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Abstract: In Underwater Sensor Networks (UWSNs), the energy sources of sensor nodes are limited
and difficult to recharge and solar energy cannot be used in that environment. The power issue
is one of the most significant constraints in underwater sensor networks and energy balancing is
essential to prolong the network lifetime. The MAC/routing protocols that are used in other types
of networks may not be suitable for UWSNs due to their unique characteristics. This paper aims
to overcome the energy problem by developing a new MAC/routing protocol for UWSNs called
the Energy-Efficient protocol for UWSNs (EE-UWSNs). It is based on five principles to save sensor
energy and to prolong the lifetime of UWSNs. These principles are using finite levels of power,
applying the multi-hops transmission, narrowing the scope of transmission, applying inactivation
mode, and balancing energy consumption. Using the AUVNetSim simulator, which is a Python
project developed by the Massachusetts Institute of Technology (MIT), the proposed EE-UWSNs
protocol was compared with well-known protocols. Simulation results proved that the proposed
protocol reduces the average energy consumption of sensors by up to 68.49% compared with the other
protocols. Furthermore, the average number of collisions and the end-to-end delay are enhanced.

Keywords: energy efficient; cone angle; power levels; underwater sensor networks; inactive nodes

1. Introduction

The water of the oceans, seas, rivers, and lakes cover about seventy percent of the
earth’s surface [1]. Only less than ten percent of the oceans have been explored, but many
areas have not yet been investigated [2]. Recently, ocean exploration is getting more and
more common. However, the traditional methods for investigating oceans suffer from many
limitations, such as high cost, long delay to receive the outcome, and the difficulty of human
existence in such an environment [3]. Therefore, underwater wireless sensor networks
are considered an important alternative for studying and discovering the character of the
oceans [4]. UWSNs are an important part of the Internet of Things (IoT) technology [5],
which is an emerging application of the fifth-generation (5G) technology [6–8]. A UWSN is
a wireless communication network that consists of a number of underwater sensor nodes, a
surface station (sink), an on-shore sink, and a satellite (Figure 1). Acoustic communications
are used in the underwater environment because they are characterized by their greater
efficiency and reliability compared to other communication methods [9]. Nowadays,
UWSNs are receiving more attention because of their useful applications [10].

There are challenges encountered by underwater sensor networks, coming from
the nature of underwater conditions and the utilization of acoustic links. UWSNs are
characterized by high propagation latency, limited available bandwidth, high error rate,
and constrained energy, as shown in Figure 2.
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Figure 1. The architecture of an underwater sensor network.
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Figure 2. The challenges faced by underwater sensor networks.

• Long Propagation Delay: In the water medium, the velocity of sound waves is around
1500 m/s. It is much slower than radio waves, which travel at the velocity of light
(3× 108 m/s). Furthermore, several features of the water environment, like depth,
temperature, and salinity, have an impact on the speed at which the sound signal
spreads. The slow propagation of acoustic waves leads to quite a long propagation
latency, even over a limited range [11].

• Limited Bandwidth: In comparison with radio networks, the actual bandwidth of
the underwater acoustic medium is very low. It is extremely restricted because most
acoustic systems work at under 30 kHz. In addition, the available bandwidth of sound
media depends on both transmitting range and frequency. Because the bandwidth
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of the channel is limited, the data transmission rate will be low, usually lower than
10 kbps [12,13].

• High Error Rate: The sound link quality is impacted by many things, such as noise,
signal attenuation, and multiple paths. The sound channel suffers from several sources
of noise (both man-made and ambient). Man-made noise may result from shipping
actions and machinery tasks. On the other hand, ambient noise originates from
hydrodynamics (e.g., wave movement and storms on the water surface) or biological
sources (e.g., seismic risk, the swimming behavior of fishes). If there is no noise, there
is still transmission loss caused by the attenuation of the signal. This signal attenuation
is a result of the absorption of sound energy and grows with distance and frequency.
Multipath propagation mostly originates from reflections from the water surface and
the water bottom. In addition, it may be caused by various refracted rays. All these
factors give rise to high rates of error in data transmission [14,15].

• Constrained Energy: One of the major challenges when deploying underwater sensor
networks is the limitation of energy resources of the sensor nodes. The reason is
that they are powered by batteries. The sensor nodes expend their power when they
receive, transmit, process, and overhear information. In underwater environments,
it is difficult to replace or recharge the batteries of the sensors [16,17]. Moreover,
other power sources, such as solar energy, are not available in the ocean depths.
The unbalanced consumption of power will cause an early shortage of energy. This
will affect the whole network and will impair the network’s integrity. As a result,
balanced power consumption for each sensor node becomes essential in underwater
circumstances and can prolong the lifetime of the network. The consumption of power
in a way that results in the exhaustion of all sensors at the same time is desirable so
that the sensors’ batteries can be replaced together [18].

