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ABSTRACT

Underwater acoustic communications are characterized by
a long propagation delay and limited bandwidth. Power
consumption is an additional constraint for underwater net-
works. Network layer schemes for that minimize both trans-
mission time and power consumption are thus of interest.
Conventional routing schemes have limitations in both power
consumption and delay performance. Application of net-
work coding schemes in rateless fashion results in better
delay performance; however, power consumption is greater
than for most routing schemes when the network is lightly
loaded. This paper proposes a new method for network
coding that relies on implicit acknowledgements to improve
power consumption performance. Numerical results demon-
strate superior performance of the scheme proposed. The
method is also applicable to other wireless channels.

Categories and Subject Descriptors

C.2.1 [Computer-Communication Networks]: Network
Architecture and Design— Wireless communication; H.1.1
[Information Systems]: Systems and information the-
ory—Information theory

General Terms

Performance, theory

Keywords

Underwater Acoustic Networks, Network Coding, Routing,
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1. INTRODUCTION

With the advances in acoustic communication technology
the interest in study and experimental deployment of un-
derwater networks has been growing. However, underwater
channels impose many constraints that affect the design of
wireless networks. They are characterized by a path loss
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that depends on both the transmission distance and the sig-
nal frequency. As a result, the useful bandwidth depends on
the transmission distance[1l]. In addition, underwater acous-
tic propagation speed is very low, typically 1500m/s, which
introduces a significant delay in data transmission between
the nodes. The low propagation speed also introduces a
trade-off between the probability of collision and packet de-
lay in multiple-access scenarios. Finally, underwater acous-
tic networks are constrained in terms of energy supply. This
is notably the case for fixed, battery-powered sensors [2]. As
a consequence, important goals in the design of an underwa-
ter network are minimal power consumption and transmis-
sion delay. In particular, these goals affect the design of the
network layer of a communication system. This layer should
reduce energy consumption while maintaining a good delay
performance [2].

In this paper, a comparison between different routing and
network coding schemes is presented for an underwater acous-
tic channel, similar to the work of [3] for a wireless radio
channel. In addition, a new technique to reduce power con-
sumption in a network coding scenario is presented. This
technique contrasts the rateless transmission mechanism,
usually considered in network coding. It takes advantage
of the broadcast nature of the channel for the nodes to get
an implicit acknowledgment of previously transmitted pack-
ets. In Section 5, it will be shown that this technique has
transmission delay equivalent to the rateless network coding
scheme, but a much better performance when the network
is lightly loaded.

The different schemes are compared based on the time
they take to complete the transmission of a given number
of packets between a source and a sink in a network, and
the power consumption to accomplish this transmission us-
ing an underwater acoustic channel model. These metrics
differ from those in [4], in which the fraction of delivered
packets and total number of transmissions, given a nonspe-
cific channel link loss rate and connectivity radius, are the
comparison metrics.

In particular, a concatenated relay network is considered,
in which relay nodes are located on a line between the source
and the sink. This corresponds to the case of an underwater
network with fixed sensors in which there exists one collect-
ing node for data, one sensor transmitting information and
all other sensors acting as relays.

The paper is organized as follows. In Section 2, a summary
of previous research and basic concepts on network coding
are presented. In Section 3, a model of an underwater chan-
nel is outlined. In Section 4, a model of the network, as
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Figure 1: Concatenated relays network with proba-
bilities of successful transmission

well as the network layer schemes are presented. In Section
5, the concatenated relay network is analyzed. In section
6, numerical results for transmission delay and power con-
sumption are presented for the cases studied. Conclusions
are summarized in the last section.

2. NETWORK CODING

The concept of network coding was introduced by Ahlswede
et al[5], and is also known as coded packet networks. Net-
work coding considers the nodes to have a set of functions
to operate upon received or generated data packets. To-
day’s networks would represent a subset of the coded packet
networks, in which each node has two main functions: for-
warding and replicating a packet. These functions refer to
taking an incoming packet and transmitting it on an out-
going link, or several outgoing links, respectively[6]. In this
case, the network’s task is to transport information provided
by the source nodes unmodified. In contrast, network cod-
ing considers information as a mathematical entity that can
be operated upon. Work in [7] and [8] showed that linear
codes over a network are sufficient to implement any feasible
multicast connection. Also, [8] provides an algebraic frame-
work for studying this subset of coded networks. In both
of these cases, the nodes are considered to transmit a linear
combination of the packets previously received.

