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Distortion Performance of Convolutionally Coded
Underwater Acoustic Networks

Andrej Stefanov

Abstract—The paper studies the impact of point-to-point
convolutional channel coding on the sustainable number of
hops through the network for a maximum allowed route
distortion requirement. The network is modeled by a uniform
distribution of nodes over a finite area. The node-to-node
channel is described by the Ricean fading model, while the
interference from other nodes in the network is modeled as
Gaussian. Numerical examples are presented to illustrate the
results of the analysis.
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.  Introduction

There have been significant recent research efforts
focused on the analysis and design of underwater networks
[1—4], including medium access control [5—8], and routing
protocols [9—13]. The study of underwater acoustic
networks needs to take into consideration a number of
design aspects that arise due to the underwater transmission
medium. This includes the limitations of the operational
bandwidth and path loss that depends on the signal
frequency, in addition to the distance between the
transmitter and the receiver. Due to these challenges posed
by underwater communications, the selection of the
operational frequency requires careful consideration.

The paper studies an underwater network of nodes that
are mounted at the bottom, hence the network is modeled by
a two dimensional model. The node distribution is assumed
to be uniform over a finite area. Multihop routing among
nearest neighbor nodes is considered. The focus is on the
impact of point-to-point convolutional channel coding on
the distortion performance of the multihop network; given
by the sustainable number of hops in the network for a target
route distortion requirement in the presence of interference
from other nodes in the network.

The paper is organized as follows. The underwater
acoustic propagation model and the set-up of the network
are discussed in Sections Il and 111, respectively. The impact
of point-to-point convolutional coding on the sustainable
number of hops in the network for a target route distortion
requirement is investigated in Section IlIl. Numerical
examples are illustrated in Section IV. The paper concludes
with Section V.
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. Underwater Acoustic

Propagation

Underwater acoustic communication is affected by a
path loss that depends on the distance between the
transmitter and the receiver, and the frequency of the
transmitted signal. The path loss increases with distance
between the transmitter and the receiver and with the
transmitted signal frequency thereby imposing a limit on the
transmission bandwidth.

Specifically, underwater acoustic propagation
experiences a path loss, which at distance d between the
transmitter and the receiver, and for a signal transmitted on
frequency f, is

A(d, f) = Apd*a(f)? M)

where A, is a unit-normalizing constant that incorporates
fixed losses, a(f) is the absorption coefficient and k is the
spreading factor. Usually 1<k <2. It is commonly
assumed that for practical spreading, k¥ = 1.5. Using Thorp's
formula which gives a(f) in dB/km for f in kHz, the
absorption coefficient is

10loga(f) = @

This formula is typically valid for frequencies above several
hundred Hz, the common range for most systems.
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1+f2
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4100+f 10

+ 0.003.

The ocean ambient noise is modeled as composed of
turbulence, shipping, waves and thermal noise, described by
Gaussian statistics and a continuous power spectral densities
(p.s.d.). The respective noise components have formulae that
give their p.s.d.'s in dB re pPa per Hz as a function of
frequency in kHz [14]:

10log N.(f) =17 —30logf,
10log Ns(f) = 40 + 20(s — 0.5) + 26log f
—601log(f + 0.03),
10log N, (f) = 50 + 7.5v/w + 201log f
—401log(f +0.4),
10log Ny, (f) = —15+ 201logf, 3

where s is the shipping activity factor and w is the wind
speed in m/s. The total noise p.s.d. is

N(f) = N(f) + Ns(f) + N (f) + Nen (). (4)
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m. Network Setup

Fig. 1. The setup of the uniform network.

A. Network Topology

The topology is based on a two dimensional network
model of nodes that are bottom mounted and provide
coverage over a finite area [4]. The node distribution is
assumed to be uniform as shown in Figure 1. The network
density is

N

p== ()

where N is the number of nodes in the network and A is the
network area. The distance between neighboring nodes is

=<
where ¢ is a constant that depends on the placement of the
nodes (grid pattern). We have ¢ = 1.

Node-to-node multihop routing is considered. This is a
strategy that is energy efficient in the context of underwater
acoustic networks. As such, it is appealing for battery
powered nodes. The maximum number of hops in the
network is np'®* = (2/+/m)VN. The average number of
hops for a multihop route is designated by n;,. We have

i, = N /m [15].

B. Coded Multihop Transmission

In the case of point-to-point convolutional channel
coding with BPSK modulated communication, the union
upper bound on the bit error probability (BEP) is [16]

Py < Xa=d,,i, CaPa )

where ¢, is the information error weight for error events of
distance d, p, is the pairwise error probability and d;, is
the code minimum distance.
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1) Interference Model:

Fig. 2. The interference model.

Consider a source to a destination transmission as illustrated
in Figure 2. The considered interference model is based on a
protocol constraint [4], where nodes which distance to the
destination is the same as the source node distance to the
destination are not permitted to transmit on the same
frequency and in the same time slot as the source during its
transmission.

As it is assumed that all nodes transmit with a constant p.s.d.
S, the total interference from the nodes in the first and
second tier is

1S
A(24,f)

S

A(3d,f)

I(f) = 8)
where ¢; < 12 and ¢, < 18 represent constants that indicate
how many interfering nodes are in tiers 1 and 2,
respectively. In the Figure 2 example, ¢; = ¢, = 6. Since
there are multiple nodes that contribute to the interference in
the network, it is assumed that the interference is Gaussian
with p.s.d. I(f).

