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Abstract

This paper reviews state-of-the-art of MAC (Medium Access Control) protocols for
underwater acoustic networks (UWANs). We first state the underwater channel
characteristics and challenges of the MAC protocol design. Then the MAC protocols are
classified. The major problems are also discussed in underwater communications.
Finally we analyze the protocols and give the research direction in the future.
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1. INTRODUCTION

Many underwater communication devices are deployed in the unreachable underwater
world to carry out underwater operations in recent years [1-4]. The installation and
maintenance cost of wired equipment is high, and the fixed activity range limits the application
of wired communication in an underwater environment. Underwater wireless network
technology thus becomes a hot research topic in the past decade. Moreover, the medium access
control (MAC) protocol is one of the most critical parts of underwater wireless networks.
However, the difference of the underwater communication environment, such as the signals
attenuation, long propagation delay and the limited bandwidth transmission resources, let MAC
protocol designs in underwater acoustic networks face many new challenges. We first describe
the underwater acoustic environment, which includes of the problem and the challenge in
designing the protocols. Then we discuss several types of MAC protocols according to the
protocol use multiplexing techniques or hybrid MAC. A comprehensive discussion on the
significant problems and investigation is given in the remainder of the paper.

2. PROPERTIES

The underwater acoustic network is composed of a large number of nodes deployed
underwater. The underwater nodes can collect, transmit and exchange data through an
underwater communication modem, and after several hops of transmission, the messages are
sent to the water surface stations. The underwater nodes collect the information and then
transmit them to water surface, which can extend the land communication range.

2.1.Characteristics of the Underwater Acoustic Channels

The underwater acoustic channel is considered one of the most extraordinary and complex
communication media. Due to the particularity of underwater channels, the following channel
characteristics should be taken into consideration when designing underwater communication
protocols.

1) Large propagation delay. The acoustic velocity is dynamic due to the temperature, salinity
and pressure of seawater. The underwater acoustic signal travels at a low speed of about
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1500m/s, which is five orders of magnitude slower than the terrestrial radio signal. The delay
caused by underwater transmission can lead to signal distortion, and the mobile transmission
caused by wave flow and tide can produce an extreme Doppler effect.

2) Narrow available bandwidth. The available channel bandwidth for acoustics is limited,
which is about 5kHz. The bandwidth of the acoustic channel depends on the transmission
distance. Within a certain distance, the bandwidth and power of the acoustic channel depend
on the signal-to-noise ratio (SNR), sound path loss parameters, and environmental noise of the
target node. At large distances, bandwidth is severely limited. For example, only 1kHz of
bandwidth is available at 100km. The narrow bandwidth of the underwater acoustic channel
means that efficient bandwidth modulation is required when the bandwidth exceeding 1b/s/Hz
is achieved on the channel. When the distance between the source node and the destination
node is too long, the multi-hop network structure can be considered to transmit at a higher bit
rate to reduce the delayed loss and the total power consumption.

3) Time-varying multi-path channels. The speed of sound changes with the location and
depth of the nodes. The multi-path effect exists when sound travels underwater. The multi-path
propagation effect is caused by the refraction of sound signals in the water or reflected by the
water's surface, bottom, and any objects. Signals from the source node take different paths to
the destination node. The target node will observe multiple signal arrivals and receive multiple
delayed signal components. Horizontal channels may have very long multi-path propagation,
and acoustic signals will degrade seriously when the propagation distance is too long. Time-
varying multi-path channels affect signal processing, and it also determines signal throughput
and communication system performance. Underwater links are greatly affected by the spatial
variability of underwater acoustic channels, which will change the channel's physical
characteristics.

4) Complicated channel noise. The noise of the underwater acoustic channel includes the
ambient noise and the noise of a specific scene. There is always environmental noise in the quiet
deep sea. The environmental noise comes from waves, or rain. Most of the environmental noise
can be considered as continuous and regular Gaussian noise. Site-specific noise only happens
in certain situations, such as animal calls and ship movements. Underwater noise is the main
factor that determines available bandwidth, propagation range and signal-to-noise ratio.

2.2.Problems and Challenges of UWANs MAC Protocols Design

According to the characteristics of the underwater acoustic channels. The following factors
must be taken into consideration when designing underwater MAC protocol.

