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Abstract—In this paper, we propose UW-OFDMAC, a dis-
tributed Medium Access Control (MAC) protocol tuned for
UnderWater Acoustic Sensor Networks (UW-ASNs). It is a
transmitter-based Orthogonal Frequency Division Multiple Access
(OFDMA) scheme that integrates an original power and OFDMA
parameters self-assignment algorithm to set the optimal transmit
power, subcarrier spacing and guard interval duration. UW-
OFDMAC aims at achieving two objectives, namely, guarantee
high bandwidth efficiency and low energy consumption. Simu-
lation results show that UW-OFDMAC outperforms the basic
OFDMA protocol tuned for the underwater environment.

Index Terms— Underwater Acoustic Sensor Networks, energy
conservation, Bandwidth Efficiency, OFDMA protocol, collision
free access.

I. INTRODUCTION

Two thirds of the earth surface consist of water. Most of
which remain unexplored. Increasingly research efforts are
devoted to Underwater Acoustic Sensor Networks due to their
important applications for military and commercial purposes.
Broad applications of UNDERWATER sensor networks include
among others: offshore exploration, tsunami warning, and
mine reconnaissance [1]. Acoustic communication is the most
suitable physical layer technology for underwater networks.
Indeed, electromagnetic waves propagate through conductive
salty water only at very short range due to the high attenua-
tion and absorption effect in underwater environment. Optical
waves do not suffer from such high attenuation but are affected
by scattering.

Thus links in underwater networks are usually based on
acoustic wireless communications, which pose unique chal-
lenges due to the harsh underwater environment such as limited
bandwidth [2], high and variable propagation delays [3], high
bit error rates and temporary losses of connectivity caused by
multipath and fading phenomena [4], and asymmetric links.

Conceiving a Medium Access Control (MAC) protocol is a
major challenge for the deployment of UnderWater Acoustic
Sensor Networks (UW-ASNs) [1]. Ideally, an optimal under-
water MAC protocol should provide high network throughput,
and low energy consumption, taking into account the harsh
characteristics of the underwater propagation medium.

We believe that Orthogonal Frequency Division Multiple
Access (OFDMA) is the most promising physical layer and
multiple access technique for UW-ASNs. Recall that, OFDMA
is a special case of multicarrier modulation in which multiple
user symbols are transmitted simultaneously using different
subcarriers with overlapping frequency bands that are mutually
orthogonal. The inner nature of the OFDMA protocol makes
it the most appropriate technology for underwater communi-
cations since 1) it is robust to frequency-selective fading due
to subcarriers’ orthogonality, ii) compensates for the effect of
multipath by inserting guard interval between the OFDMA
symbols, thus eliminating the Inter-Symbol Interference, and

iii) allows simultaneous collision free transmissions between
neighboring nodes. As a result, OFDMA enables the most
efficient use of the scarce acoustic spectrum and reduces packet
retransmissions, which results in decreased energy consump-
tion and increased network throughput.

For these reasons, in this paper we propose UW-OFDMAC,
a transmitter-based OFDMA MAC protocol for UW-ASNs that
integrates an original power and OFDMA parameters self-
assignment algorithm so as to maximize bandwidth efficiency
while minimizing energy consumption. The objective of UW-
OFDMAC is twofold: i) guarantee high bandwidth efficiency
and ii) guarantee low energy consumption. We prove that
UW-OFDMAC manages to simultaneously achieve the two
objectives in shallow water communications, which may be
heavily affected by multipath fading.

We also formulate and resolve the distributed power and
OFDMA parameters self-assignment problem to maximize
bandwidth efficiency while providing collision free access.
UW-OFDMAC uses locally generated OFDMA parameters to
spread transmitted signals on the available bandwidth, which
guarantees high bandwidth efficiency.

To the best of our knowledge, UW-OFDMAC is the first
protocol that leverages OFDMA properties to achieve multiple
access in the bandwidth-limited underwater channel. Previous
works [5] [6] considered OFDMA schemes from a physical
layer perspective. The main features that characterize UW-
OFDMAC are: i) it is fully distributed, since OFDMA optimal
parameters and transmit power are distributively selected by
each transmitter without relying on a centralized entity; and
ii) it guarantees low energy consumption and high bandwidth
efficiency while avoiding interferences.