Let us consider the following example in a wireless sce-
nario to illustrate the advantages of network coding. Let
us assume a network with three nodes (Figure 1). Since
nodes communicate using a lossy wireless medium, there
exists a certain probability p; ; that a transmission will be
successfully received at node j when ¢ transmits. For sim-
plicity, let us consider symmetry in the transmission links,
i.e. pij = pji. If a common routing scheme is chosen, a
path is selected to transmit a packet from node 1 to 3. As-
suming that the optimal path is to go from node 1 to 2 and
then from 2 to 3, and that a packet A; has arrived at node
1, this node will try to transmit the packet to node 2. If this
transmission is unsuccessful because the link is down (Figure
2(a)), node 1 will try again. Let us assume that packet As
has arrived at node 1 before the first retransmission. Figures
2(b)-(c) show transmission of A; once the packet has been
successfully received at nodes 2 and 3, respectively. Once
packet A; has arrived to node 3, the transmission process
will be repeated for Az (Figure 2(d)).

When network coding is used, there is no path selection.
Packet A; might thus arrive at node 3 even if the link be-
tween 1 and 2 is down during that transmission (Figure
3(a)). For example, this could happen if node 2 is expe-
riencing severe noise, is temporarily blocked by an object
that is not blocking the signal to node 3, or is just powered
down, among other possible events. Also, when packet Ag
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Figure 2: Routing example: wireless scenario. Ar-
rows indicate the availability of links. The four dia-
grams correspond to four instants in time

arrives at node 1, as in the previous case, a coded packet
a2A1 + (2A2 is transmitted (Figure 3(b)). This coded
packet will have certain probability of getting from 1 to 3
directly or going through 2. If the link between node 1 and
3 is down, under the same conditions as in the routing case,
both A; and A, will be received (Figure 3(c)) at node 3,
while in routing only packet A; has been received. A worst
case scenario for network coding would be to have p13 =0
and packet As received at node 1 after A; has been received
at node 3. But this will yield the same delay as in routing.
Thus, under the same conditions, network coding will have
at most the same delay as routing. This improved perfor-
mance is explained by the ability of network coding to send
data through links different from the optimal path selected
by routing, and transmission of coded packets.

3. CHANNEL MODEL

An underwater acoustic channel is characterized by a path
loss that depends on both the distance [ and signal frequency

f as:

A(L f) Fa(f) (1)

where k is the spreading factor and a(f) is the absorption

coefficient [1]. The spreading factor describes the geometry

of propagation, e.g. k = 2 corresponds to spherical spread-

ing, k = 1 to cylindrical spreading, and k = 1.5 to practical

spreading. The absorption coefficient can be expressed in

dB/km using Thorp’s empirical formula for f in kHz:
10loga(f) 0.11-£2, + 4412

142 4100+ f2

+2.75-107* 2 +0.003

(2)

for frequencies above a few hundred Hz. The noise in an
acoustic channel can be modeled through four basic sources:
turbulence, shipping, waves, and thermal noise, which re-
sults in a probability sprectral density (p.s.d) that decays
with frequency at approximately 18dB/dec [1]. The fact
that the signal attenuation and the noise power depend on
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Figure 3: Network coding example: wireless sce-
nario. Arrows indicate the availability of links. The
diagrams correspond to three instants in time
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Figure 4: Concatenated relays network

the frequency causes a frequency dependent SNR. Assuming
a constant signal p.s.d, the SNR observed over a distance [
is

PQ) Joay AT N AS .
BW) [yq NS
where P(I) and B(l) are the power and the bandwidth cho-

sen for the distance I. If B(l) and P(l) are fixed the SNR at
a different distance !’ in terms of SNR(l, B(l)) is

SNR(I, B(l)) =

Jow AN, ) df
Tow AN ) df

Finally, the equivalent bit SNR, Ey /Ny is defined as

SNR'(I',B(l)) = SNR(I, B(l)) (4)

Ey (1 b0
N, = SNR (1 73(1))(;(1/,3(!)) X
where
P(l)

C(, B() = / af ()

log, [1 +
B()

A N B()

Note that I’ could be different from I. This corresponds
to a situation in which the bandwidth is calculated for a
particular distance, but the current node is at a different
distance.
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Figure 5: MAC layer.

