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Abstract—The medium access control (MAC) protocol
design of underwater acoustic sensor networks (UWASNS)
faces many challenges: the power limitation at nodes, long
propagation delay, low data rates, etc. These challenges of
underwater acoustic channels result in the unsuitable usage
of terrestrial networks MAC protocol in UWASNSs.
Moreover, the long propagation delay causes a serious
problem for the MAC protocol. In this paper, we propose a
new MACA-based MAC protocol with delay tolerant
(MACA-DT). It is shown that by using adaptive silent time
and simultaneous handshake technique, MACA-DT
protocol can improve the channel utilization and alleviate
the long end-to-end delay. Simulation results show that our
protocol can significantly improves the network throughput
and decreases the end-to-end delay when compared with
traditional MACA protocols.

Index Terms—Underwater Acoustic Sensor
MACA protocol, Medium Access Control

Networks,

I. INTRODUCTION AND RELATED WORK

The desire to conquer the ocean of human beings
becomes more realistic with the development of
Underwater Acoustic Sensor Networks (UWASNS).
UWASNS can be applied to oceanographic data collection,
pollution monitoring, offshore exploration, disaster
prevention, assisted navigation, and tactical surveillance
applications [1].

Equipped with networked underwater devices is
expensive, so it would be desired to operate in the most
efficient mode during the longest time. This calls for the
design of efficient communication schemes and protocols
to offer high data transport capability and good energy
efficiency. The efficient design of MAC protocols is one
of the hottest issues for UWASNS.

The design of a MAC protocol is challenging for the
operation of energy-limited sensor nodes in UWASNSs due
to energy limitations, long propagation delays, and low
data rates and so on. All these factors play an important
role on control algorithms of MAC protocols.

The propagation speed of sound in underwater is about
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1500m/s. Therefore, propagation delay in underwater
channels is five orders of magnitude higher than that in
radio frequency (RF) terrestrial channels, and extremely
variety that depends on temperature, salinity, and depth,
while propagation delay is negligible for short-range RF.
Long propagation delay is the main character of UWASNSs
[2], and this has profound implications on localization and
time synchronization.

Roughly, UWASNs MAC protocols can be categorized
into two classes: contention-free and contention-based.
Contention-free protocols include FDMA, CDMA, and
TDMA, where communication channels are separated in
frequency, code, and time domain respectively. Because
of the severe limitation and highly dependency on
distance between two communicating nodes of the
available bandwidth, FDMA scheme is not suitable for
UWASNSs. Other researchers concern CDMA and TDMA
protocols for UWASNSs, but some inherent problems of
these methods still exist in UWASNSs, such as the
synchronization problem in TDMA and the near-far
problem in CDMA. Thus, the feasibility of these protocols
in UWASN:Ss is unclear [3] [4] [5].

Various contention-based protocols have been
proposed for UWASNSs. The first class of contention-
based MAC protocols in a shared wireless medium is
ALOHA protocols, which have been the basis of many
MAC protocols [6] [7].

Nitthita, et al. proposed two Aloha-based protocols,
namely, ALOHA with collision avoidance (Aloha-CA)
and ALOHA with advance notification (Aloha-AN) [8].
These two protocols utilize the information obtained from
overheard packets to calculate the busy durations of
neighboring nodes and avoid collisions accordingly. Affan
Syed,et al. simple analyzed of the slotted ALOHA
protocol in UWASNSs and concluded that slotted ALOHA
protocol degrades to pure ALOHA protocol under high
latency [9].

Later protocols, such as carrier sense multiple accesses
(CSMA), achieved better performance than ALOHA
protocol in RF network [10]. However, CSMA becomes
very expensive in UWASNSs due to the large propagation
delay. As shown by Kleinrock and Tobagi [11].

Handshaking-based protocols are also representative
contention-based schemes such as Slotted Floor
Acquisition Multiple Access (S-FAMA) which was
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proposed by Molins and Stojanovic [12]. Although the S-
FAMA protocol achieves collision avoidance for data
packets, the lengthened time slot degrades the throughput
performance. To overcome the low throughput, another
handshaking protocol named multiple access collision
avoidance with packet train for multiple neighbors
(MACA-MN) was proposed by Nitthita, et al [13]. Guo et
al. introduced the propagation-delay-tolerant collision
avoidance protocol (PCAP) in [14]. But it requires clock
synchronization among all the neighboring nodes. Hai et
al. [15] proposed multiple access collision avoidance
protocol for underwater (MACAU) which is based on
MACA protocol. MACAU protocol is an adaptation of
terrestrial MACA protocol for multi-hop UWASNS.
Three aspects of the MACA protocol are improved,
namely, the state transition rules, the packet forwarding
strategy, and the bakeoff algorithm.

