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I. INTRODUCTION

Medium Access Control(MAC) protocol is quite important
to the performance of underwater sensor networks(UWSNs).
Recently, much research work has been done on the design of
new MAC protocols for UWSNs to improve throughput and
energy efficiency [1]-[3]. All these work is for the single-
channel network scenario. However, the fast development
of underwater acoustic communication technologies enables
multiple acoustic channels to be used concurrently in under-
water networks. For example, “AquaNetwork” modem from
DSPCOMM can provide multiple parallel CDMA channels
to the upper layer. It is well known that most MAC protocols
for single channel can not work well in multi-channel environ-
ments and thus, new multi-channel MAC protocols are needed
here for high performance [4], [5].

Multi-channel MAC protocols have been recently inves-
tigated for UWSNs [6]-[8]. And it is shown that Multi-
channel schemes can achieve higher throughput and energy
efficiency than the single-channel schemes. However, most
of the previous work on multi-channel MAC protocols for
UWSNSs does not model and analyze the collisions behav-
ior and other related MAC layer issues for the long-delay
underwater environments. And to our best knowledge, there
are no related work to compare different multi-channel MAC
protocols for underwater networks.

In this work, for the first time, we analyze and compare
the performance of three different multi-channel MAC pro-
tocols, namely, 1) Random multi-channel aloha access proto-
col; 2)Multi-channel protocol with RTS/CTS on a dedicated
control channel; 3)Split phase multi-channel access protocol.
Because of the space limit, all analysis process is skipped here.

II. SYSTEM ANALYSIS
A. Random multi-channel Aloha access protocol

This is the simplest multi-channel MAC scheme. It works
as follows. As shown in Fig. 1, channels are divided into
one control channel and multiple data channels. Every node
continuously monitor the common control channel. When a
node wants to send a data packet, it first selects one data
channel randomly from the available data channels. And then,
it will send one control packet on the control channel to
inform the receiver which channel that it will used for this
transmission. And after that, it will send out its data packet
on the select data channel without delay. No handshaking
processes are required for this protocol. This scheme is similar
to the scheme in [7]

This scheme is based on pure ALOHA scheme and does
not need any time-consuming handshaking process such as
RTS/CTS exchange. It is simple and easy to be implemented.
Our analysis shows that its performance is not affected by
the long-delay feature of underlying acoustic channels. When
the average packet length packet is long and the input traffic
density is large, packet collision probability in the network
will soar because of its random feature. Correspondingly, its
performance will degrade significantly. This scheme is suitable
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for the network scenario with light traffic and short data
packet.

B. Multi-channel with RTS/CTS on a dedicated control chan-
nel

As shown in Fig. 2, this scheme works as follows. Channels
are divided into one control channel and multiple data chan-
nels. Every node continuously monitors the control channel.
The sender with packets to send first sends out a RTS
(Request-to-Send) message on the control channel. The RTS
message should include the sender’s id, the receiver’s id, the
available channel set and the packet length. After correctly
receiving a RTS message, the intended receiver will select
one channel randomly from the available channel set based
on its network condition. Then, it will respond with a CTS
(Clear-to-send) message to inform the sender the selected data
channel and tune to listen on this channel. After receiving
this CTS message, the sender will send out its data packet
on the selected data channel. Through this RTS/CTS process,
overhearing neighbors will get to know this transmission event
and the used data channel

Because of the non-negligible propagation delay, the chan-
nel allocation and communication process can no longer be
modeled by a markov process as that in the terrestrial radio
network [5]. In our analysis, two virtual markov processes are
proposed which can be served as the upper and lower bounds
for the network’s performance. Our simulation results show
that the proposed bounds are quite tight in most cases for the
long propagation-delay network environment.

For this scheme, the RTS/CTS exchange on the control
channel shortens the collision region of every data packet,
which greatly reduces the collision probability and improve
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the energy efficiency. Since the control channel is shared by all
nodes for the RTS/CTS exchange, most likely, it will became
bottleneck for the system performance. It goes without saying
that there exists an optimal bandwidth allocation between the
control channel and the data channels if the system’s overall
bandwidth is fixed. Because of the system’s complexity, we
can not get a closed form solution for the optimal bandwidth
allocation. However, through numerical method, we can esti-
mate the optimal solution by the system’s upper bound and
lower bound.

C. Split phase multi-channel MAC protocol

For this scheme, we assume that rough synchronization
exists among nodes, which can be easily achieved by current
synchronization protocols for long delay underwater networks.

As shown in Fig. 3, time is divided into multiple beacon
periods. And every beacon period is divided into alternate
control and data phases with duration 7, and T} respectively.
During the control phase, every node will randomly choose
one channel from the available channel set for data receiving
and broadcast one control message to inform other nodes of
their decisions. It is possible that multiple nodes select the
same receiving channel, which might lead to collisions. To
make every node in the network has certain probability to get
channels for transmission. the control phase should be long
enough to guarantee every node’s control packets to be heard
by others with certain probability.

This scheme does not need one dedicated control channel.
It splits time into control phase and data phase. Our analysis
results show that the system performance is closed related to
the ratio between the length of the control phase and that of
the data phase. And its performance is not affected by the
propagation delay.

III. SIMULATION RESULT

In our simulations, we change the average propagation delay
from 0.1 second to 0.6 second. Correspondingly, the average
distance between nodes varies from 150m to 900m, which
covers the most typical underwater sensor networks.

Fig. 4 and Fig. 5 clearly show us the performance of the
RTS/CTS degrades much with the increase of the propagation
delay. While the other two cases are not affected at all by
the propagation delay because of their random features. For
networks with dynamic propagation delays, random Aloha
scheme and split phase scheme can provide a stable perfor-
mance to the upper layer applications.

IV. CONCLUSIONS

In this work, we investigate multi-channel MAC protocols
for long delay underwater sensor networks. Three popular
MAC protocols, Random multi-channel Aloha Access pro-
tocol, Multi-channel protocol with RTS/CTS on a dedicated
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control channel and Split phase multi-channel protocol are
analyzed and compared. The long-delay feature of underwater
acoustic channel complicates the analysis and design process.
Our simulation results show that in most cases, although
“Random scheme” and “ Split scheme” simplify the protocol
procedure, it can not provide good system performance in
terms of both throughput or energy efficiency in most cases. in-
tricate control process such as RTS/CTS like channel reserva-
tion process can augment the system performance much even
in long delay underwater environments. However, “Random
scheme” and “Split scheme” can achieve stable performance
even with different propagation delays, And thus, they are
more suitable for dynamic network conditions .
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