1) Synchronization. Due to the Doppler effect, frequency attenuation, multipath propagation,
and slow signal propagation speed, it is difficult to realize a precise synchronization (SYN) in
the underwater network. However, some UWANSs protocols such as scheduling rely on relative
time synchronization to make effective operations in a concise time scale.

2) Energy consumption. Underwater nodes are usually battery-powered, so that energy
consumption must be considered when designing underwater communication protocols. It is
crucial for fixed nodes installed on the seabed, where replacing the batteries or redeploying the
nodes is costly. Maintaining the overall life of the network is a crucial factor, so it is essential to
design an efficient media access protocol to save energy.

3) Node dynamics. When a node in the underwater network runs out of energy or a new node
joins the network, the network structure will change. When designing the MAC protocol, it is
necessary to consider the network expansibility to adapt to the new network topology.

4) Fairness. Due to the non-negligibility of the spatial and temporal uncertainty in
underwater communication, the source nodes far from the destination nodes are severed much
later. Thus, the closer nodes have more opportunities to access the channel.
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Figure 1. Influence of near and far effect in underwater MAC protocol

5) Near and far effect. The signals received from a sender near the receiver are stronger than
those from other senders who are located farther, which will lead to near and far effect. For
example, Figure. 1 shows that the distance between node C and node A is longer than the
distance between node B and node A. When node C sends a signal to A, the signal sent by node
B is considered to be interference.

6) Hidden and exposed terminal problem. Long propagation delays may cause hidden and
exposed terminals in underwater communication, as shown in Figure. 2 and Figure. 3.

a) Hidden terminal. When two nodes far away from each other transmit data to the same
node, they don’t know each other’s transmission which may result in collision at target node.
As shown in Figure. 2, node A needs to transmit to node B, but node A cannot detect the
transmission status of any node within the dashed line when sensing the channel. It results that
node A cannot know the transmission of node C, which may cause collision at the target node B.
The hidden terminal problems exist in multi-hop and multi-channel underwater environment.

b) Exposure terminal. Two nodes close to each other simultaneously listen to each other to
transmit data, and one sender is outside the interference range of the transmitting receiver. As
shown in Figure. 3, node A sends control information to node B, while node D transmits data to
node C. In terms of chronological sequence, node D sends control information before node A.
Node B enters the retreat period after hearing the reply control information of node C, and all
node transmissions centered on node C will prevent the data transmission of node A, even
though no interference exists.
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Figure 2. Hidden terminal problem
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Figure 3. Exposed terminal problem

2.3.Network and Interference Model

The performance of the MAC protocols in underwater communication is highly influenced by
the structure of underwater nodes, which can be classified as followed.

a) Star. It is the simplest topology with MAC protocol design. The central node can
communicate with nodes in certain range directly.

b) Tree. It is the improvement of star topologies, which can cover a larger area. A parent node
is a one-point failure of its sub-tree.

c)Mesh. Mesh is a decentralized network topology in which nodes are interconnected to one
another. Each node acts as an AP and provides alternative routes to forward a message from a
sending node to its destination node.

There is a source node to coordinate communication between itself and its destination node.
This destination node may function as a data sink or just a relay. The structure of the network
affects nodes' transmission methods, which are divided as followed,

a) One-hop. The distance between source nodes and destination nodes is one hop without
any relay nodes help across the network, which covers a small area.

b) Multi-hop. Unlike the one-hop network transmission mode, each node in the multi-hop
network can act as an AP, indicating that nodes in a multi-hop network can help to forward data
until the data arrives at the destination node. The following features affect the feasibility of a
UWANSs multi-hop MAC protocol.

(1) Underwater path loss. Underwater path loss between the underwater source node and
the underwater target node over a distance d is given by

H(d,0) = AS(d,0)e (1)

Where A is the transmission anomaly coefficient, and « is the absorption coefficient.
S(d,8) denotes the energy diffusion coefficient. D is the distance between the source node

and the target node. @ is the Angle between the direction of the transmitting signal and the
horizontal plane.