Minimization of energy consumption is considered one of the most important issues to
be solved [19]. Once an underwater sensor network is deployed, it is usually hard to change
the power source (batteries) after it has been spent. Furthermore, alternative power sources,
like solar energy, are not available in the dark depths of the seas [20,21]. In order to make
an underwater sensor network as efficient as possible, Medium Access Control (MAC)
and routing protocols should be designed in a smart way, based on the network topology,
in order to overcome this issue and create an optimal system [12,19]. MAC protocols are
classified into deterministic and non-deterministic methods. Examples of deterministic
methods are Time Division Multiple Access (TDMA), Frequency-Division Multiple Access
(FDMA), and Code Division Multiple Access (CDMA) [22]. Non-deterministic protocols
include random access methods (e.g., ALOHA, slotted ALOHA, and Carrier Sense Multi-
ple Access (CSMA)) and Collision Avoidance (CA) approaches (e.g., CSMA/CA) [23]. In
the CSMA/CA protocol, the node waits before sending data or acknowledgment (ACK)
packets, in order to avoid collisions [24]. To solve the hidden node problem, the CSMA/CA
technique can be enhanced to perform Request to Send (RTS)/Clear to Send (CTS) hand-
shaking [25]. Designing an energy-efficient MAC protocol should take into consideration
the issues that cause waste in sensor energy, i.e., overheads, collisions, idle listening, and
overhearing.

The main contribution of this paper is proposing an energy-efficient technique for
underwater sensor networks, named EE-UWSNs, that overcomes the limitations of recent
related works. It is based on five principles to save sensor energy and to prolong the
lifetime of UWSNs.

The rest of this paper is organized as follows. Section 2 presents recent related MAC
and routing protocols that are designed for UWSNs. The proposed EE-UWSNs protocol is
explained in detail in Section 3. Section 4 presents the performance analysis of the proposed
EE-UWSNs protocol in detail. Finally, Section 5 gives the conclusion of the paper and
highlights suggested future work.
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2. Related Works

Recent works on underwater sensor networks have indicated the importance of power
efficiency. Some works focused on MAC protocols while others focused on routing proto-
cols. A good protocol should take MAC and routing protocols into account because power
consumption is influenced by both of them.

2.1. Energy-Aware MAC Protocols for UWSNs

The Distance Aware Collision Avoidance Protocol (DACAP) was proposed by Pe-
leato and Stojanovic [26]. It was designed specifically for underwater acoustic networks.
By using the DACAP algorithm, transmission power is saved by keeping packets away
from collisions, using extra waiting periods. In addition, the protocol is based on reduc-
ing the handshaking period. Simulation results prove that the DACAP enhances the
achievable throughput because it does not wait for the beginning of the next slot to
perform transmissions.

The Hybrid Sender and Receiver (HSR)-initiated protocol was proposed by Lee and
Cho in [27]. HSR protocols are based on exchanging handshakes by sending control packets
between multiple nodes. HSR can overcome the problem of spatial unfairness among
nodes, as well as minimize the signaling overhead.

Alfouzan et al. [28] proposed a reservation-based protocol known as the Efficient
Depth-based MAC protocol (ED-MAC). It aims to avoid collisions and retransmissions
by applying a duty cycle mechanism that assigns time slots to each sensor in UWSN in a
distributed way. The main goal of the ED-MAC is to save the energy of sensors by putting
them into sleep mode at some time slots. Simulation results demonstrate that the ED-MAC
has superiority over contention-based MAC protocols in terms of energy consumption,
throughput, packet delivery ratio, and fairness.

In [29], Deng et al. introduced a MAC protocol known as Data-Collection-Oriented
MAC (DCO-MAC) for underwater acoustic sensor networks. By using the DCO-MAC algo-
rithm, UWSN is split into two types of sub-networks, based on traffic load. The sub-network
with light traffic load uses a contention-based MAC protocol, while the sub-network that
has heavy traffic load applies a reservation-based MAC protocol. Simulation results and
theoretical analysis prove that the proposed DCO-MAC algorithm has superiority over the
other protocols in terms of energy overhead, end-to-end packet delay, the throughput of
the network, and fairness.

Ammar et al. proposed a MAC protocol in [30] that aims to decrease the energy
consumption of sensors. This goal is achieved by splitting a packet into several sub-packets
and each sub-packet is transmitted to the next forwarding sensor. In addition, the sensor
isolation issue is solved by depending on the principle of depth adjustment. Numerical
results prove that the proposed strategy achieves significant enhancements in terms of
energy-saving and packet delivery ratio.