The remainder of this paper is organized as follows. In
Section II, we discuss the suitability of existing ad hoc and
sensor MAC protocols for the underwater environment. Section
III presents the OFDMA system studied in this paper. In section
1V, we introduce UW-OFDMAC, and in Section V we formu-
late and resolve the distributed power and OFDMA parameters
self-assignment problem. In Section VI, we compare through
simulation UW-OFDMAC with a basic OFDMA scheme tuned
for the underwater environment. Finally, Section VII concludes
this paper.

II. RELATED WORK

There has been intensive research on MAC protocols for
ad hoc [7] and wireless terrestrial sensor networks [8] in the
last decade. However, due to the different nature of the under-
water environment and applications, existing terrestrial MAC
solutions are unsuitable for this environment. In fact, channel
access control in UW-ASNs poses additional challenges due
to the peculiarities of the underwater channel, in particular
limited bandwidth, very high and variable propagation delays,
high bit error rates, temporary losses of connectivity, channel
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asymmetry, and heavy multipath and fading phenomena. For a
thorough discussion on the reasons why several multiple access
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 [1]. Here, we
mainly concentrate on previous work on CDMA and OFDMA,
since they are attracting more and more the attention of the
UW-ASNS research community.

A distributed CDMA-based energy-efficient MAC protocol
for the underwater environment was recently proposed in [9]. It
is a transmitter-based Code Division Multiple Access (CDMA)
scheme called UW-MAC. It integrates a closed-loop distributed
algorithm to optimize the transmit power and code length to
mitigate the near-far problem. UW-MAC aims at guaranteeing
high network throughput with low channel access delay, and
low energy consumption. However, UW-MAC requires that
all nodes have knowledge of all other nodes’ multiple access
interference (MAI) which may be restrictive for energy con-
strained sensor devices. Moreover, in CDMA based systems,
multipath fading is combated leveraging RAKE filters at the
receivers. Rake receivers typically detect a fixed number of
multipath components and coherently combine them. Besides,
the CDMA interference can be mitigated by means of equalizer
which increases the system complexity.

Orthogonal Frequency Division Multiple Access (OFDMA)
is one of the recently proposed methods. It is the pri-
mary choice for future broadband communication networks
(WiMAX and IEEE 802.11n). The main feature of the OFDMA
protocol is its robustness to multipath fading. In OFDMA
system, the number of multi-path components does not limit
the performance of the system as long as all these multi-
paths are within the guard interval duration. Therefore, in
underwater wireless systems where multipath effect is very
common, OFDMA systems are more robust and less complex
than CDMA systems.

A few research activities applied OFDMA to underwater
acoustic applications [5] [6]. Most of these works focus on
the modulation aspect and not on the multiple-access aspect.
In other words, OFDMA has been mostly regarded as a
modulation technology.

Hayajneh. et. al recently proposed an OFDMA based MAC
protocol for underwater acoustic sensor networks [10]. The
main idea of this work is to carefully assign the available
subcarriers among neighboring nodes so that collision is com-
pletely avoided.

However, in our work, we assume that each sensor device
is assigned a subchannel and the OFDMA parameters as
well as the transmission power are determined each time a
new transmission is triggered. In other words, each sensor
can dynamically adapt OFDMA parameters depending on the
receiver location and motion. The main objective of our work
is to guarantee high bandwidth efficiency and low energy
consumption while providing collision free access.

III. OFDMA PARAMETERS

Orthogonal Frequency Division Multiplexing (OFDM) is a
multiplexing technique that subdivides the available bandwidth
into multiple orthogonal frequency sub-carriers. The input data
stream is divided into several parallel sub-streams of reduced
data rate (increased symbol duration) and each sub-stream is
transmitted on a separate orthogonal sub-carrier. In an OFDM
system, resources are available in the time domain by means of
OFDM symbols and in the frequency domain by means of sub-
carriers. The time and frequency resources can be organized

into sub-channels for allocation to individual users. OFDMA
is a multi-user version of OFDM digital modulation scheme.
Multiple access is achieved in OFDMA by assigning subsets of
subcarriers to individual users. This allows simultaneous low
data rate transmission from several users.

