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Abstract

The research in Underwater Wireless Sensor Networks (UWSNs) has gained momentum over the last two decades owing
to the vast applications it supports like environmental monitoring, underwater exploration, disaster prevention, military,
navigation assistance, etc. The sensor nodes deployed underwater have limited battery capacity. The main challenge is to
design energy-efficient protocols facing the constraints due to peculiar characteristics and harsh underwater environment. The
traditional layered approach is inadequate and insufficient for this purpose, hence Cross-layer Design (CLD) is the need of the
hour that allows information exchange among the different layers to find an optimal solution with better utilization of scarce
resources to improve the network performance. As far as we are aware, there is no survey paper available in the literature
dedicated to CLD in UWSN’s. We present the unique characteristics of the acoustic channel and its corresponding issues
and challenges. The different proposals in the literature are categorized and compared based on the performance metrics.
The basic approach for each scheme is detailed with its advantages and shortcomings which will help future researchers to
overcome them to design efficient schemes.

Keywords Underwater Wireless Sensor Networks (UWSN) - Cross-layer Design - Quality of Service (QoS) - Energy
efficiency - Throughput - Packet Delivery Ratio (PDR)

Introduction navigation assistance, location applications, management of
oil reservoirs, sea mine detection, etc. [1-4].
UWNSN refers to an amalgamation of wireless technology

and small micromechanical sensor technology possessing

The vast ocean covers almost 70% of Earth’s surface and
the reason for the existence of life on the earth. Even with

its utmost importance to mankind, surprisingly only less
than 10% of the whole ocean volume is explored so far. A
large area is unexplored yet, therefore there is a vast scope
for exploration and research. In the past century mostly the
research in underwater communication has been done for
military purpose, but with the advent of technology, aque-
ous research has gained momentum since few decades with
growing applications in the field of environmental monitor-
ing, underwater exploration, disaster prevention, military,
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smart sensing, intelligent computing, and communication
capabilities which are deployed underwater for sensing the
physical parameters of water like temperature, pressure,
quality, etc., and transmit it to the control station via sink
[5]. These sensor nodes operate on battery power which is
limited and impractical to replace in case of failures. So,
there is a dire need to conserve this limited energy of the
nodes at each step while performing its tasks till it delivers
the data to the sink.

Extensive research has been carried out on the design
and optimization of protocols and applications for under-
water networks in the last two decades. However, to cope
up with the challenges faced in designing the protocols due
to dynamic underwater characteristics where the traditional
layered approach is inadequate, many authors in the litera-
ture have advocated the use of cross-layer design for better
utilization of the scarce resources and improve the network
performance [1, 6, 7].
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The proposals based on cross-layer solutions in UWSNs
for performance enhancement have gained momentum
recently. So, this motivated us to present a survey on vari-
ous cross-layer design techniques proposed in the literature
so far, under a single umbrella. To the best of our knowledge,
there is no survey paper dedicated to CLD in UWSNs. Ning
Li in their survey paper [8] classify the routing protocols
based on cross-layer and non-cross-layer designs in UWSN.
In [9] Melodia et al. classify the proposed cross-layer solu-
tions in Wireless Sensor Networks (WSN) on the basis of the
network layers collaborated in the design, aiming to replace
the traditional layered OSI stack. They point out the pros
and cons of cross-layer designing along with precautionary
guidelines for adopting it. Xiao et al. [10] point out that the
traditional layered architecture is inadequate for guarantee-
ing security in WSN, and presents an overview of the exist-
ing cross-layer proposals on security in WSN. Mendes et al.
in their work [11] give insights into the different problems in
WSN and the cross-layer approaches addressing them. They
also discuss the different technologies used at each layer
from Application to Physical layer with identifying the open
issues in the domain and providing future research direc-
tions. Different cross-layer solutions for efficient routing in
WSN are surveyed in [12] by Dhage and Vemuru. Sah and
Amgoth in their paper [13] gives a comprehensive survey
on different parameters and applications for which the cross-
layer protocols are opted in WSN. They have categorized the
proposals mainly for three metrics such as energy, QOS and
security. The authors have also given insights to the vari-
ous challenges and possible solutions in implementing the
CLD. Hasan Ali et al. in [14] presented different cross-layer
techniques in wireless multimedia sensor networks that have
growing applications in various fields. Mainly the techniques
are discussed for Energy efficiency, QOS, security, and reli-
ability. Dhivya Devi and Vidya in their survey [15] have
shown the comparative analysis of the different cross-layer
optimization proposals for various metrics in WSN with
challenges and issues for applying it.