The protocols above which employ handshaking
approach inevitably amplify the effect of long
propagation delay, which restricts the throughput and the
end-to-end delay. In this paper, we propose an
asynchronous random access MAC protocol based
MACA protocol, which is called MACA-DT (MACA for
Delay Tolerant) protocol. The protocol utilizes a
handshaking-based approach in order to avoid collisions
and alleviate the hidden terminal problem in multi-hop
UWASNSs. In addition, the protocol can overcome the
low throughput and the long end-to-end delay problems
of typical handshaking-based protocols by using adaptive
silent time and simultaneous handshake technique.

The rest of this paper is organized as follow. In section
2, we proposed a new MAC protocol based on MACA
protocol. In section 3, the simulations are carried out, and
further discussions are provided. Finally we give our
conclusions in section 4.

Il. MACA-DT ProTOCOL DESIGN

This section describes MACA-DT protocol in detail.
We first give an overview of our protocol, and then
introduce how to detect propagation delay in initialization
phase. After that we present the key techniques it
employs: adaptive silent time and simultaneous
handshake technique. At last, we discuss how the
protocol to effectively reduces the end-to-end delay and
improves the throughput. Table 1 shows the notations that
will be used.

A. Protocol Overview

Our protocol has two phases: initialization phase and
transmission phase. The first phase is used to detect
propagation delay between nodes and all of their
neighbors. When we finish the first phase, we can
operation our protocol in the second phase.

In second phase, we use three way handshakes
similarly to the MACA protocol. A node who wants to
transmit a data packet will first use a handshake to its
intended neighbor by transmitting a request-to-send (RTS)
packet. When an intended receiver hears the RTS packet,
it will respond with a clear-to-send (CTS) packet
immediately, provided that it is currently not involved in
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TABLE I.
NOTATIONS USED FOR EXPLAINING THE PROTOCOL

| Ty Propagation delay between node x and node y, T,y=Tyx
Tix Propagation delay between transfer node and node x
T Propagation delay between transfer node and receiver node
Tsilent-rts x The silent time of the node x receives an XRTS packet
Tsientctsx | The silent time of the node X receives an XCTS packet
XRTS An RTS packet that intended for another node
XCTS A CTS packet that intended for another node
Tata Transmission time of each fixed-length DATA packet
Tets Transmission time of each fixed-length CTS packet
Ths Transmission time of each fixed-length RTS packet
T max Maximum propagation delay
T measure The time that the measure packet was sent
Tack The time that the ACK packet was received
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Figure 1. Silent time of traditional MACA protocols.

a handshake with another node, and is also not required to
remain silent. When a no intended receiver hears the RTS
packet (xRTS), it will be in a silent state, and sets its
silent timer t0 Tgjentrts, Similarly, when a no intended
receiver hears the CTS packet (XCTS), it will be in a
silent state, also set their silent timers to Tgjentcts. SOMeE
traditional MACA protocols (MACA, MACAU), as
shown in Fig.1, set their silent timer to 2Ty ax +Tgata (When
receive an XCTS packet) or 2T +Tcrs (When receive an
XRTS packet). Due to the slow propagation of sound
under water, the silent time of traditional MACA is too
long for UWASNSs. Compare to the traditional MACA
who uses the fixed silent time, we use the adaptive silent
time to minimize the silent time.

For conventional MACA protocols, after transmitting
an RTS packet, the node keeps silent and waits for a CTS
packet replied from the destination. Because of long
propagation delay in UWASNSs, conventional MACA
protocols are inefficient. In our protocol, we utilize
simultaneous handshake technique. It allows a sender to
perform other actions during the long wait between the
RTS packet and the CTS packet (a similar idea is made
by Gao et al [14]).

Similar to MACA protocols, when a source node does
not receive returned CTS packet in response to its
previous RTS packet, the source node shall schedule a
packet retransmission using binary exponential back off
(BEB) algorithm. MACA-DT protocol also uses BEB
algorithm.