A. Sub-Carrier Spacing : Af

In OFDMA, the sub-carrier frequencies should be chosen
so that the sub-carriers are orthogonal to each other, meaning
that cross-talk between the sub-carriers is eliminated or in
other words Inter-Carrier Interference (ICI) is avoided. The
orthogonality requires that the sub-carrier spacing A f is much
larger than the Doppler Shift which is mainly caused by the
sender and receiver motion. In other words, the Doppler shift is
the source of frequency deviation between the transmitter and
the receiver. An OFDMA system can only tolerate a frequency
offset that is much smaller than the carrier spacing. Any
residual frequency offset causes loss of orthogonality between
the carriers, and the resulting intercarrier interference (ICI)
leads to performance degradation.

B. Guard Interval Tg

One key principle of OFDMA is to transmit a number of
low-rate streams in parallel instead of a single high-rate stream.
By doing so, Inter-Symbol Interference caused by multipath
is reduced. Consequently, since the duration of each symbol
is long, it is feasible to insert a guard interval between the
OFDMA symbols, thus eliminating the Inter-Symbol Interfer-
ence (ISI).

By fixing the subcarrier spacing and guard interval du-
ration, the basic unit of physical resource (time and fre-
quency) is fixed. One immediate advantage stemming from
OFDMA parametrization is the flexibility of deployment.
In fact, OFDMA parameters can be adapted according to
the receiver location and motion in order to maximize the
bandwidth efficiency. Indeed, the bandwidth efficiency can be
highly improved with closely located receiver moving with the
same velocity and through the same direction as the sender.
CDMA based systems however, do not provide such a natural
flexibility.

IV. UW-OFDMAC: AN OFDMA MAC FOR UW-ASNS

Our proposed UW-OFDMAC protocol aims at setting the
optimal combination of transmit power, subcarrier spacing and
guard interval duration at the transmitter side so as to minimize
the energy consumption and completely mitigate the ICI and
ISI effects. For this purpose, we assume that each user is ini-
tially assigned a sub-channel (consecutive set of sub-carriers).
Note that, in order to avoid Multi-user Access Interference
the whole set of sub-channels must be mutually exclusive. To
illustrate, assume that M users share the available bandwidth
which is evenly divided into M sub-channels. [,,, represents
the m*" sub-channel assigned to user m. Clearly to avoid that
a given sub-channel is shared by different users, the sets {I,,, }
must be mutually exclusive, ie., I, NI; = @ for m # j.
The sub-channel assigned to each user can be subdivided into
multiple orthogonal frequency sub-carriers. Therefore, with NV
sub-carriers, the total passband bandwidth of user m will be
I, = N-Af(Hz). Note that the total number of sub-carriers
for each user (V) mainly depends on the receiver location and
motion. In other words, each user can dynamically adapt the
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OFDMA parameters (in terms of sub-carrier spacing and guard
interval duration) as well as the transmission power depending
on the receiver location and motion. Consequently, we highly
improve the resulting bandwidth and energy efficiency while
minimizing users’ interference. In fact, nearer receivers need
much less power consumption in order to successfully deliver
the data packets. Moreover, with near receivers, the guard
interval can be highly reduced while avoiding the inter-symbol
interference hence improving the total network throughput.

Adopting such sub-carrier allocation strategy imposes that
the sub-carrier frequency spacing chosen by a given transmitter
should be communicated to the receiver in order to adjust its
window to the transmitter sub-carriers number.