A reservation-based MAC protocol was proposed by Roy et al. in [31]. It is called
the Ordered Contention MAC (OCMAC) algorithm. It is designed for applications that
monitor deepwater floors and require low data rates and a sparse topology of UWSN.
The main goal of OCMAC is to avoid collisions by scheduling RTS frames. The analysis
results show that the proposed protocol saves energy and provides acceptable reliability
and throughput.

In [32], Liu et al. proposed a MAC protocol named Concurrent Scheduling based
on Spatial-Temporal Uncertainty MAC (CSSTU-MAC). Concurrent transmission and col-
lision avoidance are performed by the CSSTU-MAC protocol based on temporal-spatial
uncertainty and long propagation latency properties of UWSNs. Simulation results demon-
strate that the CSSTU-MAC algorithm enhances the mean network throughput and energy
consumption compared with other MAC protocols.
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2.2. Energy-Aware Routing Protocols for UWSNs

The Focused Beam Routing (FBR) protocol was proposed by Jornet et al. in [33]. The
FBR protocol is considered a position-based routing protocol, where each node must know
its location and the position of its final destination, but the intermediate nodes’ positions
are not needed. The protocol determines the transmission area using the cone angle
concept. Therefore, the reduction of unnecessary transmission results in minimizing power
utilization. In addition, the FBR protocol uses a finite set of power levels in transmission.
However, the FBR protocol may have some difficulties caused by water movements. The
FBR protocol can be coupled with any MAC protocol. In general, the protocol can achieve
high performance and high power efficiency with less delay. Simulation results indicate
that the performance of the FBR protocol, which is measured in energy per bit consumption
and average packet end-to-end delay, is near to the ideal case [33,34].

In [35], Domingo, M. and Prior, R. introduced a routing algorithm called Distributed
Underwater Clustering Scheme (DUCS). It aims to reduce the exchanging of proactive
routing messages and to decrease data loss. The simulation result demonstrates that the
DUCS scheme enhances the packet delivery ratio and the achievable throughput and
reduces the network overhead.

The Reliable Energy-efficient Routing Protocol based on Physical distance and Residual
energy (R-ERP2R) was proposed by Wahid et al. in [36]. The main idea of this protocol
is to balance energy consumption between nodes to prolong the UWSN’s lifetime. This
is achieved by taking the physical distance and residual energy into account during the
packet forwarding process. The simulation results show that the R-ERP2R protocol works
well in UWSNs and improves the network lifetime, end-to-end delay, and delivery ratio.
However, the analytical study in [37] found that when the number of sensors increases, the
R-ERP2R would not achieve much improvement in terms of energy consumption.

Ghoreyshi et al. proposed a routing protocol called Opportunistic Void Avoidance
Routing (OVAR) in [38]. The main goal of the OVAR protocol is to minimize the number of
dropped packets by bypassing void areas. It has three phases: constructing an adjacency
graph; adjusting the number of forwarding nodes, and calculating packet holding time.
Simulation results show that the proposed OVAR protocol outperforms other protocols in
terms of energy-saving, end-to-end delay, packet delivery ratio, and hop counts.

In [39], Jin et al. proposed a routing protocol called Q-learning-based Delay-Aware
Routing (QDAR). The QDAR protocol has five main phases: (1) data ready, (2) routing
decision, (3) interest, (4) packet forwarding, and (5) acknowledgment. In the data ready
phase, information is collected and a DATA_READY packet is broadcast if a source node
has data to transmit to the sink. In the routing decision phase, the sink performs a routing
decision based on the received data. A path based on the QDAR algorithm is constructed in
the interest phase and an INTEREST packet is sent to the source node. In the acknowledg-
ment phase, the sink node transmits the ACK packet when it successfully receives the data.
Simulation results verify that the proposed protocol can decrease the end-to-end delay by
up to 25% compared with other methods.

Wang et al. [40] introduced a network coding routing protocol (NCRP) for UWSNs. It
efficiently forwards data packets to sinks using network coding and cross-layer design. The
NCRP fully utilizes multicast transmission and decodes encoded packets received from
various potential nodes across the whole network. The NCRP performs two processes:
initial routing construction and route maintenance. The transmission power is optimized
to lengthen the network’s lifetime. A real-time routing maintenance protocol is created to
update the route when inefficient relay nodes are detected. Simulation results show that
the proposed NCRP enhances the network performance in terms of energy consumption,
end-to-end delay, and the ratio of packet delivery, in comparison to other routing protocols.

A Distributed Energy-Efficient and Balanced (DEEB) routing algorithm was proposed
by Lie et al. in [41]. It was designed for underwater wireless optical sensor networks.
It is suitable for static and dynamic UWSNs. The protocol relies on setting an energy
threshold so that the batteries of sensors in a network are not drained. The simulation
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result shows that the DEEB algorithm outperforms the FBR and R-ERP2R algorithms in
terms of energy consumption.