We investigate the key ideas proposed by the research
community aiming to alleviate the different issues faced in
UWSNSs. We analyze and briefly explain the strategy of the
protocol with their findings to familiarize the reader with
the basic scheme of the protocol and gain insights for fur-
ther development. As the cross-layer designs implemented
in the protocols handle multiple parameters for optimization,
it is crucial to categorize them. Here we have focused to
categorize the different cross-layer solutions in the litera-
ture based on their performance metrics like prominently
energy efficiency, QoS parameters viz., throughput, delay,
reliability, Packet Delivery Ratio (PDR), Packet Error Rate
(PER). Figure 1 shows the classification of CLD proposals
in UWSN.
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Fig. 1 Classification of cross-layer designs for UWSNs

The paper is organized as follows. “Background of
UWSNSs” describes the background of UWSNs with its char-
acteristics and challenges. The need for cross-layer designs
for UWSNSs is emphasized in “Why Should Cross-Layer
Design be used?”. The cross-layer designs are surveyed and
classified based on performance metrics in “Cross-Layer
Designs in UWSNs”. Finally, “Conclusion and Directions
for Future Research” concludes the paper and proposes some
directions for future research.

Background of UWSNs

UWSNSs usually consist of several sensor nodes equipped
with acoustic transceivers deployed at various depth levels
with the help of floating buoys, one or more sinks floating on
the surface of the water, and a base station on the shore. The
underwater sensor nodes sense the physical attributes of the
underwater environment according to the application needs
and send this data to the surface sink via acoustic links. The
sink further relays the gathered data through RF or satel-
lite links to the on-shore base station for further process-
ing. Depending on the applications, additional Autonomous
Underwater Vehicles (AUV’s) assist the sensor nodes to per-
form the tasks [1]. Figure 2 below shows the 3-dimensional
underwater architecture [16].

Communication in UWSNSs is possible in four different
ways, Radio Frequency (RF), Acoustic, Optical communi-
cation, and Magnetic Induction [17]. RF communication is
unviable in underwater networks as high-frequency signals
face strong attenuation, absorption, severe fading, and non-
gaussian noise unless low-frequency signals (3—300 Hz) are
used with large antenna sizes [18]. To achieve higher data
rates and low error rates than acoustic links optical modems
can be used in conjunction with acoustic telemetry. How-
ever, optical signals can only propagate short distances (less
than 5 m) [19] and it undergoes high scattering in waters
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Fig.2 Architecture for 3D underwater sensor networks with AUVs
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and achieves better performance for line of sight position-
ing. Magnetic Induction technology is mostly used for the
Internet of Underwater things which enables real-time com-
munication because of high data rates in near field commu-
nication and significant bandwidth as it is independent of
impairments of the environment like multipath fading and
time-varying signal distortion. This technology is restricted
due to issues like path loss due to coupling and conductivity
between coils.

The acoustic signal is the only reliable and feasible
medium that works satisfactorily in underwater environ-
ments owing to its two major properties. First, due to its lon-
gitudinal nature, it faces low signal interference, and second,
it can travel long distances due to its low frequency. Large
transmission coverage is obtained in the range of thousands
of meters which allows an efficient deployment of UWSNSs.

