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Abstract: This paper considers an underwa-
ter acoustic sensor network with one mobile
surface node to collect data from multiple un-
derwater nodes, where the mobile destination
requests retransmission from each underwater
node individually employing traditional au-
tomatic-repeat-request (ARQ) protocol. We
propose a practical node cooperation (NC)
protocol to enhance the collection efficiency,
utilizing the fact that underwater nodes can
overhear the transmission of others. To reduce
the source level of underwater nodes, the un-
derwater data collection area is divided into
several sub-zones, and in each sub-zone, the
mobile surface node adopting the NC protocol
could switch adaptively between selective re-
lay cooperation (SRC) and dynamic network
coded cooperation (DNC). The difference of
SRC and DNC lies in whether or not the se-
lected relay node combines the local data and
the data overheard from undecoded node(s) to
form network coded packets in the retransmis-
sion phase. The NC protocol could also be ap-
plied across the sub-zones due to the wiretap
property. In addition, we investigate the effects
of different mobile collection paths, collection
area division and cooperative zone design for
energy saving. The numerical results show

that the proposed NC protocol can effectively
save energy compared with the traditional
ARQ scheme.

Keywords: underwater acoustic sensor net-
works; mobile data collection; node cooper-
ation; cooperative communications; energy
efficiency

I. INTRODUCTION

Underwater acoustic sensor networks (UW-
ASNSs) have become a promising research
area because of their widespread applications
including underwater environment monitoring
and tactical surveillance [1-4]. One research
issue is to design effective approaches for one
central sensor node to collect the data from
multiple underwater sensors [5-7].

For the UW-ASNSs, the underwater nodes
are usually battery-powered; as a result, it
is not simply the power, but the energy con-
sumption that matters [8], especially for long-
term observation. To address this challenge,
numerous protocols have been proposed to
save energy for the UW-ASNs [9-14], in-
cluding adaptive modulation and coding, op-
timizing MAC protocol, cross-layer routing
design and MIMO-OFDM et al, which can be
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The authors proposed
a practical node co-
operation protocol for
a middle-scale UW-
ASN with one mobile
surface node to collect
data from multiple
underwater nodes.

classified into two types for energy saving: in-
creasing the transmitting bit rate and minimiz-
ing the number of retransmissions. Recently,
cooperative transmission is used in wireless ad
hoc networks to increase energy efficiency by
allowing packets to be delivered over several
short links [15—17]. Transmitter-cooperation
strategies adopting coding have been proposed
to improve the system performance in under-
water channels [18-21]. The adaptive network
coded cooperation [22] and the generalized
adaptive network coded cooperation [23] are
especially appealing for a data collection net-
work, where the coding structure matches well
with the underlying network topology. This
work is based on a homogeneous network [22,
23], where the cooperation schedule is prede-
termined and all nodes are participating in the
cooperation phase. Furthermore, we have pro-
posed selective relay cooperation (SRC) and
dynamic network coded cooperation (DNC)
in [24] for UW-ASNSs with the framework of a
heterogeneous network, where the individual
sensor nodes may have quite different channel
characteristics and hence not all the sensor
nodes are good candidates for relay coopera-
tion. Yet the network considered in [24] is a
one-hop small-scale network with one central
coordinator. The example network presented
in [24] is that one surface destination node
collects data from 3 to 5 underwater nodes.

In this paper, we consider a middle-scale
network for underwater data collection, which
is essentially a multi-hop or distributed net-
work. The example network in Section III is
that one surface destination node collects data
from 14 underwater nodes. Therefore, the sur-
face destination node needs to be working in a
mobile collection way.

Specifically, the main contributions of this
paper are as follows.

-- Cooperative communication is proposed
for underwater mobile data collection. To
collect underwater data in the middle-scale
network, we propose a practical node coop-
eration (NC) protocol applied in the mobile
surface node, which could switch adaptively
between SRC protocol and DNC protocol

according to the underwater acoustic channel.
The proposed protocol is easy to implement in
practice.

-- Energy-efficient issues are considered
during the mobile cooperation design. To
reduce the source level of underwater nodes,
the data collection area is divided into several
sub-zones. The rules of collection division and
cooperative zone design are studied for energy
saving.