B. Initialization Phase

In initialization phase, we use a handshake between the
nodes to estimate the propagation delay. As shown in
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Figure 2. A handshake to estimate the propagation delay.
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Figure 3. Adaptive silent time

Fig.2, Node 1 wants to estimate the propagation delay to
its neighbor Node 2. It sends a measure packet and
records when the measure packet was sent out. When the
Node 2 receives the measure packet, it immediately
returns an acknowledgement character (ACK) packet to
Node 1, which then records when the ACK packet was
received. Assuming that the propagation delay is
symmetric between 1 and 2, Node 1 can estimate the
propagation delay from two times: the time that the
measure packet was sent and the time that the ACK
packet was received:

T T

-|-12 — T21 — ack 2measure (1)

The propagation delay is affected by many factors such

as temperature and pressure. In this paper, we assume that

the propagation delay is constant in a short time period.

We can update these measurements after a short period of

time through the RTS/CTS packet exchange in the second

phase.

After the initialization phase, each node obtains the

propagation delay to all of its neighbors.

C. Adaptive Silent Time

Some traditional MACA protocols use fixed silent time
to avoid packet collision. Because of the long propagation
delay, the fixed silent time has seriously restricted the
throughout. However, long propagation delay also
introduces new challenge and a call for new method in
the design of MAC protocol.

In contrast to the traditional MACA protocols, MACA-
DT uses the adaptive silent time to reduce the silent time
of each no intended receiver. When we use adaptive
silent time method, the silent time of each no intended
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node is not fixed. The duration of the adaptive silent time
is determined by the propagation delay between the nodes.

The adaptive silent time can be classified as the silent
time of no intended receivers who hear an XRTS packet
and the silent time of no intended receivers who hear an
XCTS packet.

1) Silent time of no intended receivers who hear a
XRTS packet: When a no intended receiver hears an XRTS
packet, it sets its silent timer to Tgjjent.rts USiNg the following
equations:

T

silent-rts,x

T

silent-rts,x

=0, T, >T, +0.5T
=T, -2x(T,-T,). T, <T, <T, +05T,, @
Tsilent—rts,x :Tcts +2X(Ttr -Ttx) ’Ttx <Ttr

We calculate the maximum Tgjentrsx Of MACA-DT
protocol. In this case we assume Ty is a maximum
propagation delay such that T,=T. Equation (2) shows
that the maximum adaptive silent time of MACA-DT:

T, =T +2x(Ttr_Ttx):T +2Tmax_2Ttx

silentrtsx cts cts
<T

®)
cts+2Tmax

Hence, the adaptive silent time of MACA-DT protocol
is much smaller than traditional MACA protocols.

Let us analyze the minimum Tgjent.risx for MACA-DT
protocol. We assume Ty is larger than Ty+T/2. In this
case, the no intended receiver need not to keep silent to
prevent interfering the receipt of the CTS packet of the
transmit node from the intended receive node.

As shown in Fig.3, node 3 transmits an RTS to node 4,
and node 1 hears an XRTS packet from node 3. Node 1
can transmits any packets (in Fig.3, we assume node 1
transmits an RTS packet) immediately instead of keeping
silent. When the node 3 receives the RTS packet from
node 1, node 3 has already received the CTS packet from
node 4.

2) Silent time of no intended receives who hear a
XCTS packet: When a no-intended receiver hears an
XCTS packet, it sets its silent timer t0 Tgjentots USING the
following equations:

Tsilentm,x =0, Ttx >Ttr +O'5rdata

Tsilem«:ts,x :Tdata '2X(Ttx 'Ttr) ’Ttr <Ttx <Ttr +O'5rdata “)
T. =T +2><(Ttr -T[X) T <T,

silentctsx

The adaptive silent time also can reduce the silent time
when no intended receivers hear an XxCTS packet. Then
we also show the minimum Tgenes for MACA-DT
protocol. As shown in Fig.3, node 6 receives an xCTS
packet from node 4, it can transmit any packet (in Fig.3,
we assume node 1 transmits an RTS packet) immediately
instead of keeping silent. When node 4 receives the RTS
packet from node 6, node 4 has already received the
DATA packet from node 3.