Characteristics of Acoustic Propagation

The acoustic waves have unique propagation characteristics
compared to other waves which are highlighted below.
Propagation velocity: the speed of sound in the water
near the surface of the ocean is about 1520 m/s, which is
four times faster than the speed of sound in air, but five
orders of magnitude lower than the speed of light. This large
propagation delay of approximately 0.67 s/km reduces the
throughput of the system to a considerable extent. The speed
of sound in water depends on the water properties like tem-
perature, salinity, and depth. Approximately it increases
4.0 m/s for 1 °C rise in water temperature, 1.4 m/s with
an increase in salinity by 1 Practical Salinity Unit (PSU)
and 17 m/s with an increase in the depth (therefore also the
pressure) by 1 km roughly [20]. Figure 3 shows the vertical
profile of sound speed in seawater as the function of depth.
Path loss: when sound waves propagate through the
water, loss in energy is due to attenuation, geometric

Depth (meters)

Fig.3 A vertical profile of sound speed in seawater as the function of
depth [20]

spreading, and scattering. The attenuation is mainly pro-
duced by absorption which is the conversion of acoustic
energy into heat. Geometric spreading refers to the spread-
ing of sound energy which is due to the expansion of the
wave fronts as it propagates. It is independent of frequency
and increases with the distance covered by the wave front.
Scattering, refraction, and dispersion of the acoustic waves
also contribute to attenuation.

The path loss is a function of frequency and distance
and is directly proportional to it. The path loss that occurs
in an underwater channel over a distance s and signal fre-
quency fis given by the equation below [21].

A(s.f) = Apsta(f)’ (1

where A is the normalizing constant, k is the spreading fac-
tor and a(f) is the absorption coefficient.

Noise: in underwater acoustic channels there exist dif-
ferent types of noise. These noises are classified into two
broad categories as Man-made noise and Ambient noise
which are described below.

Man-made noise: these are mainly caused due to ship-
ping activities, heavy vessel traffic, seismic exploration,
construction and industrial activities, explosions- dyna-
mite fishing; military, and decommissioning. Aquaculture
noise, low-flying aircraft, fishing activities, military activ-
ities including sonar and submarines, scientific sources
like acoustic communication, and navigation causes
interference in underwater acoustic communication [22].
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Sometimes noise due to the movement of fishes, animals
contribute to the disturbance of acoustic signals.

Ambient noise: it is related to the movement of water
i.e. hydrodynamics due to storms, currents, tides, wind,
and rain. It is also termed background noise which is a
complex phenomenon and occurs due to unidentified
sources. In the literature, it is modelled using four dif-
ferent sources: shipping, thermal, waves, and turbulence.
The empirical formulae for the four noise components:
shipping (R,), thermal noise (R;,) turbulence (R,), waves
(R,,) gives the power spectral density as a function of
frequency (k) in kHz as, [21]

10 log R (k) =40 + 20(s — 0.5) + 26 log k — 601og (k + 0.03)

2
10log Ry, (k) = =15+ 201logk ?3)
10 log R, (k) = 17 —30logk 4)

10 log R, (k) = 50 + 7.5 w'/2 + 20 log k — 40 log(k + 0.4)
&)

Multipath: an acoustic wave can progress by taking
multiple paths to reach a certain point. In shallow waters
where the transmission distance is larger than the depth of
water, waves reflecting from the surface and bottom gen-
erate multiple arrivals of the same signal. In deep waters,
the bottom reflections affect the propagation speed caus-
ing a large and variable delay in acoustic communication.
As the sound speed varies spatially, the wave refractions
however can cause significant multipath phenomena.
Acoustic signals are severely degraded due to multipath
effects causing inter-symbol interference which makes
acoustic data erroneous and difficult to transmit. The
multipath geometry depends on the link configuration.
The horizontal channels in underwater go through very
long multi-path spreads, whereas the vertical channels
are characterized by little time dispersion. The extent to
which the wave spreads strongly depends on the depth
and the distance between the transmitter and the receiver
[1, 20, 23].

