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Abstract—UnderWater Acoustic Sensor Networks (UW-ASNSs)
consist of sensors and Autonomous Underwater Vehicles (AUVs)
performing collaborative monitoring tasks. In this article, UW-
MAC, a distributed Medium Access Control (MAC) protocol
designed for UW-ASNSs, is introduced. The proposed MAC
protocol is a transmitter-based Code Division Multiple Access
(CDMA) scheme that incorporates a novel closed-loop distributed
algorithm to jointly set the optimal transmit power and code
length. CDMA is the most promising physical layer and multiple
access technique for UW-ASNSs because it is robust to frequency-
selective fading, it compensates for the effect of multipath at
the receiver, and it allows receivers to distinguish among signals
simultaneously transmitted by multiple devices.

UW-MAC aims at achieving three objectives, i.e., guarantee
i) high network throughput, ii) low channel access delay, and
iii) low energy consumption. It is demonstrated that UW-MAC
simultaneously achieves these three objectives in deep water
communications (where the ocean depth is more than 100
m), which are usually not severely affected by multipath. In
shallow water communications, which may be heavily affected by
multipath, it dynamically finds the optimal trade-off among these
objectives according to the application requirements. UW-MAC
is the first protocol that leverages CDMA properties to achieve
multiple access to the scarce underwater bandwidth, while other
protocols tailored for this environment have considered CDMA
merely from a physical layer perspective. Experiments show
that UW-MAC outperforms many existing MAC protocols tuned
for the underwater environment under different architecture
scenarios and simulation settings.

Index Terms—Wireless networking, sensor networks, under-
water acoustic communications, MAC, CDMA, performance.

|. INTRODUCTION

NDERWATER sensor networks enable applications for
oceanographic data collection, ocean sampling, envi-
ronmental monitoring, offshore exploration, disaster preven-
tion, tsunami warning, assisted navigation, distributed tactical
surveillance, and mine reconnaissance [2]. Acoustic wireless
communications are the typical physical layer technology in
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underwater networks, although they pose unique challenges
due to the harsh underwater environment such as limited
bandwidth [3], high and variable propagation delays [4], high
bit error rates and temporary losses of connectivity caused by
multipath and fading phenomena [5], and asymmetric links.
Other physical layer technologies are often impractical in
this environment due to several reasons. In fact, radio waves
propagate through conductive salty water only at extra low
frequencies (30 300 Hz), which require large antennae and
high transmission power. Optical waves do not suffer from
such high attenuation but are affected by scattering. Moreover,
transmission of optical signals requires high precision in
pointing the narrow laser beams.

UnderWater Acoustic Sensor Networks (UW-ASNs) [2]
consist of sensors and Autonomous Underwater Vehicles
(AUVs) deployed to perform collaborative monitoring tasks. A
major challenge for the deployment of UW-ASNSs is the devel-
opment of a Medium Access Control (MAC) protocol tailored
for the underwater environment. In particular, an underwater
MAC protocol should provide high network throughput, low
channel access delay, and low energy consumption, in face
of the harsh characteristics of the underwater propagation
medium, while guaranteeing fairness among competing nodes
[6].

Code Division Multiple Access (CDMA) is the most
promising physical layer and multiple access technique for
UW-ASNSs because i) it is robust to frequency-selective fading,
ii) compensates for the effect of multipath at the receiver
by exploiting Rake filters, which can collect the transmitted
energy spread over multiple rays [7], and iii) allows receivers
to distinguish among signals simultaneously transmitted by
multiple devices. For these reasons, CDMA increases channel
reuse and reduces packet retransmissions, which results in
decreased energy consumption and increased network through-
put.