4. NETWORK MODEL

The network considered in this paper is shown in Figure
4. There is a receiving or data collecting node, and all the
information is destined to it. If a node b is closer than node a
to the collecting node, «a is said to be upstream with respect
to b, and b is said to be downstream with respect to a.

Every node in a routing scheme will have data to be
transmitted downstream and upstream, which corresponds
to data packets and acknowledgment packets, respectively.
In network coding, each node is transmitting a linear com-
bination of the packets in its queue. If a node has m data
packets in its queue, it will transmit a coded packet with m
degrees of freedom (DOF), i.e. a DOF states the number
of packets that were linearly combined to form the coded
packet. In a unicast scenario with transmission of a known
number of packets, any coded packet with m DOF contains
the first m data packets coming from the source node.

For this study, six approaches to unicast have been con-
sidered. The first four approaches consider different routing
schemes. The remaining two approaches consider network
coding in a rateless fashion and with the implicit acknowl-
edgment scheme:

1)Routing using end-to-end acknowledgement: The
source node transmits the same packet until it receives an
acknowledgement from the sink. All other nodes behave as
relays. These relays will also transmit the acknowledgement
from the receiving node to the source node. In this case, a
relay node will stop transmitting the packet once the end
acknowledgment reaches it. It will transmit the acknowl-
edgement packet until it overhears an upstream node trans-
mitting the acknowledgement or when a new data packet is
received.

2)Routing using windowing: If the source node has
more than one unacknowledged packet to transmit, it can
transmit as many as a window size W cyclically, i.e. in every
transmission it will send a different packet from the first
unacknowledged packet i with the following sequence i,7 +
1,...,i+W—1,4,i+1.... When a packet reaches the receiving
node, this packet will be stored and an acknowledgement of
the last ordered packet will be send. For example, if the
collecting point has received packets 1,2,3,5 and 7, it will
send an acknowledgement of packet 3 until it receives packet
4. If packet 4 is received but packet 6 has not arrived, it will
send acknowledge of packet 5.
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Figure 6: Average number of steps vs load for a 6
node network, transmitting 10 packets using optimal
power calculation
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Figure 7: Average power consumed by node vs load
for a 6 node network, transmitting 10 packets using
optimal power calculation

3)Routing using link-by-link acknowledgement: Ev-
ery time a node receives a packet, it will retransmit the
packet and send an acknowledgement to the previous node.
Once a packet has been acknowledged, the node can start
transmitting a new data packet in its queue. If it has no new
packets to transmit, it will only transmit if a node upstream
sends new information, or sends a previous packet, in which
case the node will acknowledge this packet.

4)Routing using link-by-link acknowledgement, op-
portunistic: This scheme is similar to (3). However, all
the nodes eavesdrop on the packets of nodes farther down-
stream. For example, if node i sends an acknowledgement
of packet k£ to node i — 1, and node ¢ — 2 has not received
an acknowledgement of that packet from node i — 1, and
has overheard this transmission it will also consider packet
k acknowledged.

5)Network coding in rateless fashion: Once a relay
node gets its first coded packet, which means at least one
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Figure 8: Average power consumed by node vs load
for a 6 node network, transmitting 10 packets using
optimal power calculation: Detail for Ps,y,rce between
0.02 and 0.25

degree of freedom, it will transmit until the receiving node
sends a confirmation that all the information has been re-
ceived, i.e. all degrees of freedom have arrived. The same
happens at the source node. This strategy assumes that
there is a mechanism that informs the collecting node about
the number of degrees of freedom that constitute the total
message or that this number is fixed a priori. The receiving
node in this scheme will not transmit until all packets have
been received.