Note that the use of mobile autonomous
underwater vehicle (AUV) equipped with an
acoustic modem to gather data from underwa-
ter nodes has been studied in [25]. However it
doesn’t consider the cooperative communica-
tions.

The rest of this paper is organized as fol-
lows. Section II outlines the network and
channel models. Section III gives the detailed
procedure of the proposed scheme. Simulation
results are provided in Section IV. Finally,
Section V concludes the paper.

II. NETWORK AND CHANNEL MODELS
FOR UNDERWATER AcousTic DATA
COLLECTION

2.1 Network model for mobile data
collection

To illustrate an underwater acoustic data
collection network, we assume that there are
N, bottom sensor nodes which sample envi-
ronmental parameters on their own schedule
and transmit the data to the surface buoy pe-
riodically through acoustic links, as shown in
Fig. 1. Finally the data will be sent to a data
center through a wireless radio link. The sur-
face buoy is often powered from the mother
vessel and all the attached units can be always
on. The acoustic modems on the bottom nodes
are in a sleep mode before being triggered.
The surface node can obtain the distances of
the sensor nodes to the destination during the
deployment or measuring through the ranging
function of the modems.

In particular, the main differences between
this paper and [24] are as follows.
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-- Network Scale. The network in [24] is a
one-hop small-scale network with one central
coordinator, which has only 3~5 underwater
nodes. We consider a middle-scale network in
this paper, which has 14 underwater nodes in
the next example. Therefore, the surface des-
tination node needs to be working in a mobile
collection way.

-- Node Cooperation Style. The node coop-
eration in [24] is adopting the SRC protocol or
the DNC protocol separately. Yet in this paper,
as the surface node works in a mobile way, it
could switch between SRC and DNC accord-
ing to underwater environment dynamically,
which is more practical for mobile data collec-
tion in the middle-scale underwater network.
And the NC protocol is easy to implement in
practice.

-- Energy-efficient Issues. The energy con-
sumption issues are considered during the mo-
bile cooperation design. Specifically, the data
collection area division, the rules of non-coop-
erative index and cooperative zone design are
studied for energy saving.

2.2 Underwater acoustic channel
and energy consumption model

The passive sonar equation can be used to
describe the signal-to-noise ratio (SNR) mea-
sured at the destination [26]:

SNR =SL-TL-NL+ DI M
where SL, TL, NL and DI in dB, are the source
level, transmission loss, noise level and direc-
tivity index respectively. As we assume omni-
directional hydrophones and thus the directiv-
ity index is set to 0. The transmission loss for
an acoustic signal with transmission distance d
in meter and frequency f'in kHz is given by

TL = da(f)" )

which can be described in dB as follows
TL = k- 10log,o(d) + a(f)d - 107 (3)
where « is the spreading factor caused by ener-
gy spreading. Commonly we consider a prac-
tical spreading factor k=1.5. a(f) is the ab-
sorption coefficient in dB/km, which depends
on the signal frequency and can be expressed

empirically by Thorp’s formula [26, 27] :

Fig. 1 An example network with one mobile surface node to collect data from mul-

tiple underwater nodes

s +44 f
1+ 12 4100 + f2 4)
+2.75%x 1072 + 0.003
with fin kHz.
For underwater acoustic channels, the am-

a(f) =0.11

bient noise is modeled by four components:
turbulence, shipping, waves and thermal noise.
Gaussian statistics and a continuous power
spectral density (p.s.d.) can be used to de-
scribe most of the ambient noise sources. The
p.s.d. of the four noise components in dB re p
Pa per Hz as a function of frequency in kHz is
given by following empirical formulae [28]:
NL; = 10logN, (f) =17 - 301log f,
NL; = 101log Ns (f) =40+20(s - 0.5)
+26log f — 60log (f + 0.03),
NL,, =1010og N,, (f) = 50 + 7.5w/?
+20log f —40log(f + 0.4)

NLy = 10log Ny, (f) = =15+ 20log f (5)
where s is the shipping activity factor, whose
value ranges between 0 and 1 for low and high
activity, respectively; w is the wind speed in
m/s. If we define NLi(f)(i € N = {t, 5, w, th}),
then the overall noise can be calculated as
N(f) =N (f) + No (f) + N (f) + N (f), (6)
described in dB as following