In this article, we introduce UW-MAC, a transmitter-based
CDMA MAC protocol for UW-ASNSs that incorporates a novel
closed-loop distributed algorithm to jointly set the optimal
transmit power and code length to minimize the near-far
effect![8]. One of the novelties of UW-MAC, which is moti-
vated by the huge propagation delay affecting the underwater
environment, is that it is not a pure distributed CDMA
protocol; rather, it is a distributed hybrid MAC that combines
both ALOHA and CDMA. The word ‘hybrid’ refers to the fact
that each data packet (from each node), which is composed

1The near-far effect occurs when the signal received by a receiver from
a sender near the receiver is stronger than the signal received from another
sender located further. In this case, the remote sender will be dominated by
the close sender.
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of header and payload, simultaneously accesses the channel
using a random-access ALOHA-like MAC scheme (header)
and adapting its power and code length in a distributed manner
as in CDMA schemes (payload). Also, no control packets
are transmitted before the actual data packet is sent, hence
no handshaking occurs. While other MAC protocols can be
considered hybrid in space (in the sense that two different
medium access schemes are used in different locations of the
network [9]), our UW-MAC is hybrid in time as it switches at
each sender node from an ALOHA-based scheme, to transmit
the header, to a CDMA-based scheme, to transmit the payload.
Note that the payload and the header are transmitted back-to-
back in a single atomic transmission.

UW-MAC aims at achieving three objectives, i.e., guarantee
i) high network throughput, ii) low channel access delay, and
iii) low energy consumption. We demonstrate that UW-MAC
manages to simultaneously achieve these three objectives in
deep water communications, which are usually not severely
affected by multipath. In shallow water communications?,
which may be heavily affected by multipath, it dynamically
finds the optimal trade-off among these objectives according
to the application requirements.

We also formulate the distributed power and code self-
assignment problem to account for the near-far effect, and
propose a low-complexity yet optimal solution. UW-MAC
uses locally generated chaotic codes® to spread transmitted
signals on the available bandwidth, which guarantees a flexible
and granular bit rate, secure protection against eavesdropping
(as packets cannot be decoded without the proper chaotic
code, which in turn depends on the secret initial conditions),
transmitter-receiver self-synchronization, and good auto- and
cross-correlation properties [10]. To the best of our knowl-
edge, UW-MAC is the first protocol that leverages CDMA
properties to achieve multiple access in the bandwidth-limited
underwater channel, while other MAC protocols [11][12] have
considered CDMA merely from a physical layer perspective.

The remainder of this paper is organized as follows. In Sect.
I1, we discuss the suitability of the existing ad hoc and sensor
MAC protocols for the underwater environment. In Sect. Ill,
we describe UW-MAC, while in Sect. IV we formulate the
distributed power and code self-assignment problem. In Sect.
V, we compare through simulation UW-MAC with many
existing MAC schemes for sensor networks tuned for the
underwater environment. Finally, in Sect. VI, we draw the
conclusions.

Il. RELATED WORK

There has been intensive research on MAC protocols for ad
hoc [13] and wireless terrestrial sensor networks [14] in the
last decade. However, due to the unique characteristics of the
propagation of acoustic waves in the underwater environment,
existing terrestrial MAC solutions are unsuitable for this
environment. Channel access control in UW-ASNSs, in fact,
poses additional challenges due to the limited bandwidth,

2In oceanic literature, shallow water refers to water with depth lower than
100 m, while deep water is used for deeper oceans.

3Chaotic codes are sequences of chips usually generated using maps that
exhibit some sort of chaotic behavior, whose key characteristic is the great
sensitivity to initial conditions.
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very high and variable propagation delays, high bit error
rates, temporary losses of connectivity, channel asymmetry,
and heavy multipath and fading phenomena.

Existing MAC solutions are mainly focused on Carrier
Sense Multiple Access (CSMA) or Code Division Multiple
Access (CDMA). This is because Frequency Division Multiple
Access (FDMA) is not suitable for UW-ASNs due to the
narrow bandwidth in UnderWater Acoustic (UW-A) channels
and the vulnerability of limited band systems to fading and
multipath. Moreover, Time Division Multiple Access (TDMA)
shows a limited bandwidth efficiency because of the long
time guards required in UW-A channels. Furthermore, the
variable delay makes it very challenging to realize a precise
synchronization with a common timing reference [15]. For a
thorough discussion on the reasons why several multiple ac-
cess techniques widely employed in terrestrial sensor networks
such as TDMA, FDMA, and CSMA, are not suitable for the
underwater environment, we refer the reader to [2]. Here, we
mainly focus on previous work on CDMA, as this is the most
promising physical layer and multiple access technique for
UW-ASNS.