(2) Physical interference.
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Figure 4. Physical interference model

The physical interference model depends on the receiver's signal-to-noise ratio (SINR). The
signal power of the target node is determined by the power of the source node and the path loss
between the transmitting node and the receiver node. As shown in Figure. 4, other transmission
pairs (such as the data transmitted from the node w to x ) cause interference
2 wmyes Bowy @ )H(d(w,u),0") . According to the physical layer of the network, we can get a

threshold y,, . When the SINR of the target node exceeds the threshold, the signal can be

successfully demodulated. When the underwater ambient noise is Ns, the physical interference
model is expressed as,

P(z,u) (f)H(d(Z, Lt), 9)

SINR = >y
Pw,x)t"H(d(w,x),0") "™

N, +% (2)

(w,2)eé

Due to the physical interference and the need of not exceeding threshold value, collision will
happen if the SINR of two simultaneous signals exceeds the threshold value, as shown in Figure.
4.

(3) Protocol interference.

Figure 5. Physical interference model

As shown in Figure. 5, the transmission of each node is limited by range R, and the larger
interference range R, [5], which is determined by the transmission power. The transmission

range is the maximum distance between the target node u and the source node z, at which
the received data can be correctly decoded by the target node u .The interference range is the
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maximum distance between another node w and the target node u.Node w is within the
interference range of node u ,so that they can hear each other's transmission. The data sent by
node w cannot be demodulated at node u, so node w interferes with the transmission
between node vandnode wu [6].Since the successful reception depends on the signal-to-noise
ratio of the destination nodes and underwater path loss, the transmission range R, and the

interference range R, can be expressed as,

P(z,u) (t)H(Rd H ad) _
N =7 oy

S

(3)

P(v,u) (I)H(Rs' b 9;)

= 4
NS+P(W,X)(Z‘)H(RI»,0,4) 7/phy ( )

Where P(w,x) isthetransmitted power of w.The above equation is the implicit expression
of the transmission range R, and the interference range R..

3. CONTENTION-FREE UWANS MAC PROTOCOLS

Contention-free MAC protocols is restricted by the point coordinator who schedules the
transmission based on some rules. In this section, we review some contention-free UWANs MAC
protocols based on three well known multiple access techniques including of FDMA, TDMA and
CDMA. A brief analysis is given at the end of the section.

3.1.FDMA

NOGO-MAC (Node Grouped OFDMA MAC) [7] offers a one-hop energy-efficient MAC protocol,
whose nodes are grouped by the distance to the sink node. It allocates each group a specific
frequency band to reduce the overall transmission power consumption, and the closer groups
have higher frequency. The sink node allocates the subcarrier based on the information
exchange. The adaptive-OFDMA system [8] uses an optimal subcarrier selection approach
based on emitting the minimum possible transmit power to maintain the available connection.
Before transmission, each node will send a short pilot message to reserve to use this
communicating subcarrier. In addition, adaptive-OFDMA offers three modes of operation to
optimize transmission energy. UW-OFDMAC (Underwater Orthogonal Frequency Division
Multiple Access Control) [9] is a transmitter-based OFDMA scheme. A notification packet (NP)
is sent to access the channel before transmission. The number of subcarriers for each user
depends on the receiver location and motion. The allocation is affected by the accuracy of
distance measurement.

3.2.TDMA

Conventional TDMA system in which time is slotted and time slots are organized into frames.
Each time slot is assigned to a specific user during subsets of nodes transmit. Thus packets will
be sent without collisions. Due to its simplicity and flexibility, TDMA is an available technique
applied in UWANs. A TDMA-based MAC Protocol in Underwater Networks is investigated in this
section. TDMA-based protocols, such as ST-MAC [10] and STUMP [11], are typical contention-
free MAC protocols for UWANs. To get a scalable collision-free packet, STDMA [12] fixes
connectivity and interference patterns, which leads to fewer application scenarios. AMPDT [13],
based on TDMA, changes the slot length according to dynamic traffic to improve channel
utilization. TDA-MAC [14] allows a TDMA-like slotted packet reception at the gateway without
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the need for local synchronization to a global clock. LTDA-MAC (Linear Transmit Delay
Allocation MAC) [15] protocol extends the work on TDA-MAC and optimize the packet schedule.
[t enables unsynchronized packet scheduling in linear transmission structure with taking into
account the propagation delays and connectivity pattern.