Assuming perfect channel state information at the receiver
and flat Ricean fading for the node-to-node channel [16, 17],
the BEP is

14K d
Py < Xa=dp;, Ca (m)

_ Ky(d.f)
X exp ( dR 1+7C+Ry(d,f))

©)

where y is the signal to interference plus noise ratio (SINR)
and X is the Ricean fading parameter. It is assumed that the
attenuation, noise and interference are constant over the
operational bandwidth B, so that for a transmit power level
P, the SINR evaluated at the operating frequency f,(d) is

P
- A(d»fu)(N(d:fa)+I(d:fa))B

(t

v(d, fo)

(10)
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c. Distortion Performance

The distortion performance is considered for an
independent identically distributed (i.i.d.) Gaussian source.
For single description coding, the distortion is D = g2272%
[18], where a2 is the variance of the i.i.d. Gaussian random
variables and R is the bit rate of an optimal source coder.
The sustainable number of hops is [19]

=111 (DB, — D) (1)

where DJ22%, is the maximum allowed route distortion.

iv. Numerical Results

The aim of the numerical examples is to examine the impact
of point-to-point convolutional coding on the network
connectivity [20], given by the sustainable number of hops,
for a maximum allowed route distortion requirement. The
maximum allowed route distortion is required to be within
10% of the optimum achievable distortion, in other words,
(D%, — D) x 100% = 10%. The rate of the source coder
is R = 4 bits per description. Independent Ricean fading for
each node-to-node channel with K = 10 is assumed. The
circular network area is <4 = 1000 km?. Fixed losses are
neglected [4]. The frame size is L = 100 bits, and the
bandwidth is B = 4 kHz. The spreading factor is k = 1.5,
the shipping activity factor is s = 0.5, and unless otherwise
indicated, the wind speed is w = 0.

Figure 3 presents the sustainable number of hops when
there is interference in the network, as illustrated in Figure
2. The transmit power is P = 130 dB re pPa. As illustrated
in Figure 3, uncoded BPSK modulated communication with
demodulate and forward relaying cannot provide
connectivity in the network regardless of how many nodes
are present in the network. Point-to-point convolutional
channel coding with the rate R = 1/2,(133,171) code, on
the other hand, provides full connectivity in the network.

Figure 4 provides a comparison among the sustainable
number of hops, when there is interference in the network,
between convolutional channel coding with the rate
R =1/2,(133,171) code and the stop and wait ARQ
protocol [19] with different number of retransmissions, J.
The transmit power is P = 124 dB re pPa. As illustrated in
Figure 4, in the case of the stop and wait ARQ protocol, the
network connectivity improves with the increase of the
number of possible retransmissions. When J = 1, the stop
and wait ARQ protocol cannot provide full connectivity
regardless of how many nodes are present in the network. It
is however possible to maintain routes with an average
number of hops when the number of nodes in the network is
300 < N < 900. Of course, when N < 300 and N = 900
even routes with an average number of hops cannot be
supported by the stop and wait ARQ protocol with a single
retransmission. When the number of retransmissions is
increased to two, that is, when J = 2, the performance of the
stop and wait ARQ protocol improves. In this case, the stop

and wait ARQ protocol can provide full connectivity unless
the number of nodes in the network is N < 50, in which
case the network becomes coverage limited. This means that
the nodes are too far apart to ensure connectivity in the
network for the given transmit power. In comparison,
multihop transmission with point-to-point convolutional
channel coding provides full connectivity in the network.

A=1000 km?, P = 130 dB re pPa, B = 4 kHz
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Fig. 3. Sustainable number of hops for R = 4 bits per
description and (D%, — D) X 100% = 10%. Uncoded
BPSK vs. rate 1/2, (133,171) convolutional coding.
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Fig. 4. Sustainable number of hops for R = 4 bits per
description and (D%, — D) X 100% = 10% for rate
1/2, (133,171) convolutional coding and stop and wait
ARQ with different number of retransmissions.
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Figure 5 illustrates the sustainable number of hops for
different wind speeds when there is interference in the
network for point-to-point convolutional channel coding
with the rate R = 1/2,(133,171) code. The transmit power
is P = 104 dB re pPa. Even at this reduced transmit power
level, under calm conditions, that is w = 0 m/s, the network
provides full connectivity unless the number of nodes in the
network is N < 50. However, if the wind speed increases to
w=2mls, and w =4 m/s, the network connectivity is
significantly affected as the network becomes coverage
limited when the number of nodes in the network is
N < 400, and N < 900, respectively.

A =1000 km?, P = 104 dB re pPa, B = 4 kHz
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Fig. 5. Sustainable number of hops for R = 4 bits per
description and (D4x, — D) x 100% = 10% for different

route

wind speeds. Rate 1/2, (133, 171) convolutional coding.

v. Conclusions

The paper considered the distortion performance of
convolutionally coded underwater acoustic multihop
networks in the presence of interference. In particular, the
distortion performance was considered for an independent
identically distributed (i.i.d.) Gaussian source and single
description coding. It was found that point-to-point
convolutional channel coding significantly improves the
network connectivity in comparison to uncoded BPSK
modulated communication with demodulate and forward
relaying, and the stop and wait ARQ protocol. The
robustness with respect to increased wind speeds was also
investigated. Numerical examples, based on the union upper
bound on the BEP of convolutional channel codes,
illustrating the sustainable number of hops in the network
were presented to illustrate the results of the analysis.
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