In [11], two spread-spectrum physical layer techniques,
namely Direct Sequence Spread Spectrum (DSSS) and Fre-
quency Hopping Spread Spectrum (FHSS), are compared for
shallow water communications. While in DSSS data is spread
to minimize the mutual interference, in FHSS simultaneous
communications use different frequency hopping sequences,
thus transmitting on different frequency bands. Interestingly,
[11] shows that in the underwater environment FHSS leads
to a higher bit error rate than DSSS. Another attractive
access technique combines DSSS CDMA with multi-carrier
transmissions [12], which may offer higher spectral efficiency
than its single-carrier counterpart. In this way, high data rate
can be supported by increasing the duration of each sym-
bol, which reduces Inter Symbol Interference (ISI). However,
multi-carrier transmissions may not be suitable for low-end
sensors because of their high complexity. Therefore, we focus
on single-carrier CDMA to keep the complexity of resource-
limited sensor transceivers lower. Unfortunately, the above
papers [11][12] merely consider CDMA from a physical layer
perspective, i.e., they analyze the suitability of different forms
of CDMA-based transmission techniques with respect to the
challenges raised by the underwater channel. Our contribution
is, instead, to develop a dynamic multiple access protocol
for different UW-ASN architectures and traffic scenarios that
efficiently shares the scarce underwater channel bandwidth by
fully leveraging CDMA medium access properties.

In [9], a solution for underwater networks with AUVs is
devised. The scheme is based on organizing the network in
multiple clusters, each composed of adjacent vehicles. Inter-
ference among different clusters is minimized by assigning
orthogonal spreading codes to different clusters. Inside each
cluster, TDMA is used with long band guards to overcome
the effect of propagation delay. Because vehicles in the same
cluster are assumed to be close to one another, the negative
effect of the very high underwater propagation delay is limited.
The proposed solution, however, assumes a clustered network
architecture and proximity among nodes within the same
cluster, while we seek a more general and flexible solution
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suitable for different network sizes and architectures.

In [16], the impact of the large propagation delay on the
throughput of selected classical MAC protocols and their
variants is analyzed, and PCAP, Propagation-delay-tolerant
Collision Avoidance Protocol, is introduced. Its objective is
to fix the time spent on setting up links for data frames,
and to avoid collisions by scheduling the activity of sensors.
Although PCAP offers higher throughput than widely used
conventional protocols for wireless networks, it does not
provide a flexible solution for applications with heterogeneous
requirements.

A distributed CSMA-based energy-efficient MAC protocol
for the underwater environment is proposed in [17]. Its objec-
tive is to save energy based on sleep periods with low duty
cycles. The solution is tied to the assumption that nodes follow
sleep periods and is aimed at efficiently organizing the sleep
schedules. Conversely, we are interested in optimizing the
utilization of the shared medium to maximize throughput and
reduce the energy consumption. Moreover, while our proposed
MAC protocol may be enhanced with a sleep schedule algo-
rithm for dense deployment scenarios and/or very low duty-
cycle monitoring applications, we decided to not incorporate
it in the basic protocol to make it suitable for a variety of
traffic, architecture, and deployment scenarios.

I1. UW-MAC: A CDMA MAC FOR UW-ASNs

A. Reference Architectures for UW-ASNs: Two- vs. Three-
dimensional Architectures with AUVs

A reference architecture for two-dimensional underwater
sensor networks is shown in Fig. 1, where deployed sensor
nodes are anchored to the bottom of the ocean. Underwater
sensors may be organized in a cluster-based architecture, and
be interconnected by means of wireless acoustic links to one
or more underwater gateways (uw-gateways), which are in
charge of relaying data from the ocean bottom network to a
surface station. They are equipped with a long-range vertical
transceiver, which is used to relay data to a surface station, and
with a horizontal transceiver, which is used to communicate
with the sensor nodes to send commands and configuration
data, and to collect monitored data. The surface station is
equipped with an acoustic transceiver, which may be endowed
with multi-user receiver capabilities to handle multiple parallel
communications with the uw-gateways, and with a long-range
radio transmitter and/or satellite transmitter, which is needed
to communicate with an onshore sink and/or to a surface sink.