_ _ NL;/10
NL = 101log N(f) = IOIOgE; 10V o
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For using acoustic waves, the sound inten-
sity of a source is related to the transmitted
signal intensity /,and a reference intensity 7,
as given in the following equation

I;

SL= 1010g10m (8)

2

where I,y = %, p , p and c represent the ef-

fective sound pressure, the density of sea wa-
ter and the propagation velocity of the sound
wave in sea water, respectively. It has a value
of Iy = 0.67 X 10_18W/m2. For simplicity, we
assume a constant speed of ¢ = 1500 m/s.

In the case of cylindrical spreading, the
transmission power P, in watt required to
achieve intensity /, at 1m from the source
in the direction of the receiver is obtained
through the following expression

P, =2nzl, )
where P, in watt and z is the depth in meter.

For commercial hydrophones [29], the en-
ergy needed to receive a packet is typically
around one fifth of the transmitted energy.
Therefore, the energies to transmit and receive
a packet of / bits at a bit rate b bps are com-
puted as follows

Et:P[X%:P[XT[ (10)
E, = %E, (1)
/3 /2 /1

Fig. 2 Collection track and area division for mobile data collection

where 7, is the duration time for transmitting /
bits in s.

III. NoDE COOPERATION FOR MOBILE
UNDERWATER AcousTic DATA
COLLECTION

Fig. 2 presents an example network with 14
underwater sensor nodes for the mobile sur-
face node to collect data. There is no collabo-
ration among the sensor nodes in the conven-
tional ARQ scheme. In fact, due to the broad-
cast nature, one node’s transmission to the
destination can be overheard by other nodes,
which make the cooperation with each other
possible for the underwater sensor nodes. In
the following section, we will introduce the
cooperative protocols that can improve the
mobile collection efficiency through relay on
sensor node cooperation.

Before we discuss the proposed node co-
operation for the mobile underwater acoustic
data collection, here are some assumptions
about the mobile data collection system:

-- Middle-Scale Network. The network
considered here is a middle-scale network.
Then we need to consider the mobile data col-
lection design problem.

-- Low Mobile Velocity. Due to the low
speed of underwater acoustic data transmis-
sion, the mobile velocity of the surface node
for data collection is accordingly set at a rela-
tively low value to decrease the effect of Dop-
pler shift.

-- The Same Depth Deployment. As the
distance between any two nodes is much larg-
er than the depth of the sensor nodes’ deploy-
ment in the shallow water environment, we
ignore the effect of different depth and assume
the same depth deployment for simplicity in
this paper.

-- Necessary Doppler Compensation.
The Doppler shift issue caused by the mo-
bile mother ship for data collection has been
solved, and the details of Doppler compensa-
tion are beyond the scope of this paper.
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3.1 Mobile collection path

Because different collection paths will lead
to different energy consumption, the mobile
collection path must be designed carefully for
energy saving. In this paper, the collection
path design follows the rules as bellow:

— For simplicity, the mobile collection path is
designed as a straight line.

— With randomly distributed underwater
nodes, the mobile collection path must
across or around the two sensor nodes with
the maximum distance.

— The underwater nodes are distributed uni-
formly on the two sides of the collection
path when possible.

— Make the nodes as close as possible to the
mobile path, which will relay the other
nodes far away casily.

— If repeat-request for mobile collection is
needed, the repeat-mobile collection will
retrace the track.

Fig. 2 shows an example of the mobile col-
lection path.

3.2 Collection area division and
cooperative zone

Since we consider a middle-scale network, to
reduce the source level and increase the effi-
ciency, we can divide the data collection area
into several sub-zones. Fig. 2 is an example of
network with 5 sub-zones, and Fig. 3 shows
the example with 3 sub-zones.

On the other hand, to control the source
level and ensure the cooperation, we must
consider the transmission level over the dis-
tance d in the non-cooperative zone.

Definition 1. As shown in Fig. 2, the zone
between +d is called as non-cooperative zone,
which means the nodes located in this zone
can be decoded accurately by the destination,
and the area beyond this is called as coopera-
tive zone.

