Wang, J.; Yang, Z.-X.; Pan, C.-Y.; Song, J.; Yang, L. Iterative padding subtraction of the PN sequence for the TDS-OFDM over
broadcast channels. IEEE Trans. Consum. Electron. 2005, 51, 1148–1152. [CrossRef]

88. Liu, M.; Crussiere, M.; Hélard, J.-F. A novel data-aided channel estimation with reduced complexity for TDS-OFDM systems.
IEEE Trans. Broadcast. 2012, 58, 247–260. [CrossRef]

89. Huemer, M.; Hofbauer, C.; Huber, J.B. Non-systematic complex number RS coded OFDM by unique word prefix. IEEE Trans.
Signal Process. 2011, 60, 285–299. [CrossRef]

90. Fu, J.; Wang, J.; Song, J.; Pan, C.-Y.; Yang, Z.-X. A simplified equalization method for dual PN-sequence padding TDS-OFDM
systems. IEEE Trans. Broadcast. 2008, 54, 825–830. [CrossRef]

91. Dai, L.; Wang, Z.; Yang, Z. Next-generation digital television terrestrial broadcasting systems: Key technologies and research
trends. IEEE Commun. Mag. 2012, 50, 150–158. [CrossRef]

https://doi.org/10.1109/MSP.2011.940267
https://doi.org/10.1109/JSAC.2008.081204
https://doi.org/10.1155/2022/7940993
https://doi.org/10.3390/jmse10010091
https://doi.org/10.1109/TCOMM.2002.806518
https://doi.org/10.1109/JSAC.2008.081208
https://doi.org/10.1109/TSP.2011.2180719
https://doi.org/10.1049/ecej:19960205
https://doi.org/10.1109/JOE.2011.2174070
https://doi.org/10.1109/TWC.2013.011713.120075
https://doi.org/10.1109/TSP.2013.2282920
https://doi.org/10.1109/TCE.2005.1561837
https://doi.org/10.1109/TBC.2012.2184152
https://doi.org/10.1109/TSP.2011.2168522
https://doi.org/10.1109/TBC.2008.2001725
https://doi.org/10.1109/MCOM.2012.6211500


J. Mar. Sci. Eng. 2023, 11, 885 42 of 45

92. Steendam, H. On the pilot carrier placement in multicarrier-based systems. IEEE Trans. Signal Process. 2014, 62, 1812–1821.
[CrossRef]

93. Pan, C.; Dai, L.; Yang, Z. TDS-OFDM based HDTV transmission over fast fading channels. IEEE Trans. Consum. Electron. 2013,
59, 16–23. [CrossRef]

94. Junejo, N.U.R.; Esmaiel, H.; Zhou, M.; Sun, H.; Qi, J.; Wang, J. Sparse Channel Estimation of Underwater TDS-OFDM System
using Look-ahead Backtracking Orthogonal Matching Pursuit. IEEE Access 2018, 6, 74389–74399. [CrossRef]

95. Qiao, G.; Babar, Z.; Ma, L.; Liu, S.; Wu, J. MIMO-OFDM underwater acoustic communication systems—A review. Phys. Commun.
2017, 23, 56–64. [CrossRef]

96. Dong, T.; Chang, Y.; Fukawa, K. Joint Time-Variant Channel Estimation and Signal Detection for Underwater Acoustic MIMO-
OFDM Communications. IEICE Tech. Rep. 2022, 122, 36–41.

97. Zhang, Y.; Chang, J.; Liu, Y.; Shen, X.; Bai, W. Deep Learning based Underwater Acoustic OFDM Receiver with Joint Channel
Estimation and Signal Detection. In Proceedings of the 2022 IEEE International Conference on Signal Processing, Communications
and Computing (ICSPCC), Xi’an, China, 25–27 October 2022; IEEE: Piscataway, NJ, USA, 2022; pp. 1–5.

98. Lin, C.-F.; Wu, C.-F.; Hsieh, C.-L.; Chang, S.-H.; Parinov, I.A.; Shevtsov, S. Generalized Frequency Division Multiplexing-Based
Low-Power Underwater Acoustic Image Transceiver. Sensors 2021, 22, 313. [CrossRef]

99. Hebbar, R.P.; Poddar, P.G. Generalized frequency division multiplexing–based acoustic communication for underwater systems.
Int. J. Commun. Syst. 2020, 33, e4292. [CrossRef]

100. Murad, M.; Tasadduq, I.A.; Otero, P. Coded-GFDM for reliable communication in underwater acoustic channels. Sensors 2022,
22, 2639. [CrossRef] [PubMed]

101. Tasadduq, I.A.; Murad, M.; Otero, P. CPM-OFDM performance over underwater acoustic channels. J. Mar. Sci. Eng. 2021, 9, 1104.
[CrossRef]

102. Murad, M. Assessment and Performance Improvement of Multicarrier Modulation for Underwater Acoustic Communications.
Ph.D. Thesis, Univeristy of Malaga, Malaga, Spain, 2022.