Conversely, in three-dimensional underwater networks,
winch-based sensor devices are anchored to the bottom of the
ocean, and float at different ocean depths covering the entire
monitored volume region. This architecture is used to detect
and observe phenomena that cannot be adequately observed
by means of ocean bottom sensor nodes, i.e., to perform
cooperative sampling of the 3D ocean environment.

Figure 2 depicts a three-dimensional architecture with
mobile AUVs. AUVs can function without tethers, cables,
or remote control, and therefore they have a multitude of
applications in oceanography, environmental monitoring, and
underwater resource studies. Previous experimental work has
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Fig. 1. Reference architecture for 2D UW-ASNs.

Fig. 2. Reference architecture for 3D UW-ASNs with mobile AUVs.

shown the feasibility of relatively inexpensive AUV sub-
marines equipped with multiple underwater sensors that can
reach any depth in the ocean.

B. Basics: Single- vs. Multi-user CDMA Detectors

UW-MAC is a transmitter-based Direct Sequence CDMA
(DS-CDMA) scheme for UW-ASNs that implements a novel
closed-loop distributed algorithm to jointly set the optimal
transmit power and code length to account for the near-
far effect. UW-MAC may leverage a multi-user detector
on resource-rich devices such as uw-gateways, surface sta-
tions and AUVs, and a single-user detector on low-end
sensor nodes. In DS-CDMA communication systems, the
information-bearing signal is directly multiplied by a spread-
ing code with a larger bandwidth than the data. The receiver
despreads the transmitted spread spectrum signal using a
locally generated code sequence. To perform the despreading
operation, the receiver must know the code sequence used to
spread the signal. Moreover, the received signal and the locally
generated code must be synchronized. This synchronization
must be accomplished at the beginning of the reception and
maintained until the whole signal has been received. In a
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DS-CDMA scheme the major problem encountered is the
Multiuser Access Interference (MAI), which is caused by
simultaneous transmissions from different users. In fact, the
system efficiency is limited by the total amount of inter-
ference and not by the background noise exclusively [18].
Therefore, low cross-correlation between the desired and the
interfering users is important to reduce the MAI. Moreover,
adequate auto-correlation properties are required for reliable
initial synchronization. Unfortunately, cross-correlation and
autocorrelation properties cannot be optimized simultaneously.

Single-user detection (SUD) devices use low-cost conven-
tional Rake receivers [7] to detect one user without regard
to the existence of other users, which are treated as noise.
Although these receivers leverage multipath diversity, there is
no sharing of multi-user information or joint signal processing.
Conversely, multi-user detection (MUD) devices simultane-
ously despread signals from several users. Consequently, the
two problems of channel equalization and signal separation
are jointly solved to increase the signal-to-interference-plus-
noise ratio (SINR) and achieve good performance. MUD
techniques have been studied extensively and a number of
optimal and suboptimal algorithms have been proposed [19].
These techniques, however, usually require channel estimation
and knowledge of all the active user spreading codes, and have
considerable computational cost. While this may be feasible
for the surface station, and in general for resource-rich devices,
it contrasts with the desire to keep low-end sensors simple
and power efficient. For these reasons, MUD techniques may
be suitable for resource-rich devices such as uw-gateways and
surface stations, but not for low-end underwater sensors. Thus,
on low-end underwater sensor nodes, UW-MAC relies on low-
complexity single-user detectors.