3.3.CDMA

CDMA make multiple users access AP at the same time, which improves the spectrum
efficiency. Each user is assigned unique pseudo-noise (PN) codes that are used for spreading
the user messages. Therefore, the receivers can distinguish the correct signals from the noise.
[16] proposes a CDMA protocol without any signaling procedure related to channel access and
power control. DSSS-CDMA [17] uses filters that can collect the transmitted energy spread over
multiple paths to alleviate the effect of multipath at the receiver. At the same time, it allows
receivers to distinguish signals simultaneously transmitted in the same frequency band from
multiple devices. In FH-CDMA [18], each user can change the central frequency of its modulated
signal. The frequency of each user is different at any time within a time interval corresponding
to one PN sequence period.

3.4. Analysis

We have reviewed the contention-free MAC protocols based on three primary access medium
techniques. The main advantage of UWANs MAC protocols based on contention-free schemes is
simplifying MAC protocol design because they have their dedicated resource and may reduce
collision problems in high traffic. FDMA uses the signal separation technique in the frequency
domain. The FDMA-based protocols and their improvements mainly face the design challenges
of limited bandwidth. Typically, the UWA channel exhibits a large Doppler effect that requires
guard frequency bands between users, leading to low efficiency and little flexibility. TDMA is
much more flexible, but TDMA and slotted-based MAC protocols relys on precise SYN, it is an
important issue to balance the collision minimization and channel utilization maximization.
CDMA has the advantage of not requiring slot synchronization and more robust to the multipath
problem at the price of a bandwidth expansion while CDMA technique introduces the near-far
problem and high system complexity, which increases the latency and energy consumption.
Contention-free MAC protocols face more severe effect of the near-far effect.

4. CONTENTION-BASED UWANS MAC PROTOCOLS

Nowadays, the efforts to design MAC Protocols for UWANs focus on less energy waste and the
increasing utilization of the communication channel. The nodes in contention-based MAC
protocols compete for accessing a shared channel without collision. It shows that contention-
based MAC protocols may be more flexible and efficient than contention-free MAC protocols.
This section reviews the UWANs MAC protocols based on contention.

4.1.ALOHA

The simplest of these protocols is the ALOHA protocol or its enhancements. If a node in
ALOHA protocol have data ready to send, it will send without controlling. [19] use the global
time synchronization, the nodes in the network can transmit data at the beginning of the time
slot. The ALOHA-CA [20] protocol requires that a packet has a header segment and a data
segment. It assumes that the knowledge of channel state information between node pairs by
listening for packets transmitted. ALOHA-AN [20] protocol can avoid conflicts by sending short
notification packets (including source node and target node) before actual data transmission to
make neighbouring nodes temporarily delay data transmission. Both protocols reduce data
conflicts and improve network throughput compared to the pure ALOHA protocol. However,
both protocols require nodes to maintain their tables to monitor neighbouring nodes. The
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ALOHA-RB [21] protocol assumes that the expected number of arrival nodes and the maximum
propagation delay are known.

Contention window (CW) is typical settings in protocols to reduce collision. [22] increases
the CW randomness to reduce collision. It divided it entire CW into several segments. After a
collision happens, the node selects the next segment to get a CW randomly. Therefore, the waste
of transmitting power in conflict is much smaller than pure ALOHA protocols. ALOHA-CS [23]
is an ALOHA protocol with carrier sensing technique that does not send any new packets as long
as the channel is active. It also has a contention window size between two and five times the
maximum propagation delay. When the channel is detected to be idle, data will be sent. If there
is a conflict, it will enter the backoff time and wait for the subsequent transmission. If the first
transmission is unsuccessful, the contention window size will increase accordingly.

4.2.CSMA

CSMA is a representative class of contention-based protocols where each node has to sense
the channel for channel reservation. If users listen to the channel before the transmission, it will
avoid many collisions. In conventional CSMA/CA, each node starts a carrier sensing before
transmitting packets. If the channel is idle, the channel will be reserved by handshaking. Any
neighbouring node that overhears a packet intended for another node will defer its
transmission and set its network allocation vector (NAV) by the information in the received
packet [24]. LACC-M [25] proposed a load-adaptive carrier sense multiple access/collision
avoidance MAC protocol. Each node can join and leave the network by introducing a broadcast
packet (BCT). The transmission relies on the current state of the network load, which is
informed by the BCT packet. P-CSMA (physical CSMA) [26] discusses the different long-delays
hidden terminal problems with several transmitting nodes and only one receiving node. CSMA-
ALOHA [27] adopts a very short channel sensing phase before transmitting a packet. The short
sensing serves to avoid a trivial collision. The sensing time is randomized to avoid the
synchronization of channel access attempts and repeated collisions. DACAP (Distance Aware
Collision Avoidance Protocol) [28] uses handshake to reserve channels for packet transmission.
DACAP senses the channel before transmitting an RTS, which is similar to CSMA/CA. If the
destination node overheads some other senders while waiting for a data packet, it will send a
short warning packet.

