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ABSTRACT

The design of the MAC protocols for underwater acoustic sensor
networks (UASNs) poses significant challenges due to the char-
acteristics of underwater acoustic channels such as limited band-
width, high bit error rate and long propagation delay. While co-
operative transmission renders diversity gain through relay nodes.
In this paper, we investigate cooperative transmission techniques
for UASNs by integrating the juggling-like stop-and-wait (JSW)
transmission scheme into data transmission based on traditional
reservation-based MAC protocols. Specifically, upon completion
of channel reservation between a pair of nodes, the data transmis-
sion between the transmitter and the receiver is operated in the JSW
manner; the receiver forwards the just correctly received packets
to its own intended receiver immediately, which can be treated as
an implicit ACK by the transmitter. By doing so, the transmit-
ter can know whether a data packet has been correctly received
while the receiver’s intended receiver, which is one of the transmit-
ter’s hidden terminals and is required to keep silent in traditional
reservation modes, can piggyback receive most of the data from
the two-hop node, which remarkably enhances the UASN’s trans-
mission efficiency. Simulation results validate the superior perfor-
mance of data transmission with our proposed cooperative trans-
mission scheme compared to the classic one with non-cooperative
transmission scheme.
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Recently, underwater acoustic sensor networks (UWSNs) have
emerged as a promising technology that uses multi-hop communi-
cations to provide cost-efficient network connectivity to a large area
of sea. To date, UWSNs have compelling for many applications,
such as oceanographic information gathering, environmental mon-
itoring, tsunami alarm and navigation assistance as well as coastal
defense [1]. To make these applications practical, efficient network
protocols are needed. Typically, a media access control (MAC)
protocol plays an important role in network’s performance, such as
channel utilization, latency, fairness and energy efficiency as well.
However, designing efficient MAC protocols for UWSNs still re-
mains an open issue [2, 9].

Roughly speaking, MAC protocols for UWSNs fall into two cat-
egories: non-reservation based and reservation based protocols.
While non-reservation based MAC protocols can run in a simple
way that requires minimal protocol overhead, but suffer from in-
creased collisions or only support low data rates. By contrast, reser-
vation based MAC protocols have the potential for higher data rates
and reduced energy losses from collisions, but require excessive
overhead, which is perceived to be inefficient. However, they are
being developed for UWSNs due to their practical simplicity.

In this paper, we focus on reservation based MAC protocols, in-
vestigating how to enhance the transmission efficiency by exploit-
ing large propagation delays. Traditionally, hidden terminals in a
reservation based MAC protocol need to back off until data trans-
mission is completed. That is, the hidden terminals are required
to keep silent during data transmission. However, because of large
propagation delays in underwater, a successful channel reservation
is costly, making this transmission strategy fairly wasteful. One
might think it would be very efficient if the receiver could piggy-
back forward most of the correctly received data to its intended
receiver during its data receiving. This is one type of cooperative
transmissions that have received a considerable amount of attention
in terrestrial networks. The next question is how to smartly imple-
ment such cooperative transmission by exploiting large propagation
delay.

In our previous work [4], we have developed an efficient trans-
mission scheme, the juggling-like stop-and-wait (JSW) transmis-
sion scheme, whereby an error control mechanism is directly in-
tegrated into data transmission, resulting in high performance in
point-to-point transmission. More specifically, after sending a cer-
tain number of data packets, the transmitter switches to a “stop-and-
wait” mode, in which it waits until it has received an ACK/NAK
before transmitting the next data packet. For the receiver, it re-
sponds with an ACK/NAK immediately, and keeps listening for
data packet otherwise once it has received a data packet. It is in-
tuitive that if the receiver responds with the just correctly received
data packet, which can be treated as an implicit ACK by the trans-



mitter, the transmitter will transmit a new data packet (if any) while
the receiver’s intended receiver (i.e., one of the transmitter’s hidden
terminals) can piggyback receive the data packet originating from
the two-hop node. Notice that the hidden terminal will not reply
with any ACK or NAK in case of collisions at the receiver. This

implies that one successful channel reservation approximately

enables a two-hop data transmission.
Designing a new MAC protocol is not our concern in this study.