6)Network coding with implicit acknowledgement:
This scheme is similar to (5). However, nodes eavesdrop on
other transmissions if they are in range. If a node receives
from a node further downstream the same, or greater num-
ber of degrees of freedom than what the node has, it will
stop transmitting and update its information, if necessary.
It will resume transmitting if an innovative packet is received
from a node upstream. The sink (data collecting) node will
retransmit its degrees of freedom when a coded packet is
received.

S. ANALYSIS

The network can be modeled as a set of states § = 51.55...;
a set of rules that govern the transition between those states,
and a set of probabilities to transit from a state to the next.
The state S(t) is given by the information on the packets
or DOF that each node of the network has at any given
time ¢t. The rules that govern the state transitions are di-
rectly related to the network layer scheme used. Finally,
the transition probabilities are related to the rules and the
probabilities of successful packet transmission through the
underwater channel.

For routing, the state at any time ¢ is of the form S(t) =
(7(t),d(t)) where #(t) = (r1,72,....,r~)7 (t) and r;(t) shows
the number of packets or the number of the packet, de-
pending on the scheme, received by the i — th node in the
network; @(t) = (a1, a2, ...,an)” (t) is similar but refers to
the acknowledgement information received by the nodes; N
is the number of nodes in the network. For network cod-
ing, the state at any time ¢ is of the form S(t) = (dof(t))
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Figure 9: Average number of steps vs total num-
ber of nodes in the network, transmitting 10 pack-
ets generated with Psurce = 0.2 using optimal power
calculation

where dof(t) = (dofi,dofs,...,dofn)(t) and dofi(t) shows
the number of DOF present in the i — th node of the net-
work. Again, N is the number of nodes in the network.

As an example of a set of rules, let us study the routing
using link-by-link acknowledgements and the network coding
in rateless fashion schemes. Let us enumerate the nodes in
an increasing order from the source to the sink node, i.e.
source is node 1 and the collecting point is node N. For
routing with link-by-link acknowledgement the rules are:
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then a;(t) = ai(t) +1

8)If i receives successful data packet from ¢ — 1,

then 7;(t) = ri(t) + 1

If r;(¢t) = as(t), ¢ transmits if ¢ — 1 sends old packet

For network coding in rateless fashion:

Vdofi(t) = dofy(t), for i<

2)dofi(t) < dofi(t +to), for to >0

3)If dofi(t) > 0, node % transmits

4)If 7 receives successful coded packet from j, and

dofi(t) < dof;(t), then dof;(t) = dof;(t)

ofi
ofi
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packets generated with Psource = 0.2 using optimal
power calculation

6. NUMERICAL RESULTS

The MAC layer of the system is assumed to implement
polling with equal opportunities for each node to have ac-
cess to the medium with equal priority. In each transmission
slot, a packet is transmitted that includes new data to down-
stream nodes and acknowledgement data to upstream nodes
(Figure 5). In the case of network coding the downstream
(data) and upstream (acknowledgement) information is em-
bedded in a single packet. This transmission packet will
contain a linear combination of all the packets in the queue
of the transmitting node (DOF). The polling order assumes
knowledge of the position of the nodes. It assigns the chan-
nel going from the source node to the sink node, and then
starts over, as seen in Figure 5. For numerical computations,
the initial node with slot assignment is uniformly chosen be-
tween all nodes in the network.

In these computations, it is assumed that the maximum
distance between nodes is 20 km. Distances between nodes
in the concatenated relay network are uniformly distributed
between zero and the maximal distance. It is assumed that:
time T' (Figure 5) is large enough to avoid collisions; packet
generation at the source node is a Bernoulli process with
Psource as the probability of generating a new packet ev-
ery T'; packets have 1000 bits; bit errors occur indepen-
dently; PSK modulation is used, where the data rate in
each node ¢ is chosen for the 3 dB bandwidth associated
with the distance [ [1] from i to the furthest node connected
to it; the minimum SN R required for correct transmission
is SNRo = 20dB.