In UW-OFDMAC protocol, a sensor node randomly accesses
the channel transmitting a notification packet (NP), whenever a
new transmission is triggered. The NP of size Ly p symbols, is
sent using common OFDMA parameters known by all devices
(Afe = 7,Tge = d";‘"), where T is the symbol duration,
dmax 18 the maximal inter-node distance and ¢ = 1500m/s is
the sound velocity of the channel. Sender 7 sends to its next
hop j, d;; meters distant, the notification packet NP. The NP
incorporates information about the final destination (i.e., the
surface station), the chosen next hop (i.e., node j), and the
OFDMA parameters (A f”,Tg”) that ¢ w111 use to transmit
the actual data packet of size Lp = (p* +- N f ) symbols. Taking
advantage of the received information, node 7 will be able to
synchronize with the signal from ¢ by adjusting its window to
user ¢ sub-carriers number.

Immediately after the transmission of the NP, ¢ transmits the
data packet on the channel using the optimal transmit power

P, Aff; and T'g?; set by the power and OFDMA parameters
self—a551gnment algorithm.

Once j has correctly received the data packet from ¢, an
ACK packet is immediately sent to acknowledge the successful
reception. Note that, ACK packet of size Ly = (¢ * AI}F)
symbols is sent using Pj;;, Aff and Tgj;. In case i does
not receive the ACK before the explratlon of a timeout 7,,,
it will keep transmitting the data packet until a maximum
transmission number N,,,, 1S reached. The timeout must be
adjusted considering the long propagation and transmission
delays, ie., Tour > p(T + Tgij) + 2 * dij/c + ¢(T + Tgc).
Note that every time a transmission fails, sender ¢ increases the
transmission power to improve the probability that the packet
is successfully received.

V. POWER AND OFDM PARAMETERS SELF-ASSIGNMENT
PROBLEM

We consider a shallow water acoustic channel, which is
severely affected by multipath [1]. In such environment, the
signal fading can be modeled by a Rayleigh model. It is
worth noting that such model (Rayleigh model) accounts for
the worst-case scenario. The corresponding transmission loss
TL;; that an acoustic signal centered at frequency f [Hz]
experiences between nodes 7 and j ; d;;[m] distant, is

TLij = dyj - 10[@(F)-dij+A]/10 52 (D

where « (f) represents the medium absorption coefficient,
A € [5,10] dB is the so-called transmission anomaly, which
accounts for the degradation of the acoustic intensity caused by
multiple path propagation, refraction, diffraction, and scattering
of sound and p has a unit mean Rayleigh cumulative distribu-
tion D, (p) = 1 — exp (—mp*/4). p is a normalized random
variable that represents the power gain of the fading. Since p

is random, the received signal is also random. Hence, correct
reception of a signal can be guaranteed only on a probabilistic
basis. In our work, we require that Pr{P,;; > 7} > ¢; for
reliable reception, where P,;; is the power of the received
signal, 7 is a predefined power threshold, and d; is the required
link reliability.

Given that the transmission power is P;;, the corresponding
received energy FPp.;; is

Pyi;

Pri' =
7 TLij - p?

2

The link-reliability requirement can be expressed as
o < P?"{Prij > 7’}
< Prip < /=715 3)

Py
S 1— eXp(_ 4:7—:5” )

A7 - diy - 1004 +AVI0 Qog (1 — 5)

Py > — 4
™

Recall that the objective of UW-OFDMAC protocol is twofold:
first minimizing energy consumption and second guaranteeing
high bandwidth efficiency. In this work, we aim at minimizing
the energy consumption per symbol (Py;; (T + T'g;;)). To eval-
uate the bandwidth efficiency, let us consider the symbol rate
R;; relative to transmitter ¢ anFl receiver j, It;; = AT T9)
symbol per second, and user ¢ bandwidth is defined as I;. The

resulting bandwidth efficiency is R” = (Afi; (T + Tg”))
Now, in order to comblne ‘both of our ObjeCtIVGS
into a single objective function, we propose to min-

-1
“J (T—i—Tg”) (Af” (T—«—Tg”)) >, where

Ppax and A fc are only normalizing constants. Consequently,
our optimization problem can be stated as follows:

imize

given dwy(sl»T Vij, C,y Prax, T, Iiain
* * *
Find A i Priin T'95;