Instead, our focus of this paper is on how to integrate cooper-
ative transmission into data transmission. Based on reservation
based MAC protocols, we will apply the JSW-based cooperative
transmission scheme to data transmission, aiming to enhance the
UWSNs’ performances in throughput and end-to-end delay.

The remainder of this paper is organized as follows. In Section 2,
we present the motivation of cooperative transmission in UWSNs.
In Section 3 we describe in detail the jsw-based cooperative trans-
mission based on reservation based MAC protocols, whereas val-
idating simulation results are presented in Section 4. Finally, we
summarize the paper and present future work in Section 5.

2. MOTIVATION
In this section, we first introduce the necessity of cooperative

transmission in UWSNs. Then we present the possibility of cooper-
ative transmission by making use of the JSW transmission scheme,
which we will give a brief overview later on.

2.1 Cooperative Transmission in Underwater
In the past decade, cooperative transmission has received a con-

siderable amount of attention as a transmission technique for both
terrestrial and underwater networks. In essence, cooperative strate-
gies utilize the broadcast nature of wireless media by observing that
a source signal intended for a particular destination can be over-
heard at neighboring nodes. These nodes, called relays, process the
signals they overhear and transmit them toward the destination.

While several research works have been conducted for higher
layer protocol design of wireless networks using cooperative di-
versity. Cooperative-MAC protocols were proposed in [5, 6]. The
basic idea of cooperative-MAC is to opportunistically utilize relays
for the packet diffusion when the transmission through the relays
attains higher throughput than that of direct transmission. For ex-
ample, the authors in [7] proposed a MAC protocol for relay selec-
tion with a solitary path routing protocol.

Recently, cooperative transmission has emerged as a promising
strategy in underwater. In [8], the authors proposed a wave co-
operative transmission in which the relay amplifies the source in-
formation when the sound wave passes, thus the destination can
receive an additional multipath component of high strength. Coop-
erative transmission is particularly of importance due to the harsh
ocean environment and the severe limitations of underwater acous-
tic channels, such as limited bandwidth, high bit error rate and long
propagation delay.

In this paper, we investigate the cooperative transmission strat-
egy based on the reservation based MAC protocols for UWSNs.
One of the main drawbacks of the reservation based MAC proto-
cols is the excessive overhead. This is particularly severe in un-
derwater due to large propagation delays, which leads to the very
inefficiency of the channel reservation. Upon completion of chan-
nel reservation, how to efficiently utilize the underwater acoustic
channels for data transmissions is an interesting and important is-
sue. By employing large propagation delay and the feature of the
hidden terminals’ keeping silent during data transmission, We in-
tegrate the JSW transmission scheme into conventional data trans-
mission, enabling the receiver to forward each correctly received
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Figure 1: The flow of the JSW scheme.

Table I

Notations used in the JSW scheme

Notation Description

δ Transmission time of a data packet
γ Transmission time of an ACK/NAK packet

pi Actual propagation time of the ith data packet from the
transmitter to the receiver

p′

i Actual propagation time of the ACK/NAK control
packet for the ith data packet from the receiver to the
transmitter

ti Actual idle period at the transmitter after transmitting
the ith data packet

t′i Actual idle period at the receiver after acknowledging
the ith data packet with either an ACK or a NAK

s Maximum permissible number of transmitted, but not
yet acknowledged, data packets; this is also referred to
as the “window size”

t0 Computed inter-packet spacing between successively
transmitted data packets

Tjsw Maximum allowable duration for data transmission in
each round

Nmax Maximum number of data packets transmitted between
a pair of nodes in a cycle

data packet to its intended receiver (i.e., one of the transmitter’s
hidden terminals).

2.2 Overview of the JSW Transmission Scheme
The JSW transmission scheme [4] is designed to achieve effi-

cient sliding-window flow control on an underwater data link be-
tween two nodes. The operation assumes that a half-duplex data
link has been established between a transmitter and a receiver for
the transmission of a series of data packets.