C. Protocol Description

Our proposed distributed closed-loop solution aims at set-
ting the optimal combination of transmit power and code
length at the transmitter side relying on local periodic broad-
casts of MAI values from active nodes, as shown in Fig. 3.
Here, node i needs to transmit a data packet to j, without
impairing ongoing communications from h to k and from t to
n. Because the system efficiency is limited by the amount of
total interference, it is crucial for i to optimize its transmission,
in terms of both transmit power and code length, in order to
limit the near-far problem (e.g., node i is closer to n than
t). The power and code self-assignment problem is formally
introduced in Sect. 1V, where a distributed low-complexity yet
optimal solution is proposed.

In UW-MAC, nodes randomly access the channel transmit-
ting a short header called the Extended Header (EH). The EH,
of size Lgy bits, is sent using a common chaotic code cey
known by all devices at the maximum rate (minimum code
length). Sender i transmits to its next hop j, located d;; meters
apart, the short header EH. The EH contains information about
the final destination, i.e., the surface station, the chosen next
hop, i.e., node j, and the subset of parameters* that i will

40ther parameters needed to generate the code at the receiver are known
a priori by all the legitimate nodes of the system so to avoid eavesdropping
by nodes that do not belong to the system.
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Fig. 3. Data and broadcast message transmissions.

use to generate the chaotic spreading code for the actual
data packet, of size Lpata bits, that j will receive from i.
Immediately after the transmission of the EH, i transmits
the data packet on the channel, which is characterized by
a raw chip rate r [cps] and sound velocity § 1500 m/s,
using the optimal transmit power P;; [W] and code length
cij set by the power and code self-assignment algorithm. If
no collision occurs during the reception of the EH, i.e., if i
is the only node transmitting an EH in the neighborhood of
node j, j will be able to 1) synchronize to the signal from i,
2) despread the EH using the common code, and 3) acquire
the carried information. At this point, if the EH is successfully
decoded, receiver j will be able to locally generate the chaotic
code that is used by i to send its data packet, and set its
decoder according to this chaotic code. Once j has correctly
received the data packet from i, it acknowledges it by sending
an ACK packet, of size Lack bits, to j using code Cack.
These ACK packets are needed to ensure high link reliability
and to minimize end-to-end retransmissions, which cause low
throughput and high end-to-end delays in the underwater
environment [20].

Three possible strategies can be followed by j to set cack,
each with its own pros and cons: 1) use the same short
common code cgy used by the EH (collisions can occur
but are unlikely as the ACK transmission time is small), 2)
use c;; (however, this code length was optimized by i for
the transmission to j considering the SNIR at j and not for
the transmission from j to i), and 3) optimize c, using
information of SNIR at i, if available. In Sect. V, results refer
to the first case in which cack = Cen and Pacx = P™MaX|
which is the node maximum transmission power.

In case i does not receive the ACK before a timeout Tout
expires, it will keep transmitting the packet until a maximum
transmission number N/ . is reached. The timeout must
be tuned considering the long propagation and transmission
delays in UW-A channels,

CeH ,

Z(iij 4 CAck

C..
Len + % ‘Lpata + e Lack- (1)

TOUt

Note that if sender i does not have updated information
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about the MAL in j, it increases the code length every time a
timeout expires to improve the probability that the packet is
successfully decoded, i.e.,
T T

c:}"j =min c:}"j Ye2 Cmax (2
where Ni} [1,N.]..] represents the transmission number
(number of timeout expired plus one), while R* sets
the aggressiveness of the mechanism, i.e., the higher  the
more ‘conservative’ the mechanism is. As shown in Sect. V,
this mechanism guarantees stability and decreases transients,
although it temporarily decreases the transmission data rate.
Algorithm 1 reports the pseudo-code executed by sender i.