We illustrate the advantage of the adaptive silent time
with an example, the example shown in Fig.4. First, let
we assume T1,=0.2s, T,3=0.25s, T»,=0.6s, T=0.01s,
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Figure 4.  An example underwater network
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Figure 5. Simultaneous handshake technique

T4ata=0.1S, T3=0.6s and T,,,,=0.6s. Our assumption is not
necessary to make a MACA-DT protocol be correct, but
simplifies our analysis and is consistent with the
specifications of UWASNS.

Node 2 has a data packet to send to node 3, it will
contend for floor reservation by sending an RTS packet to
the destination node 3. Upon receiving the RTS, node 3
immediately replies a CTS packet back to node 2. Node 1
and node 4 overhead an RTS packet that is intended for
another node (XRTS) will keep defer in a silent time. If
we use traditional MACA protocols, node 1 and node 4
must keep silent for 1.21s. Node 4 can not communicate
with node 5 in the silent time. However, if we use
adaptive silent time, node 1 only keeps silent for 0.11s
and node 4 no need to keep silent. Node 4 can
communicate with node 5 without any defer. The same
situation as node 4 and node 6, when node 6 overhead an
XCTS, it can communicate with node 7 without any defer,
because the communication between node 6 and node 7

do not affect the transmission between node 2 and node 3.

So we can see the adaptive silent time can decrease the
effects of long propagation delay, and improve the
throughput of underwater network.

D. Simultaneous Handshake Technique

When a node has transmitted an RTS packet, it waits
for the CTS packet replied by the destination. However,
since the propagation delay in UWASNS is very high, the
typical handshaking-based approach is less efficient. The
high propagation delay results in a large transmission
time of a handshake (RTS/CTS) between transmit nodes
and receive nodes.

In our protocol, we utilize these large gaps which are
normally wasted by conventional MACA protocols. For
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example, node 2 is a transmit node and node 3 is a
receive node in Fig.5, when node 2 has transmitted an
RTS; packet to node 3, it waits for a CTS; packet from
node 3. Node 1 is a no-intended receiver. It hears the
XRTS and sets its silent timer to Sy, When node 2 waits
the CTS; packet from node 3, if it wants transmit an
RTS, packet to node 1, it can start to transit the RTS,
packet to node 1 immediately. When node 2 receives the
CTS; from the node 3, it transmits the DATA; packet to
node 3. The node 1 receives the RTS, packet from node 2
and immediately resets a new silent time. After the new
silent time, it transmits CTS, packet to the node 2. Node
2 can receive the CTS, packet from node 1, when it has
finished transmitting DATA; packet to the node 3. It can
immediately transmit DATA, packet to node 1 after
receiving the CTS, packet from node 1.

When node 1 has received the RTS, from node 2, node
1 modifies its Tjent.rts,1 USING the following equation:

T = T + Tdata (5)

In summary, our protocol can process multiple
handshakes while nodes wait for the CTS packet from
receive nodes.

MACA-DT uses simultaneous handshake technique,
which are different from MACA: the no-intended node in
the silent time disregards any RTS and xRTS packet, but
the persistent waiting strategy is abandoned when it
receives an RTS packet from the transmit node.

We also use an example to illustrate the advantage of
simultaneous handshake technique. As shown in Fig.4,
when Node 2 waits for the CTS packet replied by node 3,
it has 0.51s of the time gap. Let us assume node 2 have a
packet to send to node 1 at this moment, node 2 can send
an RTS packet to node 1 within this time gap. Node 1
will modify its silent time to 0.21s after the processing of
the RTS from node 2. Here, MACA-DT process two
handshakes (node 2 and node 3, node 2 and node 1) while
node 2 uses simultaneous handshake technique and it can
improve the throughput of network.

silent -rts, x silent -rts, x

I1l. SIMULATIONS AND RESULTS

For comparison, we simulate three other MAC
protocols: ALOHA, MACA and MACAU. In our
simulation, all the protocols are random access MAC
protocols that do not require time synchronization.