The JSW transmission scheme assumes that the transmitter holds
an estimation of the initial propagation delay (denoted by p0) to its
receiver, as well as up upper bound on the relative radial veloc-
ity (denoted by vr) between the two nodes. A positive sign in vr

indicates that the two nodes are approaching each other. Fig. 1
shows the flow of the JSW transmission scheme when the window
size (denoted by s), is three. The used notations are listed in Table
I.

The transmitter first sends s data packets, and then switches to a
“stop-and-wait” (SW) mode, in which it waits until it has received
an ACK/NAK before transmitting the next data packet. This elim-
inates the need for explicit time-slot synchronization between the
transmitter and the receiver. The key difference from the conven-
tional SW-ARQ protocol is that, in the conventional SW-ARQ, an
ACK/NAK corresponds to the data packet that was recently trans-
mitted by the transmitter, which implies that no packet will be sent



unless the ACK/NAK for the data packet just sent out has been
received.

In contrast, in the JSW scheme the ACK/NAK that the trans-
mitter expects is not the response for the most recently transmitted
data packet, but for an earlier data packet. As shown in Fig. 1,
for example, after transmitting packet #3, the transmitter waits to
receive the ACK/NAK for packet #1. For the receiver, it transmits
the ACK/NAK immediately after receiving a data packet. Except
for the time it spends on transmitting the ACK/NAK, the receiver
listens for data packets all the time.

Note that, in the static case where the relative radial velocity is
zero, the window size (s) and the inter-packet spacing (t0) can be,
respectively, obtained as

s =

⌊

2p0

δ + γ

⌋

+ 1 (1)

and

t0 =
2p0 − (s − 1)δ + γ

s
. (2)

The maximum number of data packets transmitted in a cycle (Nmax),
is given by

Nmax =

⌊

Tjsw − 2p0

δ + t0 + γ

⌋

. (3)

It should be noted that the parameter Tjsw (i.e., the maximum

allowable duration for data transmission in each round) has

been contained in Ready-To-Send (RTS) and Clear-To-Send (CTS)

so as to avoid collisions at the transmitter and/or the receiver.
Recall that in reservation based MAC protocols, the hidden ter-

minals are required to keep silent once the reservation between the
transmitter and receiver has been successful until the data transmis-
sion has finished. Clearly, it is very inefficient because 1) the cost
of one successful channel reservation in UWSNs is enormous due
to large propagation delay, and 2) the time taken for data transmis-
sion is relatively long due to low data rate.

Inspired by the JSW scheme, one might think it would be ef-
ficient if the receiver directly forwards the correctly received data
packet to its intended receiver (i.e., one of the transmitter’s hid-
den terminals) while responding with a NAK only when a just re-
ceived data packet is erroneous. This is the basic idea of our pro-
posed JSW-based cooperative transmission scheme, which will be
described in detailed in Section 3.

For further details of the JSW scheme, the readers are advised to
refer to [4].

3. JSW-BASED COOPERATIVE TRANSMIS-

SION SCHEME
In this section, we first present the network scenario that is suit-

able for the usage of the JSW-based cooperative transmission scheme.
Then we discuss in detail the technical details of how to integrate
the JSW-based cooperative transmission scheme into existing reser-
vation based MAC protocols.

3.1 Network Model
We consider heavy traffic situations where nodes have large amount

of data to be delivered. This is practical since in data-centric sce-
narios where most data flows generated by sensor nodes within net-
works are transmitted to the sink nodes; as time goes over, the inter-
mediate nodes will have more and more data to be forwarded to the
sink nodes, particularly for those who are close to the sink nodes.

Due to the enormous cost of channel reservation, the reservation
based MAC protocols are perceived to be inefficient due to exces-
sive overhead. While the long time taken for the data transmission

under heavy traffic situations further deteriorates the performance
of the reservation based MAC protocols of UWSNs. Next we will
describe in detail how to smartly conduct cooperative transmission
once channel reservation has been successful.