P
t”(T‘i‘Tgij)—(

S <T+ng-j>)_l>

min
AfijTgij,Prij

Pmax AfC
subject to
)
Tgij > — (6)
c
1 1k Vg

Afi; > max (f’“’]) VE 0 < k< 7

T & ij
_ardiga0l Vi) Gt 470 1050 -5) Py < Prax (g

VE0< k< g

fik = fio + kAfi; )

The first constraint (6) states that the guard interval must be
at least longer than the propagation delay in order to avoid ISI.
The second constraint (7) states that the sub-carrier spacing
should be i) larger than the Doppler shift of the considered
users ¢ and j in order to avoid ICI and ii) larger than % in
order to guarantee orthogonality. The Doppler shift of users ¢
and j depends on v;; denoting the velocity of the transmitter
1 relative to the receiver j in meters per second. Precisely, the
Doppler Shift that an acoustic signal centered at frequency f
[H =] experiences between nodes ¢ and j with relative velocity
v;5 18 ! ' Finally, the third constraint (8) guarantees a reliable
reception of a data packet.
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While our problem formulation may seem a fairly complex
optimization problem, it admits a low complexity optimal
solution. To find it, we rely on a major property of the objective
function, namely f (Afi;,Tgij, Prj) = P“J = (T + Tgi5) —

-1
(Af 2T+ Tgu)> is monotonically and 1ndependently in-

creasing with Af;;,Tg;; and P;;;. Hence, we are interested in
taking the minimum values for A f;;,T¢g;; and P,;; in order to
minimize f (Af;;,T¢;j, Prij;). Regarding the first constraint, it
is clear that the minimum value of Tg;; is d;j . Hence, we get

dij
Tg;; = CJ (10)
According to the second constraint
Afijz@ VE,0 < k < (11
j
Afij(1—/c.ﬁ)zM VE,0 < k < (12)
C C ij

In this case the most rigorous inequality is achieved when
k= Af . In other words, if Af” (1-k- U”) > f”’v” is

satisfied for k =
for all the remammg 7<; s values. Therefore

Afij = %] (fio + 1) (13)
Aff = L% (ot 1) (14)
ij max T> c 10 i
Finally, regarding the third constraint, we have
47 - d;; - 10[fin)-dig+AI/10 01 — §
- : U0 o py as)
™
1ole(fin)-dis+A]/10 < mhij (16)
- AT dij : 10g(1 — 51)
In fresh water, «(fix) = i2k Cresh
(Cfresh = 2.175 x 10713) | hence, we get
TPt
10 - logy (_ 4T<dij.1og(1—§,,)) - A (a7
(fio + kAfi)* - Chresn - dij

Here again, the most rigorous inequality is achieved when k =
hence we get

Af .9

47 - di; - 10[(f1?0+1i)2'Cfre,a‘h'dij""A]/10 -log(1 — &;)

P, =—

s

(18)

VI. PERFORMANCE EVALUATION

In this section, we evaluate the efficiency of our proposed
UW-OFDMAC protocol for 3D shallow water architecture. To
achieve this, we use the classical OFDMA protocol as baseline
to which the UW-OFDMAC improvements can be compared.
By classical OFDMA protocol we mean the basic version
with no dynamic OFDMA parameters (A f, T'g) assignment. In
other words, the OFDMA parameters will be fixed during the
network setup. Note that, since the objective of our protocol is
to provide a collision free access for under-water sensor nodes,
we also tune, for fairness purposes, the basic OFDMA protocol
to guarantee no collision for sending sensors.

We consider 20 sensors initially deployed according to fig.
1, in a 3D shallow water with volume of 100 x 100 x 50m?,

 Surface Station
50 T T T + T

T 7RSS
\El 30 !11 #12 13 H14 iis -
1 1 1 1
20 is ;7 iﬂ +o +10 B
10} + +2 +3 * ¥, i
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40 * * * + + -
—~ 30 + + + + g 1
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0 | I I I I ! I I I
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y(m)

Fig. 1. Underwater sensor nodes deployement.

which may represent a small harbor. The surface station which
represents the final destination for each sent packet is centered
on the surface of the underwater volume. The routing schema
is depicted by the arrows in fig. 1. We model node’s motion
by a sinusoidal speed function with random amplitude varying
between 0-5Sm/s.