A protocol called Underwater Modified LEACH (UMOD-LEACH) was proposed
by Alhazmi et al. in [2]. It is an improvement of the Low Energy Algorithm Adaptive
Clustering Hierarchy (LEACH) protocol and is based on TDMA scheduling. It aims to
reduce energy consumption by using the localization concept. Simulation results indicated
that UMOD-LEACH surpassed the LEACH protocol in terms of energy consumption by
more than 30%.

In [42], Zou, Z. et al. proposed a Cluster-Based Adaptive Routing (CBAR) algorithm
for UWSNs. Packet formatting is designed to be suitable for cluster networks. The CBAR
algorithm depends on updating dynamic routes and saving energy consumed in the routing
process. Simulation results show that the CBAR algorithm outperforms the FBR algorithm
and DUCS in terms of energy consumption and the ratio of data delivery.

In [43], Zhang and Cai developed an Energy-Efficient Probabilistic Depth Based Rout-
ing called EEPDBR for UWSNs. The proposed EEPDBR considers vertical depth, residual
energy, and the number of neighbors when calculating the probability of forwarding. Simu-
lation results demonstrate that the EEPDBR algorithm achieves better performance results
than other protocols in terms of energy consumption, packet delivery ratio, and time.

Karim et al. proposed a routing protocol called Geographic and Cooperative Oppor-
tunistic Routing Protocol (GCORP) in [44]. Determining the set of relay forwarding nodes
is performed based on a depth fitness factor. A weight calculation scheme is performed
to find the best relay node. Simulation results demonstrate that the GCORP algorithm
outperforms other routing protocols in terms of average energy consumption, end-to-end
delay, packet delivery ratio, and the lifetime of UWSNs.

2.3. The Limitations of the Existing MAC/Routing Protocols

Based on the works presented in this section in the field of routing and MAC protocols
for underwater sensor networks, we found the following limitations:

• The existing protocols focus on either MAC or routing layer. The design of an energy-
efficient protocol for UWSNs should consider both MAC and routing protocols, as
they complement each other.

• Most of the recent proposed energy-aware protocols are based on only one principle
to save sensor energy, which is usually putting some sensors in sleep mode. However,
there are several principles that can be applied to save energy, such as providing
several levels of energy according to the distances between the source sensor and the
next one and narrowing the field of a sensor operation to a specific region.

• Most of the works do not consider distributing the traffic loads between sensors in
UWSNs. Therefore, there is the problem of draining the energy of some sensors more
than others, creating the issue of early sensor death.

3. The Proposed EE-UWSNs Protocol

In this section, the proposed EE-UWSNs protocol that is designed for UWSNs is
discussed in detail.

3.1. The Main Principles of Energy Saving

The purpose of the proposed EE-UWSNs protocol is to save energy and balance the
consumption of all nodes in order to prolong the lifetime of underwater sensor networks.
The main idea of the proposed protocol is to use several principles in order to save energy.
These principles are:

• Using finite levels of power, from minimum power level (P1) to maximum power
level (PN). The objective of the use of several levels of power is to transmit data to
nearby nodes with less energy than farther nodes. This leads to energy saving.

• Applying the multi-hops transmission method when sending data to a surface sink.
Several references have proved that multi-hop transmission saves power. Using multi-
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hops leads to reducing the distance between the transmitter and the receiver. Thus, if the
handshake is used, short distances lead to reducing the duration of RTS/CTS exchange.

• Narrowing the scope of transmission to a specific area by using a cone angle. When
nodes are absent in this area, the angle can be shifted. The idea of narrowing the trans-
mission scope leads to minimizing the number of nodes responsible for forwarding
packets. Therefore, this leads to reducing collisions and thus decreasing the energy
consumed. In addition, a shifting angle is used in order to avoid loss of data in case of
the absence of nodes in a specific cone angle.

• Using the principle of inactivation, where some sensor nodes in the underwater sensor
network become inactive. During the period of activation, nodes are powered off (i.e.,
do not send nor receive). The choosing of inactive nodes is based on the distance to
the surface sink, as well as the energy consumption.

• Balancing energy consumption in order to avoid draining the energy of some nodes.
This can be accomplished by taking into account the issue of the energy consumed
when choosing relay nodes and inactive nodes. The objective of balancing the energy
consumption is to prolong the life of the network by avoiding the early death of
some nodes.

3.2. The Mechanism of the EE-UWSNs Protocol

Figures 3 and 4 show the flowcharts that display the proposed EE-UWSNs protocol
from the sender side and receiver side, respectively. Dashed boxes illustrate the contribution
of the proposed protocol at the level of MAC and routing layers.