3.2 Overview of the JSW-based Cooperative
Transmission Scheme

As stated previously, the poor performance of using reservation
based MAC protocols is, to a great extent, attributed to the ex-
cessive overhead incurred during channel reservation and low data
rate, particularly in the large propagation delay case. In this paper,
our major concern is to address how to smartly conduct cooperative
transmission by integrating JSW into data transmission once the
channel reservation has been successful, thus improving the per-
formance of reservation based MAC protocols. While proposing
an efficient channel reservation mechanism is beyond the scope of
this paper.

Given that the channel reservation between the transmitter and
receiver has been successful. By making a slight modification to
the JSW transmission scheme, the JSW-based cooperative trans-
mission scheme can be described as follows.

• First: the window size (s) and the inter-packet spacing (t0)
need to be recomputed using (1) and (2), respectively, by re-
placing γ with δ. Similar to JSW, after sending s data pack-
ets, the transmitter switches to a “stop-and-wait” mode, in
which it waits until it has received a NAK or a synchroniza-
tion header of a data packet that can be easily detected if it
is not a NAK but attributing to a data packet. It should be

noted that the synchronization header of a data packet

can be treated as an implicit ACK by the transmitter af-

ter which a new data packet can be transmitted.

• Second: if the receiver receives a data packet correctly, it
forwards the correctly received data packet to its intended
receiver (i.e., the transmitter’s hidden terminal) immediately.
For the transmitter, if it has successfully detected the syn-
chronization header of the data packet, it can infer that the
data packet has been correctly received. Then it immediately
transmits a new data packet and then waits for a response
from the receiver. For the receiver’s intended receiver (de-
noted by R-receiver, which is one of the transmitter’s hid-
den terminals), no matter whether the received data packet is
correct or not, it does not respond to the receiver in case of
collisions occurring at the receiver.

• Third: if the receiver receives a data packet erroneously, it
responds with a NAK to the transmitter. Once the transmitter
receives the NAK, it has to retransmit the erroneously re-
ceived packet. While for the R-receiver, it discards the re-
ceived NAK.

Fig. 2 shows an example of the flow the JSW-based coopera-
tive transmission for the window size s = 3. After correctly re-
ceiving the packet #1, the receiver forwards it immediately to the
R-receiver. For the transmitter, upon receipt of the synchronization
header of packet #1, it transmits a new packet #1, waiting to receive
a response for that packet. For the R-receiver, it receives packet #1
no matter whether it is correct or not, but does not respond to the re-
ceiver. However, when the receiver receives packet #3 erroneously,
it responds with a NAK to the transmitter. In this case, the trans-
mitter retransmits packet #3 after receiving the NAK; while the R-
receiver discards the received NAK, listening for data packets from
the receiver.



#2 . . .

. . .#5

#2#1

#1 #2
R−receiver

Time

#3
Transmitter

Receiver

S = 3

Data packet NAK

Discard

#3

#3#5

#2

#6#5

#4 #3

#3

#5

#1 #3

#1

#4 #4

#4 #6 #7

Figure 2: The flow of the improved JSW scheme.

From the JSW-based cooperative transmission scheme, it is straight-
forward that in our JSW-based cooperative transmission scheme,
one successful channel reservation can enable the transmitter to de-
liver most of the transmitted data packets to its two-hop neighbor,
thus reducing the total number of channel reservations and, in turn,
improving the throughput performance and decreasing the end-to-
end delay of UWSNs. While in conventional data transmission hid-
den terminals are required to keep silent until data transmission has
been completed, which is very inefficient due to the excessive over-
heads during channel reservation.

4. SIMULATION RESULTS
In this section, we would like to validate the efficiency of the

JSW-based cooperative transmission scheme. Since SFAMA [3]
is based on channel reservation, having error control mechanism,
we take it as a reference to assess the efficiency of our proposed
cooperative transmission scheme by comparing the two scenarios:
SFAMA with JSW-based cooperative transmission and the one with
non-cooperative transmission. For fairness of comparison, after re-
ceiving a packet train the receiver in SFAMA will respond with an
acknowledgement where the erroneously received packets are indi-
cated to be resent by the transmitter. Two metrics, namely through-
put and delay are used to assess the efficiency of the JSW-based
cooperative transmission scheme.