Two approaches are considered for the computations. The
first approach assumes that nodes have prior knowledge of
the distance to their closest neighbors. Therefore, the power
is calculated to reach both the closest upstream and the
downstream neighbor, i.e. the farthest of the closest neigh-
bors, with SNRy. This ensures that there is connectivity
between the source to the collecting node. Also, the trans-
mission band is selected to be optimal for this case. The
second approach uses a fixed power for all nodes. In this
case, bandwidth is optimized for the maximum distance and
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packets in an 8-node network, transmitting 10 pack-
ets using optimal power calculation and Psoyrce = 0.2

the fixed power value is computed to reach that maximum.
As in the previous approach, power is computed to achieve
SNRy. For convenience, power consumption is calculated
using the approximation proposed in [1], i.e. P(l) = pl*??
with p = 106.78dB re pPa. Probability of successful trans-
mission over the link from node i to j is obtained from the
probability of bit error by Psuccess(%,7) = (1 — Pbit error) "
given the assumptions, where n is the number of bits in
the packet. Pt error is calculated using the standard PSK
bit error probability and the equivalent Ej/No defined in
equations (4)-(6). Measurements considered in these com-
putations are 1) average number of steps T until the last
packet of the transmission reaches the receiving node, and
2) average power consumed by a node in the network to
complete this transmission. These computations have been
carried out for different loads (Psource), number of nodes in
the network, and number of packets to be transmitted.

Figure 6 shows that both network coding schemes have
less or equal delay, measured in time slots 7', than the stud-
ied routing schemes for different packet generating loads
Piource. For small Psource (light load) there is little dif-
ference between any of the schemes. However, when Psource
increases, i.e. there is more load to the network, routing
schemes settle to a minimum fix delay, whilst network cod-
ing schemes decrease for all Psource € (0,1]. This means
that routing schemes have a minimum transmission delay
for a file of a fixed number of packets to be transmitted.
This minimum transmission delay is related to the scheme
used and number of nodes that form the network. Network
coding has a smaller delay for large Psource because it can
exploit the ability to send coded packets. Note that both
network coding schemes have very similar behavior in mean
steps T for every value of Psource considered.

Figure 7 shows that for small Psoyrce the proposed scheme
with implicit acknowledgement has a better performance
than any of the routing schemes, and a much better per-
formance than network coding in rateless fashion (See Fig-
ure 8 for more detail). Given that the delay performance was
found to be equivalent in both network coding approaches,
implicit acknowledgement will have an overall better per-

30

x 10

@' Routing Link—by-Link
=—H— Routing Link-by-Link Oportunistic
=—#— Routing End—-to—-End ACK

= © = Routing Windowed

= + = Network Coding Implicit ACK
Network Coding Rateless

Power (uPa)

| | |
10 12 14 16 18 20 22 24 26 28 30
Number of Packets

Figure 12: Average power consumed by node vs
number of packets in an 8-node network, transmit-
ting 10 packets using optimal power calculation and
Rsou'rce =02

formance. For larger Psource, the rateless scheme requires
less power than the scheme proposed, although both decay
similarly. This is explained by the fact that the last node
in rateless network coding does not transmit until it has
all packets, whilst with implicit acknowledgement, the last
node will transmit a coded packet every time it receives a
new packet. This difference will be negligible when the num-
ber of nodes increases.

In Figures 7 and 6 there is little difference between
the routing using link-by-link acknowledgement without and
with opportunistic behavior. In fact, in all Figures both
curves overlap producing a black filled-squares curve. This
can be explained by the high SN Ry considered in the com-
putations. A similar overlapping occurs for network coding
schemes in some regions. In this case, the overlapping pro-
duces a curve with filled diamonds.

Relation between delay and power consumption, with re-
spect to the size of the network is shown in Figures 9 and
10, respectively, for Psource = 0.2. Note that average de-
lay increases for all schemes, but it increases with a far
lower rate for network coding. Among the routing schemes,
routing with link-by-link acknowledgement has the best per-
formance. Also, average power consumption increases with
the number of nodes in any routing scheme. However, net-
work coding diminishes power requirement per node when
the number of nodes increases. Figures 11 and 12 show the
relation between delay and power consumption with respect
to the number of packets transmitted. Note that for network
coding both of these figures increase at a much slower rate
than for any of the routing schemes.