Algorithm 1 UW-MAC pseudo-code executed by sender i
Execute Power and Code Self-assignment Algorithm
(Cij» Pij» M)

Generate chaotic code c;; and spread the data packet
Send an EH packet to node j using common code Cen
Transmit the data packet (back-to-back after the EH) using
power Pj; and power margin mij2

As a final remark, it is worth noting that UW-MAC does
not rely on handshaking mechanisms such as RTS/CTS. While
handshaking limits to some extent the hidden and exposed
terminal problems®, thus reducing collisions and improving
channel reuse, respectively (positive effect), it decreases the
channel utilization efficiency because of the huge acoustic
propagation delay, which leads to lower net bit rates (negative
effect). Whether the positive or the negative effects would
prevail in this environment actually depends on the network
density and traffic conditions. Our CDMA-based MAC can
decouple the two effects, i.e., it can increase the channel
reuse and decrease the number of collisions while keeping
the channel utilization efficiency high.

1V. POWER AND CODE SELF-ASSIGNMENT PROBLEM

In this section, we formulate the distributed power and
code self-assignment problem, and propose a low-complexity
yet optimal closed-loop solution. An open-loop power control
algorithm (which does not use information via feedback from
the receiver) would rely on the symmetric link assumption,
which does not hold in the underwater environment. For this
reason, our protocol periodically collects information on the
state of the channel from the neighborhood and feeds the
algorithm with the required information, as explained in the
following.

A. Deep Water Channels

We consider a deep water acoustic channel, which is usually
not severely affected by multipath, where the transmission
loss TL;j that a narrow-band acoustic signal centered at
frequency f [kHz] experiences between nodes i and j at
distance d [m] is described by the Urick propagation model

5The hidden terminal problem arises when the channel is sensed free by the
sender although the receiver is already receiving another packet from another
node, while the exposed terminal problem is encountered when the channel
is sensed busy by the sender although the receiver is free to receive.
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[21], TLij = dg + 100 (Mdu*AVIO0 where () [dB/m]
represents the medium absorption coefficient, which describes
the dependency of the transmission loss on the frequency band,
and A [0,5] dB is the so-called transmission anomaly,
which roughly accounts for the degradation of the acoustic
intensity caused by multiple path propagation, refraction,
diffraction, and scattering of sound caused by particulates,
bubbles, and plankton within the water column. Its value is
higher for shallow-water horizontal links (up to 10 dB), which
are more affected by multipath [21]. More details can be found
in [22] and [23].

Each sender i needs to 1) transmit enough power so that
receiver j correctly decode the signal, and 2) avoid impairing
ongoing communications (e.g., h to k and t to n in Fig. 3),
thus accounting for the near-far effect. These guidelines are
mathematically expressed by the following set of constraints,

04 .
NO+I;

T Wij . (BERj),
b ©))
N e (BERW, K K
Sk tk ( k)! i

In (3), N° [W] is the average noise power, Ij and I [W]
are the MAI at nodes j and k  K;j, with K; being the set
of nodes whose ongoing communications may be affected by
node i’s transmit power. Then, wjj and we,k are the bandwidth
spreading factors of the ongoing transmissions from i to j and
from tx to Kk, respectively, where ty is the node transmitting
to k. Furthermore, Pj; [W] represents the power transmitted
by i to j when an ideal channel (without multipath, A = 0
dB) is assumed, i.e., when no power margin is considered to
contrast the signal fading dips. Finally, TL;; and T Lk are
the transmission losses from i to j and from i to k K,
respectively, while Sy [W] is the power of the signal that
receiver k is decoding, and () is a monotonically increasing
function of the bit error rate (BER) representing the MAI
threshold, which depends on the target BER at the receiver
node [8]. We denote the noise and MAI power of a generic
node n as NI, = N9 + I,, and the normalized received
spread signal, i.e., the signal power after despreading, as
Sh=Sn*Wi.n* (BERp).