To explain the proposed protocol, an example is given in this section. Figure 5 displays
a network of underwater sensor nodes deployed randomly at different depths. There is
a source sensor node called S1 and a set of relay sensors including S2–S7. S3, S4, S5, S6,
and S7. Sensor S7 is located outside the cone of S1. In addition, there is one sink at the
water surface. In the beginning, the transmission is done at the minimum power level
(P1). The power level can be increased if there are no nodes in a particular area. There is a
specific number of power levels (i.e., from P1 to PN). Every power level has a transmission
radius. Sensors located inside this radius will respond. The proposed protocol limits
the transmission, using a cone angle. Let us draw an imaginary line between the source
node (S1) and the sink. The cone of angle θ originates from the sender toward the sink. If
sensor node S1 needs to send data to the surface sink, it will transmit an RTS packet to its
neighbors, as shown in Figure 6. The RTS packet is a small control packet that includes the
location of the source node (S1) and the desired destination (sink). When a node receives
S1’s multicast RTS, it needs to decide if it can be a relay node or not. This is accomplished by
determining its position with respect to the line between S1 and the sink. If a node is placed
inside a cone of the angle, it will reply with a CTS packet that contains its location, sink
location, and the value of consumed energy. The consumed energy refers to the summation
of energy consumed in transmissions (tx-energy) and in receptions (rx-energy). If a node
is located outside the cone, it will not reply (S7 in this example). There is an assumption
that the sink location is known for every node in a network. In this example, there are five
nodes inside the transmission cone that can be reached at the power level P1, which are
S2-S6. Therefore, these nodes will reply with CTS packets. After transmitting multiple CTS
packets back to the sender, it selects one node as a candidate node based on the score value,
which is calculated based on the values included in the CTS packets, as follows:

Score =
Di

Max(D)
+

Ei
Max(E)

(1)

where Di and Max(D) are the distance between a node i and the sink and the maximum
distance to the sink, respectively. Ei is the energy consumption of a node i and Max(E) is
the maximum energy consumption. The sender selects the node that has the lowest score
value to be a candidate. If more than two nodes have responded, the sender selects a set
of them (e.g., half of them), that have high score values, to be in inactive mode. This is
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accomplished by transmitting an inactivation packet (INACT) that contains a list called
“inactive list”. The inactive list contains the names of nodes that will be entering inactive
mode. The length of the INACT packet depends on the number of nodes in the list.

PacketLengthINACT = ceiling(log2(N)) ∗ NINACT (2)

where N and NINACT are the total number of nodes and the number of nodes in the
inactive list, respectively. If the number of active nodes exceeds a specific threshold
(e.g., seven nodes), the excess number of active nodes will be added to the inactive list
based on the maximum score value.

Figure 3. Flow chart of the proposed protocol from sender side.

In the example, it is assumed that the descending order of the responding nodes, based
on score values, is as follows: S3, S2, S5, S4, S6. Node S6 has the lowest score value, so it
will be selected as a relay node. Suppose that the required proportion of inactive nodes
is 50% and the maximum number of active nodes (i.e., active node threshold) is seven.
Therefore, the half of the responding nodes (i.e., two nodes) that have the highest score
value will be in the inactivation list (S3 and S2 in the example). Note that the number of
active nodes is three (S4, S5, and S6), which does not exceed the active nodes threshold.
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Figure 4. Flow chart of the proposed protocol from receiver side.

When a node receives the INACT packet, it checks if its name is on the inactivate list
or not. If so, it enters the inactivation mode for a specific period, only if the outgoing packet
queue is empty. There is an assumption that the inactivation period is known already for
every node in a network. During that time, the node is powered off. In other words, it does
not send, receive or generate packets.

After transmitting the INACT packet, the sender transmits data to the selected relay
node and awaits acknowledgment from it. After receiving the data packet successfully,
a relay node (S6) responds with an ACK packet and starts the same process discussed
previously, but as a forwarder. It will search for the next relay node in the direction of
the sink. If it cannot find nodes inside the transmission cone that can be reached at the
lowest power level P1, it will increase the transmission power level to P2, and send a new
RTS. When the next relay has been selected, the process continues until the destination
is reached.
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Figure 5. Representation of the routing process based on the proposed EE-UWSNs protocol.

Generally, the power level will be increased until a node reaches the next relay, or
until all power levels have been tried. If the node is unable to reach any relay node at
the maximum power level, PN, it will shift its cone and begin searching for relay nodes
across the primary cone. The proposed protocol uses a special packet called the silence
(SIL) packet. A very small SIL packet is used in order to inform about other communication
engagements. After sending a multicast RTS, the neighbor nodes may currently operate
in another communication as relay nodes. To prevent the situation where relay nodes are
placed in inactive mode, a node that overhears the RTS packet will transmit an SIL packet
to the requesting node. When a silence packet is received by the requesting node, it will
defer its transmission. In fact, an SIL packet has another benefit in terms of saving energy,
which is that it prevents an increase in the transmission power level when there is a node
but it is already engaged in another communication.