103. Zhang, Q.; Kokkeler, A.B.; Smit, G.J. An oversampled filter bank multicarrier system for Cognitive Radio. In Proceedings of
the 2008 IEEE 19th International Symposium on Personal, Indoor and Mobile Radio Communications, Cannes, France, 15–18
September 2008; IEEE: Piscataway, NJ, USA, 2008; pp. 1–5.

104. Amini, P.; Chen, R.-R.; Farhang-Boroujeny, B. Filterbank multicarrier for underwater communications. In Proceedings of the 2011
49th Annual Allerton Conference on Communication, Control, and Computing (Allerton), Monticello, IL, USA, 28–30 September
2011; IEEE: Piscataway, NJ, USA, 2011; pp. 639–646.

105. Le Floch, B.; Alard, M.; Berrou, C. Coded orthogonal frequency division multiplex [TV broadcasting]. Proc. IEEE 1995, 83, 982–996.
[CrossRef]

106. Alard, M. Construction of a Multicarrier Signal. U.S. Patents US6278686B1, 21 August 2001.
107. Amini, P.; Yuen, C.H.; Chen, R.-R.; Farhang-Boroujeny, B. Isotropic filter design for MIMO filter bank multicarrier communications.

In Proceedings of the 2010 IEEE Sensor Array and Multichannel Signal Processing Workshop, Jerusalem, Israel, 4–7 October 2010;
IEEE: Piscataway, NJ, USA, 2010; pp. 89–92.

108. Toni, L.; Rossi, L.; Agoulmine, N.; Fontaine, J.-G. Virtual UEP for progressive image transmission in underwater communication.
In Proceedings of the International Workshop on Underwater Networks (WUWNet), Berkeley, CA, USA, 3 November 2009.

109. Junejo, N.U.R.; Yan, J.; Adnan, S.; Chen, H.; Sun, H. Channel Estimation Using Pilot Method for Underwater Filter Bank
Multicarrier System. In Proceedings of the International Conference in Communications, Signal Processing, and Systems, 2017,
Auckland, New Zealand, 27–30 November 2017; Springer: Singapore; pp. 1001–1009.

110. Kilfoyle, D.B.; Preisig, J.C.; Baggeroer, A.B. Spatial modulation experiments in the underwater acoustic channel. IEEE J. Ocean.
Eng. 2005, 30, 406–415. [CrossRef]

111. Roy, S.; Duman, T.M.; McDonald, V.; Proakis, J.G. High-rate communication for underwater acoustic channels using multiple
transmitters and space–time coding: Receiver structures and experimental results. IEEE J. Ocean. Eng. 2007, 32, 663–688.
[CrossRef]

112. Ormondroyd, R. A robust underwater acoustic communication system using OFDM-MIMO. In Proceedings of the Oceans
2007-Europe, Aberdeen, UK, 18–21 June 2007; IEEE: Piscataway, NJ, USA, 2007; pp. 1–6.

113. Bouvet, P.-J.; Loussert, A. An analysis of MIMO-OFDM for shallow water acoustic communications. In Proceedings of the
OCEANS’11 MTS/IEEE KONA, Waikoloa, HI, USA, 19–22 September 2011; IEEE: Piscataway, NJ, USA, 2011; pp. 1–5.

114. Stojanovic, M. OFDM for underwater acoustic communications: Adaptive synchronization and sparse channel estimation. In
Proceedings of the 2008 IEEE International Conference on Acoustics, Speech and Signal Processing, Las Vegas, NV, USA, 31
March–4 April 2008; IEEE: Piscataway, NJ, USA, 2008; pp. 5288–5291.

115. Li, Y.; Seshadri, N.; Ariyavisitakul, S. Channel estimation for OFDM systems with transmitter diversity in mobile wireless
channels. IEEE J. Sel. Areas Commun. 1999, 17, 461–471. [CrossRef]

116. Minn, H.; Bhargava, V.K. An investigation into time-domain approach for OFDM channel estimation. IEEE Trans. Broadcast. 2000,
46, 240–248. [CrossRef]

https://doi.org/10.1109/TSP.2014.2306179
https://doi.org/10.1109/TCE.2013.6490236
https://doi.org/10.1109/ACCESS.2018.2881766
https://doi.org/10.1016/j.phycom.2017.02.007
https://doi.org/10.3390/s22010313
https://doi.org/10.1002/dac.4292
https://doi.org/10.3390/s22072639
https://www.ncbi.nlm.nih.gov/pubmed/35408253
https://doi.org/10.3390/jmse9101104
https://doi.org/10.1109/5.387096
https://doi.org/10.1109/JOE.2004.834168
https://doi.org/10.1109/JOE.2007.899275
https://doi.org/10.1109/49.753731
https://doi.org/10.1109/11.898744