We set the maximum transmission power Pp.x to 10W,
the data packet size to 250 Bytes, the ACK and notification
packet size to 10 Bytes, the available acoustic spectrum to
50 kHz, and the transmission anomalies caused by multipath
in shallow water to 5 dB. Moreover, all deployed sensors are
sources, with packet inter-arrival time equal to 20 s. Since the
handled traffic increases with nodes’ depth (Z(m)), the nodes’
sub-channel assignment schema provides increasing spectrum
for each depth level. Accordingly, nodes at the first depth level
(Z = 10m) will be assigned consecutive sub-channels of 1KHz,
nodes at the second depth level (Z = 30m) will have 2KHz
spectrum. Finally, each node in the third and fourth depth levels
will acquire spectrum of 3 and 4 KHz respectively.

Fig. 2 compares the energy consumption per sensor node
for both protocols UW-OFDMAC and basic OFDMA. The
most striking result is that UW-OFDMAC is achieving a
considerable energy savings (up to 96.7% for node 18) com-
pared with the basic OFDMA protocol, which justify the
usefulness of our dynamic OFDMA parameters assignment
scheme. As explained above, the basic OFDMA protocol has
fixed parameters since nodes deployment. Dealing with the
energy consumption (see eq. 18), the distance separating any
two communicating nodes is tuned to the maximal possible
distance between any sensor and its corresponding next hop.
As such, reliable transmission is guaranteed even with the basic
OFDMA protocol for each pair of nodes.

Now, let’s focus on the energy consumption achieved by
the UW-OFDMAC protocol. According to fig. 3, the energy
consumption per node for UW-OFDMAC mainly depends on
the maximal distance between a node and its corresponding
next hop. In our simulations, before each new transmission,
d;; is chosen to be the maximal distance between i and j
in the time domain. Recall that each node in our simulations
has a variable trajectory with time. Consequently, a rigorous
application of our UW-OFDMAC protocol requires OFDMA
parameters computing for each transmitted byte which highly
increases protocol complexity. Instead, we propose using the
maximal possible parameters during a packet transmission. For
instance, to compute the optimal transmission power we need
to know the current distance between a node and its next
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Fig. 2.  Energy Consumption per sensor node.
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Fig. 3. Next hop distance vs. Next hop velocity.

hop. Knowing that the speed period is lower than the packet
transmission time, allows us to choose the maximal distance in
order to ensure collision free access during packet transmission.
To summarize, the basic OFDMA protocol will be tuned to
the maximal possible parameters between any nodes and its
corresponding next hop. However, UW-OFDMAC chooses the
maximal parameters between a given node and its correspond-
ing next hop.

Fig. 4 compares the bandwidth efficiency per node for both
protocols UW-OFDMAC and basic OFDMA. Here again, UW-
OFDMAC clearly outperforms the basic OFDMA. Recall that
the bandwidth efficiency ((Af;; (T+Tgij))_1) depends on
A f;; and T'g;; which in turn depends on nodes relative velocity
and the separating distance respectively. According to fig. 3, the
bandwidth efficiency is inversely proportional to the distance
with a fair modulation by nodes’ relative velocity.

VII. CONCLUSION

Conceiving efficient MAC protocols is a critical issue in
underwater acoustic networks. In this paper, UW-OFDMAC,
a distributed MAC protocol for underwater acoustic sensor
networks, was proposed. It is an OFDMA based scheme that
incorporates a distributed algorithm to set the optimal transmit
power and OFDMA parameters. We have demonstrated that
UW-OFDMAC manages to simultaneously achieve low energy
consumption and high bandwidth efficiency in shallow water
communications, known to be heavily affected by multipath
fading.
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