The pseudocode for the proposed EE-UWSNs protocol is shown in Algorithm 1.
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Algorithm 1: Pseudocode for the proposed EE-UWSNs protocol.
Initialize power level;
Set INACTPerc, ActiveThr, INACTPeriod, Conepos, θ ;
while Node has DATA_pkt do

Broadcast RTS_pkt;
Waiting time = 2×max(Dprop);
while Waiting time!=0 do

Waiting time-=1;
end
if CTS_pkt received then

Calculate Score values according to Equation 1;
Arrange Responded_Node in desending order based on Score values;
Set a node with min(Score) as a relay;
if Num(Responded_Node>2) then

ListINACT=Pecent(Responded_Node) based on INACTPerc ;
if ((N − NINACT)> ActiveThr) then

Add nodes to ListINACT based on Score values;
end
Broadcast ListINACT ;

end
Send DATA_pkt

end
else if power level == PN then

if cone does not return to the original position then
Shift the cone;
power level = P1;

end
end
else

power level+ = 1;
end

end
if Node receives RTS_pkt then

if Node exists within the cone then
if Node engages in another communication then

Send SIL_pkt;
end
else

Send CTS_pkt
end

end
else

Node will not respond
end

end
else if Node receives INACT_pkt then

if Node ∈ ListINACT && has no DATA_pkt then
Node enters INACT mode;
if INACTPeriod finishes then

Node exits from INACT mode
end

end
end
else if Node receives DATA_pkt then

Send ACK_pkt;
end
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Figure 6. Timeline indicates the exchanging of packets.

4. Performance Analysis
4.1. Simulation Tool

AUVNetSim is chosen to simulate the proposed MAC/routing protocol. AUVNetSim
is a network simulator designed for underwater acoustic sensor networks of fixed and
mobile nodes. It was developed by the Massachusetts Institute of Technology. It was
written in standard Python and makes use of the SimPy discrete event simulation package.
Python is a powerful easy-to-learn programming language. It has powerful high-level
data structures (e.g., dictionary of data). AUVNetSim is distributed as open-source and
it consists of many Python files (*.py) that call each other’s functions. The programming
structure of the sensor node is represented in Figure 7. The main files of AUVNetSim are
AcousticNode.py, ApplicationLayer.py, MAC.py, PhysicalLayer.py RoutingLayer.py, and
Simulation.py. A developer who, for example, wants to include a new routing or MAC
protocol, can simply do so by taking advantage of the existing structure. Furthermore,
several functions are included in the downloadable package that can be used to illustrate
the results and check at a glance the overall system performance.
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Acoustic Sensor Node

Application Layer

Routing Layer

MAC Layer

Physical Layer

Figure 7. The programming structure of the sensor node.

4.2. Performance Metrics

The proposed EE-UWSNs protocol is evaluated in many Key Performance Indicators
(KPIs), which are:

• Energy Consumption: It refers to the amount of sensor energy consumed to perform
aggregation, transmission, and reception of data [45]. It is measured in units of joules
(watts per second) [46].

• Number of Collisions: A collision occurs when more than one sensor node sends
packets at the same time, resulting in packet corruption [47]. Therefore, the source
node needs to retransmit the lost packet and this leads to energy wastage. There are
several collision avoidance protocols that are based on using RTS and CTS packets
prior to sending data [48]. Decreasing the number of collisions is an important issue
to save the energy of sensors.

• End-to-End Delay: This is a function of several parameters, which includes the trans-
mission delay, the propagation delay, the queuing delay, processing delay and the
number of retransmissions [49]. The transmission delay is calculated by dividing the
size of a packet by the transmission rate. The propagation delay can be estimated by di-
viding the distance between a sensor and a sink by the speed of sound (1500 m/s) [50].
Processing delay refers to the time taken by sensor nodes to process packets [51,52].
The queuing delay is the time that a packet spends waiting in a node’s queue until it
departs [53].

• Jitter: Jitter of the packet delay is a critical factor in determining the quality of service
in UWSNs. The jitter is defined as the variation in the packet delays [54].

4.3. Simulation Results

The proposed EE-UWSNs protocol is tested in a volume of 1 km3. A Poisson distribu-
tion for each transmitter was assumed. The sensors are deployed randomly in the 3D region
at different depths following a uniform distribution. Figure 8 illustrates the system model
and the simulation parameters are given in Table 1. The proposed EE-UWSNs protocol is
compared with four other protocols, which are the DACAP/FBR and CSMA/CA/FBR,
DACAP/DUCS, and DACAP/CBAR protocols.
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Sink

Underwater 

sensor

On-Shore Sink

Figure 8. A 3D view of the system model.

Table 1. The simulation parameters.