J. Mar. Sci. Eng. 2023, 11, 885 43 of 45

117. Saltzberg, B. Performance of an efficient parallel data transmission system. IEEE Trans. Commun. Technol. 1967, 15, 805–811.
[CrossRef]

118. Haas, H.; Costa, E.; Schulz, E. Increasing spectral efficiency by data multiplexing using antenna arrays. In Proceedings of the The
13th IEEE International Symposium on Personal, Indoor and Mobile Radio Communications, Lisbon, Portugal, 18 September
2002; IEEE: Piscataway, NJ, USA, 2002; Volume 2, pp. 610–613.

119. Mesleh, R.; Haas, H.; Ahn, C.W.; Yun, S. Spatial modulation-a new low complexity spectral efficiency enhancing technique. In
Proceedings of the 2006 First International Conference on Communications and Networking in China, Beijing, China, 25–27
October 2006; IEEE: Piscataway, NJ, USA, 2006; pp. 1–5.

120. Mesleh, R.Y.; Haas, H.; Sinanovic, S.; Ahn, C.W.; Yun, S. Spatial modulation. IEEE Trans. Veh. Technol. 2008, 57, 2228–2241.
[CrossRef]

121. Younis, A.; Sinanovic, S.; Di Renzo, M.; Mesleh, R.; Haas, H. Generalised sphere decoding for spatial modulation. IEEE Trans.
Commun. 2013, 61, 2805–2815. [CrossRef]

122. Serafimovski, N.; Younis, A.; Mesleh, R.; Chambers, P.; Di Renzo, M.; Wang, C.-X.; Grant, P.M.; Beach, M.A.; Haas, H. Practical
implementation of spatial modulation. IEEE Trans. Veh. Technol. 2013, 62, 4511–4523. [CrossRef]

123. Mesleh, R.; Hiari, O.; Younis, A.; Alouneh, S. Transmitter design and hardware considerations for different space modulation
techniques. IEEE Trans. Wirel. Commun. 2017, 16, 7512–7522. [CrossRef]

124. Lee, Y.; Yun, S. Interchannel interference avoidance in MIMO transmission by exploiting spatial information. In Proceedings of
the 2005 IEEE 16th International Symposium on Personal, Indoor and Mobile Radio Communications, Berlin, Germany, 11–14
September 2005; IEEE: Piscataway, NJ, USA, 2005; Volume 1, pp. 141–145.

125. Di Renzo, M.; Haas, H.; Grant, P. Spatial modulation for multiple-antenna wireless systems: A survey. IEEE Commun. Mag. 2011,
49, 182–191. [CrossRef]

126. Renzo, M.D.; Haas, H.; Ghrayeb, A.; Sugiura, S.; Hanzo, L. Spatial modulation for generalized MIMO: Challenges, opportunities
and implementation. Proc. IEEE 2014, 102, 56–103. [CrossRef]

127. Mesleh, R.; Ikki, S.S.; Aggoune, H.M. Quadrature spatial modulation–performance analysis and impact of imperfect channel
knowledge. Trans. Emerg. Telecommun. Technol. 2017, 28, e2905. [CrossRef]

128. Mesleh, R.; Ikki, S.S.; Aggoune, H.M. Quadrature spatial modulation. IEEE Trans. Veh. Technol. 2014, 64, 2738–2742. [CrossRef]
129. Mesleh, R.; Elgala, H.; Haas, H. Optical spatial modulation. J. Opt. Commun. Netw. 2011, 3, 234–244. [CrossRef]
130. Datta, T.; Eshwaraiah, H.S.; Chockalingam, A. Generalized space-and-frequency index modulation. IEEE Trans. Veh. Technol.

2015, 65, 4911–4924. [CrossRef]
131. Bian, Y.; Cheng, X.; Wen, M.; Yang, L.; Poor, H.V.; Jiao, B. Differential spatial modulation. IEEE Trans. Veh. Technol. 2014,

64, 3262–3268. [CrossRef]
132. Jeganathan, J.; Ghrayeb, A.; Szczecinski, L. Spatial modulation: Optimal detection and performance analysis. IEEE Commun. Lett.