To describe the cooperative level, we define

¢ as the non-cooperative index,
d

5= % (12)

where R is the radius of the example network

Fig. 3 An example of network division for 3 sub-zones

area. With larger §, it means powerful source
level is needed. Yet the smaller § must ensure
the destination can decode the data accurately.
In the next, we will present how to find the
minimum Om;y,.

Denote r; as the distance from the nearest
neighbor node to node S,. With the assumption
that the receiver can decode the data from
node S; accurately over the distance r;, to en-
sure the cooperation happen, the minimum
distance d,;, for the overall system is as

dmin = max {ry, ra, -+ ,ry,} (13)

Therefore, we have the minimum non-co-

operative index as

L min
Omin = R (14)

Then we have dnin < 0 < 1, obviousy.

3.3 Node cooperation protocol

3.3.1 ARQ, SRC and DNC protocols

The conventional ARQ protocol is illustrated
in Fig. 4(a). To collect the data from N, under-
water nodes, the destination will first send a
request to all the underwater nodes including a
collection schedule, and then all the NV, nodes
send the data packets to the destination in turn.

After decoding at the destination, the desti-
nation will request another round of transmis-

Track 2
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relay cooperation (SRC); (c¢) Dynamic network coded cooperation (DNC)

Algorithm 1: Node Working Mechanism Algorithm

Initialization: Receiving the ACK/NAK signal from the surface node. When it
is NAK, the underwater node will start the transmitting mechanism.

for i=1,2, ---.N, do

For each underwater sensor node S, what it need to transmit is selected as

follows:

end

data packet, or else do step 5;
Step 4: Do DNC, forming a coded data packet;
Step 5: Transmit the data packet in S,.

Step 1: Analyze NAK, need cooperation, do step 2, or else, do step 5;
Step 2: Only one other node needs cooperation, do step 3, or else do step 4;
Step 3: If the own data for S; has been transmitted, do SRC, forming a new

/s

Zi

Track 2

Fig. 5 An example cooperative route for network with 5 sub-zones

sion for those nodes with decoding failures,
say §; to S; as shown in Fig. 4(a). Then, the
corresponding nodes will send another trans-
mission, where the retransmitted packet could
be identical to the original packet as in the
type-I ARQ protocol, or could be a different
packet with additional parity check bits as
in the type-II ARQ protocol. This procedure
repeats until the destination collects the data
from all the nodes successfully or a maximum
round of transmissions is reached.

We have proposed selective relay coop-
eration (SRC) and dynamic network coded
cooperation (DNC) protocols in [24]. In the
SRC protocol as shown in Fig. 4(b), instead of
retransmission by the undecoded node itself,
another node that has overheard the transmis-
sion successfully and has a better channel con-
dition will be selected as a relay. In the DNC
protocol as shown in Fig. 4(c), each selected
relay node transmits a network coded packet
combining the overheard data from several
undecoded nodes. The cooperation schedules
are optimized at each transmission round by
the central control node based on the collected
information, especially the channel quality as
reported by the physical layer.

More design details of SRC protocol, DNC
protocol, and the filed test results can be found
in [24].

3.3.2 Node working mechanism

In each sub-zone, the node cooperation proto-
col adopting for the mobile surface node could
switch adaptively between SRC protocol and
DNC protocol. Furthermore, the NC protocol
could also be applied across sub-zones due to
the wiretap property.

The node working mechanism algorithm is
summarized in Algorithm 1. Fig. 5 presents an
example of cooperative route for the network
with 5 sub-zones.

IV. NUMERICAL RESULTS

4.1 Simulation setup

Although the protocols are compatible with
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other modulation schemes, we use the OFDM Table I The coordinate for each underwater sensor node in a plane Cartesian co-

modulation in simulation. Let s, be the Kx1 ordinate system
vector containing the transmitted symbols on Node x(km) y(km) Node x(km) y(km)
the OFDM subcarriers for node u, and z, be S, 4.3 1.7 S 2 3.2
the frequency-domain measurement at desti- S, 5.5 -0.5 S, -3.3 1.5
nation after necessary Doppler compensation S, 2.6 4.2 S, 4.2 32
and FFT operation [30]. The input-output rela- S, 23 2.1 S, -4.6 -1.1
tionship from the uth node to the destination is S, 1.7 1.6 P, 5.0 0
z, = H,s, +w, (15) S, 0 5.1 P, 2.5 0
where H, denotes the channel mixing matrix S, 0.7 -4.0 P, 0 0
with size KxK, and w, is the ambient noise S, -0.9 2.0 P, 2.5 0
at the receiver with length Kx1. When the 8, -0.9 0.6 P, -5.0 0
channel is time-invariant, H, is diagonal, oth- S -1.8 3.7 ¢} 0 0