Parameter Value

Volume (km3) 1

Packet Size (Bytes) 500

Node Starting Energy (Joules) 150

No. Sensors 27

No. Sinks [1,3]

Interarrival Time (Time slots) Possion, T = 240

Inactivation Period (Time slots) 600

Inactivate Nodes Percentage (%) 50

Active Nodes Threshold 7

Cone Angle [60,120,180]

Figure 9 shows the average energy consumption per sensor node during different
simulation durations. The longer the simulation, the higher the average energy consump-
tion, due to the increase in the period of operation of the sensors. The proposed protocol
outperforms other protocols in terms of the average energy consumption of the sensors.
It outperforms CSMA/CA/FBR and DACAP/FBR by 68.49% and 60.34%, respectively.
In addition, it has superiority over DACAP/DUCS by 10.51% and over DACAP/CBAR
by 20.69%, despite their reliance on the principle of clustering to save energy. The reason
behind the improvement is the introduction of the principle of inactivation. During the
inactivation period, nodes will be powered-off and thus energy will be saved. Furthermore,
the time at which the first sensor’s battery becomes empty is analyzed. It is assumed
that the starting energy per node is 500 joules. Simulation results show that the first sen-
sor exhausts its battery after 1999.14 time slots, 2259.01 time slots, 17,899.40 time slots,
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15,863.25 time slots, and 20,001.57 time slots in the case of CSMA/CA/FBR, DACAP/FBR,
DACAP/DUCS, DACAP/CBAR, and the EE-UWSNs proposed protocol, respectively. This
result indicates that the proposed protocol prolongs the network lifetime as the energy-
balancing scheme is adopted.
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Figure 9. Average energy consumption per node.

Figure 10 studies the average number of collisions during different simulation times.
Increasing the simulation time leads to an increase in the average number of collisions
due to the increase in the data transmission/reception period. The proposed EE-UWSNs
protocol achieves the lowest number of collisions compared to the other protocols. It
has superiority over CSMA/CA/FBR by 83.45% and over DACAP/FBR by 81.87%. Our
proposed EE-UWSNs outperforms DACAP/DUCS and DACAP/CBAR by 86.87% and
90.24%, respectively. The reasons for this lie in applying the principle of inactivation, as
well as narrowing the scope of transmission to a specific area. These measures reduce the
number of nodes responsible for transmitting and forwarding packets and thus decrease
the proportion of collisions.

Figure 11 illustrates the values of the average end-to-end delay of the proposed EE-
UWSNs and the other protocols under various simulation times. As shown in the figure,
the proposed protocol achieves the lowest delay compared to the other protocols. The
percentages of improvement over CSMA/CA/FBR and DACAP/FBR are 45.62% and
45.75%, respectively. Moreover, EE-UWSNs achieve superiority over DACAP/DUCS by
14.39% and over DACAP/CBAR by 50.64%. The reason behind the improvement is the
method of selecting the inactive nodes and relay nodes, which depends on the score value,
which takes into account the distance to the desired destination, as well as the consumed
energy. Thus, the active relay nodes are the nodes that are closest to the destination.
Therefore, the propagation delays will be reduced. In addition, nodes enter the inactive
mode only under a certain condition, i.e., when they do not have any packet to transmit.
This reduces the queuing delay caused during the inactivation period. Since the possibility
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of collisions is reduced, the number of retransmissions decreases, and, thus, the delay
is reduced.
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Figure 10. Average number of collisions.
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Figure 11. Average end-to-end delay.

4.3.1. Effect of Changing the Cone Angle

In this section, the impact of changing the cone angle value on the performance of
the underwater sensor network is studied in terms of the average energy consumption of
sensor batteries, the number of collisions, end-to-end delay, and jitter. Three cone angles
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are selected that have different sizes which are 60◦ (small angle), 120◦ (medium angle), and
180◦ (large angle). The cone angle should not be greater than 180◦ because this can lead to
selecting a relay node that is not located in the direction from sending node to sink and
thus the network performance will be influenced negatively.

Figure 12 shows the values of the average energy consumption per sensor node, using
different cone angles and under various simulation times. We found that the amount
of energy consumption is high in the case of a small angle (60°), as opposed to a large
angle (180°). The average improvement from changing the cone angle, in terms of energy
consumption of the sensor battery, is estimated at 42.49%. The reason for this is that the
larger the cone angle, the greater the percentage of sensors that will enter the inactivation
mode, and thus energy will be saved.
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Figure 12. The effect of changing cone angle on energy consumption.

Figure 13 shows the effect of changing the cone angle on the average number of
collisions, using different simulation periods. As shown in the figure, there is an inverse
relationship between the average number of collisions and the size of the cone angle.
Increasing the angle leads to making a percentage of the sensors (50% of them in this
scenario) enter the sleep mode, and therefore during this period there is no transmission of
packets; consequently, the rate of collisions decreases by an average of 40.61%.
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Figure 13. The effect of changing cone angle on number of collisions.