Doppler spread: underwater channels are very com-
plex channels due to time and space variation. In mul-
tipath channels such as shallow waters, a sensor node
receives the signal through several different paths and
each path has a different delay. The relative motion
between transmitter and receiver in a multipath channel
introduces different Doppler shifts i.e. mean frequency
shift. The largest difference between the path delays is
termed delay spread and that of Doppler shifts is called
Doppler spread. Doppler effect influences the acoustic
channel in two ways: first is the compression or expansion
of the pulse width and second is the frequency offset [23].
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Issues and Design Challenges Faced in UWSNs

Along with the above-mentioned peculiar characteristics of
underwater, the major challenges in designing the under-
water acoustic networks due to the differences with the ter-
restrial networks are given below [1, 4, 24].

e Underwater sensors are expensive than terrestrial ones
due to the complex underwater transceivers and protec-
tion needed to sustain the harsh environments.

e While terrestrial sensor networks are densely deployed,
underwater sensor nodes are sparser as they are expen-
sive and because of the challenges associated with the
deployment itself.

¢ Underwater acoustic communication needs higher energy
than terrestrial radio communications to cover large dis-
tances and for complex signal processing required at the
receivers to compensate for impairments of the unreliable
channel. Terrestrial sensor nodes are mostly assumed sta-
tionary therefore different topologies can be applied, but
underwater sensor nodes are continuously moving in 3D
volume due to water currents approximately at 1-3 m/s.
Due to this node mobility, it suffers from dynamic net-
work topology changes which is a very challenging task
to deal with.

e Accessible bandwidth is severely limited in UWSNs due
to acoustic communication, while it is high in the case of
terrestrial networks due to the use of RF. Low available
bandwidth leads to low data rates, which again depends
on both the frequency and communication range. The
long-range systems operating over kilometres range
cannot exceed the bandwidth of more than a few kHz,
whereas short-range systems that operate over tens of
meters offer bandwidths of more than a hundred kHz.

e Propagation delay in underwaters is of five orders of
magnitude higher than in radio frequency (RF) terres-
trial channels, and extremely variable which is a major
concern in designing the protocols.

e Spatial correlation in underwater networks is unlikely
due to sparse deployment, whereas they are often cor-
related in terrestrial networks due to dense deployments.

¢ Underwater sensors require larger memory capacity for
some data caching as the channel may be intermittent
whereas terrestrial sensor nodes have limited storage
capacity.

e Reliability is a major issue in underwaters than terres-
trial networks due to inhospitable conditions. The com-
munication links are subjected to temporary losses and
high bit error rates due to the unpredictable nature of the
underwater environment.

e The underwater sensors are liable to routine underwater
challenges like algae collection on the lens of the camera
and salt accumulation, reducing the effectiveness of the
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device. They are also prone to failures due to fouling and
corrosion.

e As terrestrial networks support microwave frequencies,
GPS systems can be used for localization purposes,
whereas such high frequencies are inappropriate for
UWSN s so GPS cannot be used for localization purposes.
Therefore, have to rely on other distributed GPS-free
localization or time-synchronization schemes.

e Underwater sensor nodes are equipped with batteries,
which are limited in power, and it’s impractical to replace
or recharge them.

Moreover, underwater conditions are highly unpredict-
able, variable water pressures, unforeseeable underwater
activities and uneven depths of the underwater surface
makes it difficult to design and deploy UWSNSs.

Why Should Cross-Layer Design be Used?