A. Simulation Settings

We simulate those proposed protocols in OPNET and
Multi-hop networks are investigated. The simulated
network is a shallow multi-hop communication network
type, and the main characters of the network are
described as follows. As shown in Fig.6, we simulate a
random network where 10 underwater acoustic sensor
nodes are uniformly distributed over a 5000 by 5000 m?
area. The transmission range of every node is set to be
1500m. A sending node randomly chooses another node
in the network as the destination. Nodes do not need to
synchronize and are half-duplex. Data frames are
generated at each node in a network in accordance with a
Poisson distribution. The available bandwidth is 10 kHz
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Figure 6. The topology of the simulated network
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Figure 7. Throughput comparison for MACA-DT, ALOHA, MACA
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Figure 8. Delay comparison for MACA-DT, ALOHA, MACA and
MACAU

and the rate of data transmission is 1000bits/s. The
average data packet length is 128 bytes and the control
packets (ACK, RTS, CTS and measure) be set 16 bytes.
Each simulation runs for 10800 seconds.

The Simulation Kernel of OPNET relies on a 14-stage
computational pipeline to evaluate the characteristics of
wireless communication when transmissions occur.
These can be replaced by user-supplied procedures for
other cases. In this paper, for the purpose of modeling of
the UWASNSs acoustic channel, the procedure of pipeline
stages will be modified and the main modification of
pipeline stages are shown as follows:
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1) The power loss of signal propagation in underwater
acoustic channel is set to L,, which can be calculated in
following equation :

L, =D“xexp(Dxa( f)/10) (6)

Where D is the distance away from the source, and k is
the spreading factor which is usually set to 1 for
cylindrical, 1.5 for practical, and 2 for spherical spreading.
The simulation value in this paper is 2, because we
assume that the signal is transmitted in the form of
spherical wave. In the above expression, a(f) is the

absorption coefficient. By Thorp’s expression [16] in
[dB/km],

; _0.11><f2+ 44x f*
A= " a100¢ 12

+275x10*f2+003 (7)

Where f is the central frequency. For our simulations,
we chose parameters as f =15 kHz , because the
available channel band 10kHz~20kHz.

2)The propagation speed of acoustic signal in
underwater environment is about 1500m/s.

Offered load and Throughput are employed to measure
the performance of various protocols in this paper, which
are define by (8) and (9) respectively [17].

total data packets transmitted
simulation time 8)

Offered load = signalling rate
data packet size
total data packets received
simulation time
Throughput = ©)

signalling rate
data packet size

B. Simulation Results

The Simulation objective is to study our process on its
throughput and end-to-end delay in UWASNSs. \As shown
in Fig.7, we benchmark our protocol against MACA
protocol, MACAU protocol and ALOHA protocol. The
figure shows that in all offered load MACA-DT protocol
achieved more throughput than other protocols and
MACA-DT protocol is able to maintain a stable
throughput at high offered load. ALOHA protocol can
achieve higher maximum throughput than MACA
protocol, but its throughput decreases as the load
increases. So ALOHA protocol is no suitable for high
load networks. However handshake protocols maintain
stable throughput as the offered load increases, at the
expense of exchanging small control packets (RTS/CTS)
before transmitting DATA packets. The handshake
mechanism can avoid collision. MACA-DT protocol uses
simultaneous handshake technique to improve throughput,
which can process multiple handshakes. Adaptive silent
time also improves throughput, because all no-intended
nodes only keep shorter silent time than MACA protocol
and MACAU protocol when they receive XRTS or xCTS.
But with MACA protocol and MACAU protocol, all no-
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intended nodes must keep longer silent time than MACA-
DT protocol when they receive XRTS or xCTS.

Next, we study the end-to-end delay of our protocol.
As shown in Fig.8, ALOHA protocol has the lowest end-
to-end delay among all four protocols, because it does not
need handshake before transmitting DATA packets. We
observe that MACA protocol and MACAU protocol have
longer end-to-end delay than MACA-DT protocol. By
employing adaptive silent time MACA-DT protocol
handles the problem and reduces delay well.

IV. CONCLUSIONS AND FURTHER WORK

In this paper, we investigate the MACA protocol in
long-delay UWASNSs. Based on our analysis, we propose
a new MAC protocol based on MACA protocol. Nodes
do not need to synchronize and are half-duplex. By
employing adaptive silent time and simultaneous
handshake technique, our protocol handles the problem of
long end-to-end delay well and greatly improves the
throughput in the underwater network.

Simulation results clearly show the superiority of
MACA-DT protocol over the well-known MACA
protocol, MACAU protocol and ALOHA protocol.

In further work, we will simulate MACA-DT protocol
by using hardware such as acoustic modern and
experiment in the sea. A comparison will be carrying out
between simulations and experiments.
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