>

erwise, inter-carrier-interference (ICI) occurs
and some off-diagonal components of each
H, are nonzero. The OFDM parameters are
chosen as in [31], with the number of OFDM 10°
subcarrier K = 1024.
We use one specific geographical topology

as shown in Fig. 5 to conduct simulations, 10"k 1Round 7
where there are 14 underwater sensor nodes in
a two-dimensional area of circle to collect and
report the data from the environment to the

surface mobile ship. The area is divided into

Outage Probability
)
T

five sub-zones along the vertical diameter. The
relative coordinate for each underwater sensor
node in a plane Cartesian coordinate system
are shown in Table 1. All the sensor nodes are

deployed underwater 30 m. 102 104 106 108 110 112 114 116
SL [dB]

The shipping activity factor and wind speed @

in the underwater noise model are s = 0.5 and

w = 10 m/s, respectively. The multipath chan- 035 ;

nels are randomly generated with 50 taps in =;‘;::jse::h“::;

the baseband, and are assumed as quasi-static e B 1 cound, totl |

fading. s I > rounds, total |

4.2 Simulation results E o |
£

Instead of a practical code, here we assume % ols |

capacity-achieving codes and use the mutual ?@

information (MI) to evaluate the outage prob- i o 1

abilities of whether a packet can be decoded

correctly at the receiver. For the node-to-node e ]

transmission with K OFDM sub-carrier, the ok i

Ml is as ARQ NC

K/2-1 ®)
MI= — k;m log, (1 + [HIKIP - E/No) (16)
An outage occurs if the total mutual infor- Fig. 6 The system performances of the two schemes: (a) the system outage proba-

bility; (b) the energy consumption
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Outage Probability
=

Energy Consumption [J]

mation at the destination after the dynamic
coded cooperation is lower than the informa-
tion rate , which is as

p?" =Pr{MI < r}

K/2—-1
_ 1 2
_m{ilz%;%xl+wwn-&m@<r.

(17)

We set the information rate as 0.5 bit/sym-
bol in the simulation.

As a figure of merit, we evaluate the over-
all system performance concerning all the 14
nodes. Only when the surface node collects
the data from all the nodes correctly, the data

—HB— NC, 1 round, §=0.5093
—[0— NC, 2 rounds, &= 0.5093
—+— NC, 1 round, &=0.6667
—=+— NC, 2 rounds, 5=0.6667

. \ .

0.06

0.05

0.04

103 104 105

106 107 108 109 110
SL [dB]

(2)

- 1 round, each node
- - 2 rounds, each node
I: 1 round, total
- 2 rounds, total

NC, §=10.5093

NC, §=0.6667
(b)

collection procedure is regarded as successful,

otherwise an outage is declared, i.e.,
N,

po =1 (1= pp)

i=1

(18)

where p"' is the outage probability for node
S, (i=1,2,...,N,) to the destination.

Fig. 6(a) demonstrates the simulated outage
probabilities of two strategies. We can see that
the NC scheme has about 6 dB gain compared
with the conventional ARQ with one round.
For both schemes, using two rounds collection
achieves better outage performance. For the
ARQ scheme, using two rounds collection
leads to additional 0.8 dB gain compared with
only one round. The NC scheme is better than
the ARQ scheme with two rounds collection,
which bringing additional 2 dB gain. This
is because the NC scheme exist cooperative
operation among underwater nodes and can
get more benefit. However, the ARQ scheme
relies on the individual path to the sink for
each node, i.e., the packet is transmitted with-
out considering the other nodes. Thus, more
retransmissions and energy consumption are
required for the farthest node in the ARQ
scheme.