2008, 12, 545–547. [CrossRef]
133. Jeganathan, J. Space Shift Keying Modulation for MIMO Channels. Master’s Thesis, Concordia University, Montreal, QC,

Canada, 2008.
134. Jeganathan, J.; Ghrayeb, A.; Szczecinski, L. Generalized space shift keying modulation for MIMO channels. In Proceedings of

the 2008 IEEE 19th International Symposium on Personal, Indoor and Mobile Radio Communications, Cannes, France, 15–18
September 2008; IEEE: Piscataway, NJ, USA, 2008; pp. 1–5.

135. Younis, A.; Serafimovski, N.; Mesleh, R.; Haas, H. Generalised spatial modulation. In Proceedings of the 2010 Conference Record
of the Forty Fourth Asilomar Conference on Signals, Systems and Computers, Pacific Grove, CA, USA, 7–10 November 2010;
IEEE: Piscataway, NJ, USA, 2010; pp. 1498–1502.

136. Qasem, Z.A.; Esmaiel, H.; Sun, H.; Wang, J.; Miao, Y.; Anwar, S. Enhanced Fully Generalized Spatial Modulation for the Internet
of Underwater Things. Sensors 2019, 19, 1519. [CrossRef] [PubMed]

137. Hussein, H.; Esmaiel, H.; Jiang, D. Fully generalised spatial modulation technique for underwater communication. Electron. Lett.
2018, 54, 907–909. [CrossRef]

138. Junejo, N.U.R.; Esmaiel, H.; Sun, H.; Qasem, Z.A.; Wang, J. Pilot-Based adaptive channel estimation for underwater spatial
modulation technologies. Symmetry 2019, 11, 711. [CrossRef]

139. Qasem, Z.A.; Leftah, H.A.; Sun, H.; Qi, J.; Esmaiel, H. X-transform time-domain synchronous IM-OFDM-SS for underwater
acoustic communication. IEEE Syst. J. 2021, 16, 1984–1995. [CrossRef]

140. Qasem, Z.A.; Leftah, H.A.; Sun, H.; Qi, J.; Wang, J.; Esmaiel, H. Deep learning-based code indexed modulation for autonomous
underwater vehicles systems. Veh. Commun. 2021, 28, 100314. [CrossRef]

141. Chafii, M.; Coon, J.P.; Hedges, D.A. DCT-OFDM with index modulation. IEEE Commun. Lett. 2017, 21, 1489–1492. [CrossRef]
142. Başar, E.; Aygölü, Ü.; Panayırcı, E.; Poor, H.V. Orthogonal frequency division multiplexing with index modulation. IEEE Trans.

Signal Process. 2013, 61, 5536–5549. [CrossRef]
143. Wen, M.; Cheng, X.; Yang, L.; Li, Y.; Cheng, X.; Ji, F. Index modulated OFDM for underwater acoustic communications. IEEE

Commun. Mag. 2016, 54, 132–137. [CrossRef]

https://doi.org/10.1109/TCOM.1967.1089674
https://doi.org/10.1109/TVT.2007.912136
https://doi.org/10.1109/TCOMM.2013.061013.120547
https://doi.org/10.1109/TVT.2013.2266619
https://doi.org/10.1109/TWC.2017.2749399
https://doi.org/10.1109/MCOM.2011.6094024
https://doi.org/10.1109/JPROC.2013.2287851
https://doi.org/10.1002/ett.2905
https://doi.org/10.1109/TVT.2014.2344036
https://doi.org/10.1364/JOCN.3.000234
https://doi.org/10.1109/TVT.2015.2451095
https://doi.org/10.1109/TVT.2014.2348791
https://doi.org/10.1109/LCOMM.2008.080739
https://doi.org/10.3390/s19071519
https://www.ncbi.nlm.nih.gov/pubmed/30925816
https://doi.org/10.1049/el.2018.0948
https://doi.org/10.3390/sym11050711
https://doi.org/10.1109/JSYST.2021.3052470
https://doi.org/10.1016/j.vehcom.2020.100314
https://doi.org/10.1109/LCOMM.2017.2682843
https://doi.org/10.1109/TSP.2013.2279771
https://doi.org/10.1109/MCOM.2016.7470947


J. Mar. Sci. Eng. 2023, 11, 885 44 of 45

144. Li, Q.; Wen, M.; Basar, E.; Chen, F. Index modulated OFDM spread spectrum. IEEE Trans. Wirel. Commun. 2018, 17, 2360–2374.
[CrossRef]

145. Choi, J. Coded OFDM-IM with transmit diversity. IEEE Trans. Commun. 2017, 65, 3164–3171. [CrossRef]
146. Xiao, Y.; Wang, S.; Dan, L.; Lei, X.; Yang, P.; Xiang, W. OFDM with interleaved subcarrier-index modulation. IEEE Commun. Lett.

2014, 18, 1447–1450. [CrossRef]
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