4.1 Performance Metrics
The metrics used in our simulations are shown as follows:

• Throughput: defined as the ratio of the sum of the time
taken for data packets to be correctly transmitted at the des-
tinations to the total simulation time.

• Delay: defined as the duration from the instant a data packet
is generated to the time it is correctly received at the destina-
tion node.

4.2 Simulation Setup
For the network model, we assume there are totally 36 static

nodes with a grid spacing of 1000 m in the multi-hop network
topology, as shown in Fig. 3. We randomly choose one of the nodes
as the sink node. Unlike precisely placing each node at the grid
intersection point, we introduce some degree of randomness by al-
lowing each node to deviate from the grid intersection point by a
maximum of 5% of its grid spacing, in both vertical and horizon-
tal directions. The maximum transmission range for each node is
1.6 times the grid spacing, i.e., 1600 m in our simulation topol-
ogy. As can be seen from this figure, each node has exactly 8
one-hop neighboring nodes and 16 two-hop neighboring nodes. To

Figure 3: The network topology used in our simulations.

avoid edge effects, a wraparound strategy is applied to all boundary
nodes in order to distribute network load evenly. For each generated
packet, the node randomly selects one of the 16 two-hop neighbors
as an end destination with equal probability. The network is static;
that is, the radial velocity is zero. All nodes are assumed to be
equipped with a half duplex omni-directional antenna.

The acoustic propagation speed is assumed to be 1500 m/s. The
transmission rate is 4 kbps. All control packets and data packets are
80-bit and 1000-bit long, respectively. The maximum allowable du-
ration for data transmission Tjsw = 10 s, implying that Nmax can
be set to 10. The packet error rate (pe) is assumed to 0.1. The data
generation at each node follows a Poisson distribution. Each simu-
lation time is 100,000 s, and all the results presented are averaged
over 100 simulation runs. We show the mean and 95% confidence
intervals for each statistic.

4.3 Throughput Performance
For simplicity, we refer to SFAMA with jsw-based CT as SFAMA

with JSW-based cooperative transmission, and SFAMA with non-
CT as SFAMA with non-cooperative transmission, respectively.

Fig. 4 shows throughput as a function of offered load per node.It
is clear that the SFAMA with JSW-based cooperative transmis-
sion outperforms the SFAMA with non-cooperative transmission.
This is due to the fact that cooperative transmission significantly
enhances the channel utilization. Moreover, a stable throughput
of the SFAMA with JSW-based cooperative transmission can be
achieved when offered load is high. However, the throughput of
the SFAMA with non-cooperative transmission decreases as of-
fered load increases.

4.4 Delay Performance
Fig. 5 shows the delay performances of the SFAMA in two dif-

ferent transmission manners, i.e., with JSW-based cooperative co-
operative and with non-cooperative transmission. It can be seen
from this figure that the SFAMA with JSW-based cooperative trans-
mission has a better delay performance than that with non-cooperative
transmission. This is because the JSW-based cooperative transmis-
sion scheme can reduce the total number of channel reservation.

5. CONCLUSION
Excessive overhead inherent in the reservation based MAC pro-

tocols, coupled with large propagation delay, makes the perfor-
mances of UWSNs very inefficient. In this study, we proposed a
JSW-based cooperative transmission scheme to tackle this problem
under the assumption of heavy traffic situations. That is, we inte-
grated the JSW transmission scheme into data transmission upon
completion of channel reservation, which significantly enhances
the transmission efficiency of the reservation based MAC proto-
cols for UWSNs. Taking SFAMA as an example of the reserva-
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tion based MAC protocols, we have compared the performance
of the non-cooperative transmission based SFAMA and the JSW-
based cooperative transmission SFAMA. Simulation results show
that the latter significantly outperforms the former in terms of both
throughput and end-to-end delay.

In our future work, our focus will be on the following aspects: (i)
compare more reservation based MAC protocols such as T-Lohi [10]
by considering both non-cooperative transmission and JSW-based
cooperative transmission cases; and (ii) evaluate the energy effi-
ciency of the reservation based MAC protocols with non-cooperative
transmission and with JSW-based cooperative transmission.
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