The first constraint in (3) states that the SINR * at receiver
J needs to be below a certain threshold, i.e., the power
Pj;j transmitted by i needs to be sufficiently high to allow
receiver j to successfully decode the signal, given its current
noise, MAI power level (N I), and desired BER. The second
constraint in (3) states that the SINR * at receivers k  K;
must be below a threshold, i.e., the power Pj; transmitted by
i must not impair the ongoing communications toward nodes
k  Kj, given their normalized received user spread signals
(Sk), and noise and MAI level (N1y). By combining the
constraints in (3), we obtain the following compact expression,

srekEEky P Mink kg Sk NI)TLik . (4)
Consequently, in order to set the transmit power Pj; and
spreading factor w;j, node i needs to leverage information on
the MAI and normalized receiving spread signal of neighbor-
ing nodes. This information is broadcast periodically by active
nodes, as depicted in Fig. 3. In particular, to limit the number
of such broadcasts, a generic node n transmits only significant
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TABLE |
PACKET ERROR RATE AND NUMBER OF TRANSMISSIONS VS. SIGNAL
AND POWER MARGINS

Mmi; m,zj PERij Na-—
0.5 0.25 | 0.8217 | 5.6093
0.75| 0.5625 | 0.6429 | 2.8002
1 1 0.4559 | 1.8380
1.25| 1.5625 | 0.2931 | 1.4147
1.5 2.25 | 0.1708 | 1.2060
1.75 | 3.0625 | 0.0902 | 1.0992
2 4 0.0432 | 1.0452

values of N 1, and Sy, i.e., out of predefined tolerance ranges.

To save energy, node i will select a transmit power Pjj
and a code length c;;j in such a way as to satisfy the set
of constraints in (4) and to minimize the energy per bit
EPj (Pij,Cij) = (Ptx + Pij) -cij/r [J/bit]. Here, P [VV] is
a distance-independent component accounting for the power
needed by the transmitter circuitry, and r [cps] is the constant
underwater chip rate®. Because E?j decreases as transmit
power and code length decrease, where the relation between
the spreading factor Wij and the code length c;j depends on
the family of codes, i.e., wjj = W® (c.J) the optimal solution
is Cij = Cmin and, from (4), P % where
we assumed the spreading factor to be proportional to the
code length, i.e., wij =  *Cjj, and Cmin to be the shortest
chaotic code used. Note that this solution achieves the three
objectives of minimizing the energy per bit EE’J- that i needs
to successfully communicate with j in the minimum possible
time, i.e., minimize the energy consumption while transmitting
at the highest possible data rate, i.e., r/Cmin.

B. Shallow Water Channels

We assume now that the channel is heavily affected by
multipath (saturated condition [4]) as it is often the case in
shallow water [2]. In this environment, when the number of
multiple rays goes to infinity, the signal fading can be modeled
by a Rayleigh r.v. with unit mean, which accounts for a
worst-case scenario. Under this assumption, the transmission
loss between i and j is TL;j* 2 where in shallow water
TLij = dij « 100 (f)'dij+A]/lO, with A [5,10] dB, and
has a unit-mean Rayleigh cumulative distribution D () =
1 exp( 2/4). Let us define the signal transmission margin
for link (i, j) as mjj, where Pj; m,2J W] is the actual transmit
power, while Pj; [W] represents the optimal transmission
power in an ideal channel, as defined in Sect. IV-A, i.e., the
transmit power before applying the margin to face the signal
fading dips. The packet error rate P ER;jj experienced on link
(i, j) when sender i transmits at power P;; m,2J can be defined
as the probability that the received power at node j be smaller
than that required in an ideal channel (where no multipath is

6The chip rate r [cps] is proportional to the available acoustic spectrum B
[Hz] and to the modulation spectrum efficiency g [cps/Hz],i.e.,r = g*B.
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experienced), i.e.,

— Pi;"m3; Pij — —
PERij =Pr Tﬁiij. S leij =Pr mi; = (5)
2
=1 D (mjj)=exp T” .

Hence, the average number of transmissions of a packet
such that receiver j correctly decode it when it is trans-
mitted using S|gnal transmission margin m; is NIJ (mjj) =
[l PER;] ! =D (mj) ! Table I reports packet error
rate and number of transmissions associated with different
signal and power margins. This relation assumes independent
errors among adjacent packets, which holds when the channel
coherence time is shorter than the retransmission timeout, i.e.,
the time before retransmitting an unacknowledged packet. This
assumption holds in most shallow-water environments where
the channel coherence time is usually less than 0.5 s and the
timeout, a