4.3.Handshaking Protocols

SFAMA-MM [29] protocol proposes a multi-receive mechanism that allows neighbouring
nodes to receive packets simultaneously based on time slot FAMA. This protocol adds a new
notification packet to avoid multi-hop network conflicts, which means some transmitting nodes
use notification packets to inform their neighbours about the subsequent data transmission
sequence. The sending sequence number is specified for each source node in the CTS packets
to schedule the transmitting order of the node. Besides, the transmitting nodes will keep silent
after data transmission until the receiving node receives all data packets from other nodes and
sends ACK packets to all the transmitting nodes.

OPMAC (On-Demand Pipelined MAC) [30] protocol aims to establish a direct pipeline to
forward data from the source node to the destination node without a redundant handshake
process. The CTS packet broadcast by the relay node contains the response to the previous-hop
node and the request message for the next hop. This mechanism significantly reduces the time
for the message to arrive. CTS configured by OPMAC requires advance routing information and
may conflict with other transports. Based on distributed UWAN-MAC [31], COPESM-MAC [32]
uses parallel execution reservation to reduce the control packet switching time.

CUMAC [33] proposed a cooperative MAC protocol to effectively solve multiple covert
terminals by using the cooperation between neighbouring nodes for conflict detection. Besides,
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a tone device was also used to solve the congestion of the control channel and further improve
the system performance.

CS-MAC (Channel Stealing MAC) [34] postpones the transmission of the control packets for a
duration. After overhearing the control packets, the exposed station can exchange the data with
the neighours. The duration divides into small slots and lasts long enough to avoid collision.

4.4. Analysis

In this section, we have reviewed MAC protocols based on contention resolution schemes.
ALOHA and CSMA can simplify MAC protocol design and apply it to any network topologies,
which are typical terrestrial MAC protocols. ALOHA, nodes transmit with their will. CSMA uses
a carrier sensing technique before transmission, intending to avoid collision on the channel. In
a sparse environment, they are the ideal choices. Handshaking protocols use the message
exchange to reserve the channel before the actual data transmission, which can handle the
hidden-terminal problem and near-far effect, but delay for packet becomes long in large UWANs
due. Handshaking protocols do not work well for extensive transmission range because of the
long propagation delays. Contention-based MAC protocols are more likely used in underwater
communication while nodes decide when to transmit on a shared channel.

5. HYBRID UWANS MAC PROTOCOLS

The hybrid MAC protocols combine different medium access techniques to achieve specific
requirements. Recently, more and more hybrid MAC protocols are presented in underwater
communication. In the following, we present some novel hybrid MAC protocols.

[38] proposed a multi-channel protocol that consists of handshaking and TDMA.
Handshaking is implemented using the TDMA technique in a dedicated control channel, which
can support multiple successful handshakes in a transmission cycle and avoid collision in
additional delay costs.

UW-HARQ (Underwater Hybrid Automatic Repeat Request) [39] uses an efficient CDMA
scheme with an adaptive Forward Error Correction (FEC) coding with multi-hop to increase
channel reuse and reduce packet retransmissions.

In order to avoid collisions and improve energy efficiency, a class of multi-channel MAC for
UW-ASNs (MC-UWMAC) [40] is proposed. MC-UWMAC allows multiple data communications
and handshaking on the common control channel, which is slotted to coincide.

LBTSA (load-based time slot allocation) [41] consists of TDMA and carrier-sense multiple
access with collision avoidance (CSMA/CA) and selects the slot allocation scheme according to
the instantaneous network load. However, LBTSA adopts a long slot duration to ignores the
impact of the long propagation delay in underwater communication.