The traditional Open System Interconnection (OSI) model is
widely utilized in conventional communication architecture
which provides a networking framework for implementing
the protocols in seven layers. Each layer is designed and
operated independently to attain a specific function. The
interfaces between the different layers are static. The proto-
cols in each layer manage the issues of that particular layer
based on the services provided by the lower layer and grants
the services to the upper layer. This kind of protocol stack
allows interaction among the adjacent layers but prevents
communication between non-adjacent layers in the stack. It
has clear logic, easy to implement, robust, has good expan-
sibility, transparency, and modularity within the networks.
The principle of a layered approach based on the OSI
model was originally developed for wired networks that
were featured by high bandwidth, less propagation delay,
high reliability, no mobility, and less packet loss. With the
advent of wireless technology, proposed new challenges in
the design of communication protocols, which are required
to adapt to the new features of the networking environment
like limited bandwidth, shared channels, high error rates,
increased latency, and mobility. In UWSNSs, as the sensor
nodes are driven by limited battery capacity, one of the
major challenges of these networks is to prolong the network
lifetime by designing and implementing energy-efficient
techniques at each layer of its network. Moreover, the chal-
lenges mentioned in “Issues and Design Challenges Faced in
UWSNS” needs to come up with solutions that require col-
laborative decisions at different layers. This is not possible
in the traditional layered approach that follows strict layer-
ing principles and a lack of communication between non-
adjacent layers. So, a diversion from the traditional layered

approach to an integrated cross-layer design approach is
required.

The violation of seven-layered OSI protocol stack to
merge or interact with different layers and create new inter-
faces or additional interdependencies between two or more
layers can be termed as CLD [25] or Normally, any effort to
violate the black box characteristic of the TCP/IP model is
considered as a cross-layer design [26].

The authors in [1, 65] advocate the use of cross-layer
design to integrate exclusive communication functionalities
for improvising the network performance and avoiding the
duplication and communication overheads in the layered
approach.

Different from the traditional approach, cross-layer design
exploits the information exchange among the different layers
to find an optimal solution for the challenges experienced
in the harsh underwater environments aiming towards effi-
cient energy and power management, improvise the QoS
metrics, design efficient routing protocols, and network life-
time maximization. However, utilizing cross-layer design
does not abandon the layered structure completely; it just
debilitates the bounds and increases the interfaces between
different layers. Intensive research is carried on cross-layer
designs in WSN and UWSN since the last decade. The vari-
ous cross-layer design approaches proposed in the literature
are surveyed in [27] and summarized into the following
basic categories as shown in Fig. 4

1. Creation of new interfaces among non-adjacent
layers: in several cross-layer designs, new interfaces
are created between non-adjacent layers for informa-
tion exchange at runtime which is prevented in a layered
approach. This category is divided into three subcatego-
ries depending on the direction of information flow along
the new interfaces shown in Fig. 4a—c

e Upward information flow: when an upper layer pro-
tocol needs some information from the lower layer(s) at
runtime, creates a new interface from the lower layer(s)
to the higher layer i.e. in the upward direction. An exam-
ple would be the selection of next-hop relay node in rout-
ing decisions made at the network layer based on the
information of channel conditions and residual energy
of the nodes from the Physical layer.

¢ Downward information flow: some of the approaches
set the parameters of the lower layer of the stack using
information from some higher layer creating a new inter-
face in the downward direction. As an example, appli-
cations can inform about their QoS requirements to the
link-layer like delay requirements and the link-layer can
treat those delay-sensitive packets with high priority.
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¢ Back-and-forth information flow: two different layers
can collaborate with each other for information sharing
at run time. This leads to the formation of two inter-
faces with an iterative loop among the two layers where
information flows to and fro between them. This kind of
approach is seen in proposals that perform joint schedul-
ing and power control in sensor networks.