Fig. 6(b) depicts the average minimum
energy of each node and all nodes required to
reach a given performance of outage probabil-
ity p”* < 10”. We can find that the total energy
consumption in the case of the NC scheme is
considerably smaller than those in the ARQ
scheme. This is because the NC scheme im-
proves the possibility of receiving packets suc-
cessfully by forwarding the packets through
multiple paths, leading to fewer retransmis-
sions, especially in the case of switching to
the DNC protocol. Thus, the packet reaches
the destination with a lower transmitter power
in this case. On the other hand, although the
outage probability improves with more rounds
as shown in Fig. 6(a), the energy consumption
of two rounds is lower than one round for each
node in both ARQ and NC schemes in Fig.
6(b). Moreover, the total energy consumption
of two rounds is slightly lower than one round

Fig. 7 Performances of different non-cooperative index: (a) the outage probabili- for the NC scheme, resulting from its outage

ty,; (b) the energy consumptions comparison
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probability improving apparently with two
rounds. It implies that more rounds are better
for the NC scheme to improve energy efficien-
cy, as it can cooperate with each other more
intensively.

To quantify the effect of non-coopera-
tive index in the proposed scheme, the out-
age probability with different value of the
non-cooperative index is plotted in Fig. 7(a),
61 = 0.5093, 5§, = 0.6667. From Fig. 7(a), we
have the following observations. The outage
probability performance becomes worse when
the non-cooperative index § increases. For
61 = 0.5093, using two rounds brings addi-
tional 2 dB gain compared with using one
round. Yet for 6, = 0.6667, this benefit from
the additional rounds decreases to less than
0.5 dB. This implies that the distance of one or
more nodes to the nearest neighbor node be-
comes further with the non-cooperative index
¢ increasing. The channel quality which is af-
fected by distance becomes worse. Therefore,
it is hard to find cooperative nodes for this or
these nodes.

Fig. 7(b) shows the energy consumption
relative to different values of non-cooperative
index. Note that the difference of the total
energy consumption between two rounds and
one round becomes smaller. The reason is
that, with a higher non-cooperative index, the
source level must be set higher accordingly.

With different collection area division, the
distance between nodes is invariant. Fig. 8(a)
shows the overall outage probability of three
sub-zones and five sub-zones with one and
two rounds, where adopting three sub-zones
has about 1 dB gain compared with five sub-
zones with one round. The reason is that di-
viding less zones means there are more nodes
in each zone and the broadcast order may be
changed. Hence, nodes in the last zone of one
round can find cooperative nodes more easily,
e.g. if §|; has failed to send a packet to the
sink and §, can decode its data correctly, in
the case of five sub-zones, this data need to be
sent in the second round. However in the case
of three sub-zones this data can be sent by S,
in the first round according to the schedule

Outage Probability
S
T

—o— NC, 1 round, 3 zones
—O— NC, 2 rounds,3 zones
NC, 1 round, 5 zones
= = NG, 2 rounds,5 zones

10 L L
102 103 104 105 106

SL [dB]

(a)

0.06

107

108

109

- 1 round, each node
- 2 rounds, each node
0.05 F |:| 1 round, total
- 2 rounds, total

S S

=3 (=3

) £
T T

Energy Consumption [J]
o
=3
)

0.01

NC, 3 zones

(b)

NC, 5 zones

Fig. 8 Performances of different collection area divisions: (a) the outage probabil-

ity; (b) the energy consumptions comparison

list. On the other hand, the performance of
three sub-zones with two rounds is close to
that of five sub-zones with two rounds. This
is due to the scheme constraint. Furthermore,
when changing the number of sub-zones, the
outage probability cannot become better for
the two rounds case. From Fig. 8(b), it can be
observed that adopting three zones has lower
energy consumption and it is not sensitive to
collection rounds. This result is consistent
with that in Fig. 8(a).
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V. CONCLUSIONS

In this paper, we proposed a practical node
cooperation protocol for a middle-scale UW-
ASN with one mobile surface node to collect
data from multiple underwater nodes. Com-
pared with the conventional ARQ protocol,
numerical results show that the proposed NC
protocol can improve the system performance
significantly.

In our future work, we will investigate the
real-time processing for the mobile underwa-
ter acoustic data collection system.
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