Figures 14 and 15 represent the impact of modifying the value of the cone angle on
the average of end-to-end delay and packet jitter values. Increasing the value of the cone
angle results in more sensors being located within it. The proposed EE-UWSNs protocol
considers the distance to the desired destination when calculating score values. Therefore,
the closest sensor to the destination is selected as a relay node and thus the propagation
delay is enhanced. Furthermore, increasing the cone angle reduces the collision (as we
mentioned in the previous figure) and thus decreases the number of retransmissions and
improves the delay and jitter. The average percentages of improvements in end-to-end
delay and jitter are 67.96% and 56.06%, respectively.

4.3.2. Effect of Changing the Number of Sinks

In this section, we study the effect of changing the number of surface sinks on the
performance of UWSNs. The experiment is performed in the first case by considering only
one sink that is deployed at the center of the simulation area. In the second case, there
are three sinks (one in the center and the others on the left and right of the middle one).
Then, we analyze the performance in terms of the average energy consumption, number of
collisions, end-to-end delay, and jitter.

Figures 16 and 17 show the impact of increasing the number of surface sinks on the
average of energy consumption and number of collisions. The redundancy of sinks leads to
making each node send packets to their closest sink. In other words, there is no competition
for one sink, but the competition is distributed among three sinks. Therefore, this leads to
minimizing the percentage of collisions and energy consumption. The average percentages
of improvements in energy consumption and the number of collisions are 19.52% and
19.01%, respectively. Due to the reduction of the average number of collisions, the end-to-
end delay and jitter are enhanced, as depicted in Figures 18 and 19. The average percentage
of enhancement in the delay is 20.73% and in jitter is 21.03%.
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Figure 14. The effect of changing cone angle on end-to-end delay.
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Figure 15. The effect of changing cone angle on jitter.
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Figure 16. The effect of changing the number of sinks on energy consumption.
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Figure 17. The effect of changing the number of sinks on the number of collisions.
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Figure 18. The effect of changing the number of sinks on end-to-end delay.
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Figure 19. The effect of changing the number of sinks on jitter.
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5. Conclusions and Future Work

In this paper, an enhanced MAC/routing protocol was proposed for underwater
acoustic networks to achieve efficiency in energy consumption and to prolong the lifetime
of UWSNs. The proposed EE-UWSNs protocol depends on a number of principles to save
energy and balance energy consumption. The performance of our proposed protocol was
evaluated using a Python simulator developed by MIT called AUVNetSim. The simulation
results show that the proposed UWSNs protocol has achieved progress in terms of average
energy consumption, outperforming CSMA/CA/FBR and DACAP/FBR by 68.49% and
60.34%, respectively. Our EE-UWSN outperforms DACAP/DUCS and DACAP/CBAR by
10.51% and 20.69%, respectively. In addition, the proposed protocol reduces the average
number of collisions and end-to-end delays. Furthermore, the performance of the protocol
is evaluated using different cone angles and numbers of sinks. For future work, the effect
of sensor distribution on network performance can be studied by considering regular
and random distributions. Furthermore, the impact of changing the number of sensors
and sensing environment will be investigated based on the purpose of the experiment.
In addition, machine learning techniques can be applied to reduce the computational
complexity and thus the processing delay.
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CSMA Carrier Sense Multiple Access
CSMA/CA Carrier Sense Multiple Access/Collision Avoidance
CSSTU-MAC Spatial-Temporal Uncertainty MAC
CTS Clear to Send
DACAP Distance Aware Collision Avoidance Protocol
DCO-MAC Data-Collection-Oriented MAC
DEEB Distributed Energy-Efficient and Balanced
DUCS Distributed Underwater Clustering Scheme
ED-MAC Efficient Depth-based MAC
EE-UWSNs Energy-Efficient protocol for UWSNs
FBR Focused Beam Routing
FDMA Frequency-Division Multiple Access
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GCORP Geographic and Cooperative Opportunistic Routing Protocol
HSR Hybrid Sender and Receiver
IoT Internet of Things
KPIs Key Performance Indicators
LEACH Low Energy Algorithm Adaptive Clustering Hierarchy
MAC Medium Access Control
MIT Massachusetts Institute of Technology
NCRP Network Coding Routing Protocol
OCMAC Ordered Contention MAC
OVAR Opportunistic Void Avoidance Routing
QDAR Q-learning based Delay-Aware Routing
R-ERP2R Reliable Energy-efficient Routing Protocol based on Physical distance

and Residual energy
RTS Request to Send
TDMA Time Division Multiple Access
UMOD-LEACH Underwater Modified LEACH
UWSNs Underwater Sensor Networks
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