2. Merging of adjacent layers: this kind of approach
is to merge two or more adjacent layers to provide joint
functionality of the constituent layers which could help in
reducing the overheads as illustrated in Fig. 4d

3. Design coupling without creating new interfaces:
this category involves the designing of a layer keeping in
mind the processing at another layer (fixed layer) with-
out creating any new interface for information sharing at
runtime shown in Fig. 4e

4. Vertical calibration over the layers: it refers to jointly
tune the parameters that span across the layers to achieve
better performance as in Fig. 4f

Cross-Layer Designs in UWSNs

Energy Efficiency Issues in UWSNs and Cross-Layer
Designs for Energy Efficiency

Underwater sensor nodes are battery-operated with lim-
ited power. It is impractical to recharge them in underwater
scenarios where solar energy also cannot be exploited in
case of depletion or failures. In most terrestrial radio net-
works, the power required for transmission and reception is
approximately the same with the respective energies being
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determined by the time spent in the transmit or receive
states. In the case of underwater acoustic networks, the
power required for transmission is typically about 100 times
greater than that required for the reception [28]. Moreover,
due to its unique characteristics of frequency-dependent
attenuation, the transmission power significantly depends on
bandwidth and distance. Energy conservation of the sensor
nodes should be the key concern as it plays an important role
in deciding the overall lifetime of the sensor network. This is
made possible by planning several factors such as make all
the components of the system to operate at low duty cycle as
possible, efficient use of transmission power while designing
the protocols, design of energy-efficient routing protocols,
minimizing the circuit’s energy, energy-efficient node sched-
uling at MAC, proper power management, etc. The various
CLD proposed in the existing works to increase the energy
efficiency and hence the lifetime of the underwater network’s
[29-39] are reviewed in detail and the comparison is given
in Table 1 with their findings.

Enhancing their previous work of Focused Beam routing
(FBR) protocol, Jornet et al. in [29] have proposed a cross-
layer optimization solution modelled on the relationship
between acoustic link capacity and distance. In the proposed
solution the PHY, MAC, and the network layer functionali-
ties are tightly coupled through the wise allocation of power
and bandwidth to optimize the performance in multi-hop
communication to cover large areas in acoustic networks.
The FBR protocol at the network layer which requires know-
ing about its location and that of final destination is coupled
with distance aware collision avoidance protocol (DACAP)
at MAC. The routing protocol FBR decides the transmission
power level based on different criteria and the DACAP at
MAC adapts to the different waiting or back off mechanisms
according to the transmission distance, finally, the actual
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switching to a new transmission power level takes place at
the Physical layer. For every node, they have demonstrated
the benefits of properly choosing the centre frequency,
bandwidth, and transmission power according to the net-
work conditions to reduce the energy consumption per bit.
The exchange of the RTS, CTS control packets in the FBR
routing protocol leads to delays in the UWSN and when the
network is sparse it has to repeatedly enlarge the size of the
arc to find the next-hop nodes. There is also a limitation to
the number of power levels in the modem as its complexity
increases with the increasing number.

The authors in [30] propose an extension over R-MAC
protocol RMAC-PC which uses cross-layer optimization of
MAC-PHY layers. A node goes through the latency detec-
tion phase to know the latencies to all its neighbors from
which internodal distances are calculated at the MAC layer.
This information is passed on to the PHY layer to calcu-
late the optimum transmission power required for a node
to transmit based on its distance, rather than using uniform
maximum power for all the nodes. The energy required for
transmission is always higher than the required for the recep-
tion of signals. Transmission power grows exponentially as
the distance increases, so here by using different power lev-
els for transmission based on the knowledge of distances
can reduce the energy/bit consumption of the network. The
energy efficiency can be improved by increasing the number
of discrete power levels, but this increases the complexity
of modem design. The RMAC-PC is well suited for the net-
work with stationary nodes.

Intending to reduce energy consumption in the networks
deployed for Coastal and Arctic Maritime Operations and
Surveillance sensor networks (CAMOS), Dong et al. in [31]
have proposed a cross-layer architecture wherein they have
re-organized the layers of the traditional OSI model, into
a new design with three layers—Physical Layer, Network
Layer, and Application layer. A new middleware called
cross-layer interaction is added to enable information
sharing among the layers and the information transferred
between layers is divided into two classes: CTRL stands
for control information; and DATA for user data. This is
implemented for a given topology and the issue of mobility
of the nodes is not addressed.