[42] combines contention-based and random access MAC protocol for energy effective
dynamic scheduling. It uses a variable step size firefly algorithm (VSSFFA) to generate optimal
cluster heads and energy-aware clusters. The VSSFFA reduces the cost of locating optimal
positions for the head nodes in a cluster. If a node hears the signals in the channel, it will go to
sleep mode to avoid collisions and save energy. In addition, EDS-MAC makes lower end-to-end
delay and increased throughput by using dynamic slot allocation and efficient clustering
techniques.

To summarize, in this section, we discuss a few hybrid MAC protocols to present the state of
the art of design of the MAC protocols in UWANs. These protocols combine the strength of the
typical terrestrial MAC technique and the characteristics of the underwater communication
environment to design efficient protocols. The hybrid MAC protocols still face the complex
structure of the underwater topology and algorithmic complexity. A detailed characteristics of
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different UAWNs MAC protocols have been presented in Table 1, in which the current solution
of the MAC protocols in UAWNSs is based on the contention or contention-free scheme.

Table 1. Characteristics of underwater acoustic networks mac protocols

Protocol End-to-

Energy Network  Collisions Channel Concurrent
Scheme name/ . end N L
Consumption Throughput Rate Utilization Transmissions
Reference Delay
NOGO- . . .
< MAC Low Medium Low Medium High Yes
é [8] High Medium Medium Medium High Yes
UW- ) . . . .
OFDMAC High High Medium Medium High Yes
ST-MAC High Medium Low Medium High No
§ STUMP Medium High Low Medium High Yes
“é < STDMA Medium High Low Medium  Medium Yes
S s LTDA- . . .
% 5 MAC Low Medium Medium Low High Yes
= AMPDT High High Low Low Medium No
° -
< IA%I Low Medium Medium Low Medium Yes
[16] High Medium Medium Medium High Yes

< DSSS- ) . . . .

E CDMA High High Medium High High Yes

° FH- High Medium Low High Medium Yes

CDMA & &
S-ALOHA Medium Low Low Low Medium Low

a ALOHA- Medium Medium Low Medium Low No

§ CS(AN)

S -

g ALEEA Medium Medium Low High Low No

]

.S CSMA- . . . .

E ALOHA Medium Medium Medium High Low No
< DACAP High Medium Medium High High Yes
< LACC-M Medium High Medium Low Medium No
o SFAMA-

D . . .

.g MM Medium Medium Low High Low No
g OPMAC High Low Medium Low Low Yes
- -

g 20 UWAN Low Low Low Low Low No
(] £ MAC

3} -

= COPESM High Medium High Medium  Medium Yes

< MAC

_r;u CUMAC Low Medium Low Medium High Np

CS-MAC Medium High Medium High Low No
S-FAMA Medium Medium Low High Low No
R-MAC Low Medium Medium Medium High Yes
NR-MAC Low Medium Medium Medium High Yes
[38] High High High Medium  Medium Yes

UW- ) . . .
g HARQ High Low High Medium  Medium Yes

S MC-

Es UWMAC Low Medium Low High Medium No
LBTSA Medium Medium Medium Low Medium No
EDS-MAC Low Medium Low Low Low No

42



World Scientific Research Journal Volume 7 Issue 9, 2021
ISSN: 2472-3703 DOI: 10.6911/WSR]}.202109_7(9).0006

6. CONCLUSION

This paper summarizes the characteristic of underwater acoustic channels such as long
propagation delay and synchronization and the challenge of underwater acoustic MAC
protocols design. Then we classify the underwater acoustic MAC protocols based on contention-
free like FDMA, TDMA, CDMA, or contention resolution schemes like ALOHA, CSMA,
handshaking and Hybrid MAC protocols, which use the advantages of several types of MAC
protocols. The research shows that underwater MAC protocols based on contention-free can
simplify the protocol design, but the protocols have their potential problems, such as setting
guard frequency bands between users in FDMA. Many contention-based underwater acoustic
MAC protocols are aware of the propagation delay for collision avoidance. However, there are
no single MAC protocols considered as an ideal solution for all underwater communication.
Furthermore, future research is expected to design a more robust MAC protocol for underwater
communication, considering utilizing the propagation delay, synchronization to improve the
performance of the MAC protocol.
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