Similar results have been obtained for the case of nodes
transmitting with fixed power (Figure 13, 14, 15, 16). The
main difference between this results and the ones of the pre-
vious approach is the increased power consumption.

7. DISCUSSION

Implicit acknowledgement implementation for a straight-
line concatenated relay network is straight forward. How-
ever, when nodes are distributed in more complex struc-
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tures or with no particular structure, implicit acknowledge-
ment will require more careful considerations. For example,
should a node wait until all downstream or descendant nodes
have achieved the same rank (same number of DOF) as that
node for it to stop transmission or would a subset of descen-
dant nodes (e.g. one downstream node) suffice to obtain
good performance and connectivity? Should the network
try to acquire some knowledge of its topology to implement
implicit acknowledgement? if so, at what cost?

Subgraph analysis and distributed algorithms in [6] could
provide means to determine the time a node should stop
transmitting, e.g. if a cut in the network has achieved a cer-
tain rank, all previous nodes stop transmitting and allow the
cut to continue the forwarding process. Although a rateless
transmission is used, the implementation could make use of
knowledge of the rates of the subgraph connections to im-
prove performance through implicit acknowledgement.
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of nodes in network, transmitting 10 packets using
fixed power in all nodes and Psoyrce = 0.2
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8. CONCLUSIONS

Several network layer schemes have been compared for
an acoustic concatenated relay network. Network coding
schemes were shown to have a significant advantage in trans-
mission delay at high traffic loads. At light loads (low Psource)
average transmission delay for a specified number of packets
is equivalent for both routing and network coding, because
it is influenced by the packet generation process more than
by the network topology.

Although at light loads transmission delay difference be-
tween the schemes considered is small, average power con-
sumption by node is not. A conventional rateless network
coding scheme for this unicast scenario yields a higher power
consumption. Network coding with implicit acknowledge-
ment has the lowest power consumption per node for all the
schemes studied. For high loads (high Psource ), rateless net-
work coding has a smaller power consumption because the



receiving node does not transmit until all expected packets
have been received. Network coding with implicit acknowl-
edgement constitutes a good approach for maintaining a low
transmission delay and a low power consumption per node
for the studied range of Psource-

Numerical results show that increasing the number of nodes
increases average power consumption per node in all routing
schemes under this setup. Note that increasing the num-
ber of nodes increases the physical coverage of the network.
If a fixed distance between source and sink is maintained,
average power consumption per node diminishes if optimal
power is used. For both network coding approaches increas-
ing the number of nodes produces a reduction in average
power consumption per node.

For numerical results, comparison between the different
schemes was carried out considering a fixed T'. This unique
parameter favors routing in the performance comparison. If
a downstream and upstream transmission time is consid-
ered for routing( i.e. having T, and T, possibly of different
length in which each node could transmit downstream and
upstream data, respectively) it would introduce more delay
in transmissions. Network coding does not require this addi-
tional complexity in the MAC layer, thus having even better
performance.

The work presented in this paper is not confined to the
case in which the nodes are on a straight line. Given the
work in [9], a wireless network can be organized as a concate-
nated relay network with the nodes aware of their upstream
and downstream nodes, without physically being distributed
in a straight line. Therefore, implicit acknowledgement is a
valid and implementable method for more complicated net-
works. Also, implicit acknowledgement provides a possi-
ble extension to CodeCast [9] to reduce power consumption.
Furthermore, implicit acknowledgement allows to save re-
sources, e.g. memory required in the nodes, and rate adap-
tation following a similar analysis as in [10]. Finally, note
that network coding with implicit acknowledgement answers
best to the requirements of reduced power consumption and
transmission delay, which are critical in the underwater en-
vironment. However,this is not limited to underwater chan-
nels and will have similar performance for any other wireless
channel.
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