To improve the energy efficiency in UWSN, the authors
in [32] proposed a cross-layer approach which is a modified
version of VBF protocol called CL-VBF where the routing
layer carries out power management along with the MAC
layer. VBF routing protocol is based on the concept of a
hypothetical routing pipe with a predefined width based on
some threshold value in the network. In VBF, the transmis-
sion of packets is done through nodes that lie within the
range of the pipe and are discarded by the rest of the nodes
that lie outside the range but are part of communication.
CL-VBF reduces this extra energy consumption of the nodes

which lie outside the pipe by assigning different power levels
to the nodes which actually participate in the transmission
and low power to the rest of the nodes in tandem with the
B-MAC protocol. Implementing the cross-layer approach to
the VBF, the simulation results show significant improve-
ment in energy efficiency and a better end-to-end delay but
have a very low PDR.

For non-time-critical applications like marine environ-
ment monitoring, a cross-layer technique is proposed by
Mythrehee in [33] keeping energy efficiency in mind. The
proposed methodology uses three types of sensor nodes
deployed underwater such as the ordinary nodes, localized
nodes, and multiple sink nodes on the surface. Here, the sen-
sor inputs obtained from the PHY layer such as temperature,
pressure, salinity are given to an adaptive neuro fuzzy based
interference system (ANFIS) to determine the depth of the
sensor nodes. Opportunistic localization by topology control
(OLTC) a game-theoretic model is used for localization of
the sensor nodes close to the sea surface. Using the depth
information DBR protocol reports the events to the localized
sensor nodes that are close to the sea surface, which in turn
forwards it to the sink. The functional block diagram of the
proposed scheme is shown in Fig. 5. Simulation results show
better energy efficiency as compared to the counterparts.

The authors in [34] suggest a cross-layer optimization
of PHY, MAC, and Network layers for the network lifetime
enhancement and energy efficiency. The propagation loss
is calculated to predict the next location of node at PHY
layer, MAC layer allows calculation of energy consumption
and buffer space and network layer improves routing policy
based on energy mobility and depth of the nodes.

Wahid et al. in [35] proposes a cross-layer MAC pro-
tocol called fitness function based medium access control
(FF-MAC) which integrates network and MAC layers for
improvement of latency and energy consumption. They have
used a Fitness function which calculates a node’s suitability
to forward or not based on three parameters i.e. depth, resid-
ual energy, and transmission delay. The node with the high-
est value of FF is selected as a forwarder. Handshaking and
scheduling algorithms are used for a fair share of the channel
in the network. The proposed protocol improves energy and

DEPTH BASED
ROUTING
Temperature (Up to the upper OLTC |
Sensor data hullof thesea) | I LOCALIZATION A SINK
— OF ANCHOR
Pressure | 8 (DeTERMINES NODES
Sensor data B DEPTH)
Salinity
Sensor data

Fig.5 Functional Diagram of the Proposed Work [33]
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lowers delay compared to Improved Vector-Based Forward-
ing (I-VBF). The exchange of control packets RTS/CTS and
ACK will lead to an increased delay in the network.

With the objective of energy minimization, the authors
in [36] first analyze the optimization of PHY and MAC lay-
ers separately. Then, they investigate the channel access
rate for the ALOHA MAC layer which helps to minimize
the energy consumption per successfully transmitted bit.
Further, they develop a cross-layer optimization problem
that jointly optimizes PHY and MAC layers for minimizing
energy consumption. Energy per bit consumption is reduced
significantly by assigning higher MAC layer resources to the
nodes which are at longer distances from the sink because
the PHY layer efficiency depends on the distance which
makes it less efficient for distant nodes but here the authors
have considered a single-hop scenario. It is observed that
using cross-layer optimization there is a 66% reduction in
energy per bit consumption as compared to separate optimi-
zation of both layers.

To increase the energy efficiency and improvement in
overall network performance in harsh underwater environ-
ments Dhongdi et al. in [37] has developed an entire cross-
layer protocol stack for long-term ocean column monitor-
ing applications in three-dimensional underwater acoustic
sensor networks. The stack encompasses functionalities of
TCP/IP layers such as PHY, Data link, Network, and Trans-
port layer with various network management planes like
localization, time synchronization, clustering, and power
management. The proposed protocol stack was effectively
implemented on an open-source UnetSim simulator on a 3D
network architecture. It is evident from the comparison with
a basic protocol stack that effective power level management
leads to improved network performance of the proposed
protocol stack in terms of, throughput, end-to-end delay,
channel utilization, and energy consumption. They further
suggest that the various parameters such as dimensions of
the column, power levels of CH nodes, duty cycle of TDMA
MAC and time slot duration can be adapted based on the
requirement of the application. In the design of this protocol
stack, they have assumed the nodes to be static.

Intending to maximize the network lifetime in UWSNs
Yang et al. have proposed a cross-layer optimization solution
in their work [38]. To formulate the optimization problem,
they consider link scheduling and the computation of trans-
mission power and transmission rates of the nodes for fairly
balancing energy consumption among the nodes with adopt-
ing time division multiple access (TDMA) scheme. Then,
an iterative algorithm for solving the optimization problem
which alternates between link scheduling and computing
the transmission powers and transmission rates is proposed.
Further, Zhou et al. in their paper [39] have developed a
cross-layer design methodology to maximize the lifetime
of the network operation for given network topology and a

SN Computer Science
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bound of the total transmission time of all links. They jointly
consider transmission power and transmission rate control
at the Physical layer, link schedule at the MAC layer, and
the link flow at the network layer. A linear and a rhombus
configuration of the network are used to illustrate the design.
Simulations show good performance in terms of longer net-
work lifetime. However, with an increase in the number of
common nodes and decreasing « in linear topology, the life-
time of the network shortens.

Cross-Layer Designs for Quality of Service in UWSNs

Initially, UWSNs were deployed for environment monitoring
applications which required low bandwidths and could toler-
ate delays, but with the advancements in the digital, MEMS
and communication technologies, they are used for a variety
of applications ranging from, picture and video acquisition
and classification, multimedia coastal and tactical surveil-
lance, disaster prevention, assisted navigation, mines track-
ing, undersea explorations, etc. These applications, however,
require the UWSN paradigm to be reconsidered because of
delivering the contents with a certain level of QoS to provide
desired latency, throughput, reliability, energy consumption,
fairness, etc. UWSN characteristics such as frequency-
dependent transmission loss, high propagation delay, mul-
tipath, limited battery power, variable channel capacity, and
node mobility make the achievement of desired QoS metrics
a challenging task. The design of a standardized or universal
QoS protocol for UWSN:Ss is a very difficult task due to its
dependence on the application requirements and the nature
of the monitored environment. The difference between tra-
ditional layered and cross-layered approach is that the tradi-
tional approach investigates the optimization of protocols in
individual layers, leading to the achievement of the desired
QoS in a specific layer, while in cross-layer approach the
QoS is provisioned by jointly optimizing the interactions
among all layer protocols to achieve an individual objective.
The primary advantage of the cross-layer approach is that
it leads to optimize the overall performance of the UWSN
and provide overall QoS provisioning. The network design’s
aims to achieve a good trade-off between the QoS and energy
consumption.

The state-of-the-art in cross-layer techniques for QoS pro-
visioning are reviewed in “Cross-Layer Designs for Enhanc-
ing Throughput and End-to-End Delay Metrics” “Cross-
Layer Designs for QoS in Multimedia Applications” below
[40-67] with comparison given in Table 2.

Cross-Layer Designs for Enhancing Throughput
and End-to-End Delay Metrics

Doukkali et al. have proposed a cross-layer MAC protocol
to reduce the handshaking delay for a star topology network
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