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Comparison and Evaluation of the T-Lohi MAC for
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Abstract This paper introduces T-Lohi, a new class of dis-
tributed and energy-ef cient media-access protocols (MAC) for
underwater acoustic sensor networks (UWSN). MAC design
for UWSN faces signi cant challenges. For example, acoustic
communication suffers from latencies ve orders-of-magnitude
larger than radio communication, so a naive CSMA MAC would
require very long listen time resulting in low throughput and
poor energy ef ciency. In this paper, we rst identify unique
characteristics in underwater networking that may affect all
MACs, such as space-time uncertainty and deafness conditions.
We then develop T-Lohi employing a novel tone-based contention
resolution mechanism that exploits space-time uncertainty and
high latency to detect collisions and count contenders, achieving
good throughput across all offered loads. T-Lohi exploits a
low-power wake-up receiver to signi cantly reduce energy con-
sumption. We evaluate design choices and protocol performance
through extensive simulation. Finally, we compare T-Lohi against
a few canonical MAC protocols. The results show that the energy
cost of packet transmission is within 3 9% of optimal, and that
Lohi achieves good channel utilization, within 30% utilization
of the theoretical maximum. We also show that Lohi is stable
and fair under both low and very high offered loads. Finally, we
compare Lohi with other alternatives, including TDMA, CSMA,
and ALOHA.. Except for TDMA under heavy load, Lohi provides
the best utilization in all cases, and it is always the most energy
ef cient.

Index Terms Computer networks, Underwater acoustic com-
munication, Underwater acoustics, Wireless sensor networks,
Underwater communication, Underwater technology, Access pro-
tocols, Acoustic applications, Protocols.

I. INTRODUCTION

ETWORKS with shared media require access protocols
(MAGCs) to control access of the shared channel. In
underwater sensornets (UWSN), a shared acoustic medium
raises challenges absent from traditional RF wireless [1],
[2]. Acoustic communication magnifies wireless bandwidth
limitations, transmit energy costs, and variations in channel
propagation. Control algorithms of MAC protocols are signif-
icantly changed by acoustic propagation latencies that are five
orders of magnitude greater than radio.
The focus of this paper is to design an energy and
throughput efficient MAC protocol for dense and short range
acoustic sensor networks. While a vast majority of existing
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underwater networking applications demand sparse and long
range deployments, our earlier work motivates a host of
promising sensornet-like applications [1]. Recently several
innovative acoustic modems have been proposed [3], [4],
but MAC protocols have not yet been proposed that exploit
their unique low-power capabilities. We will show that the
challenges of high latency also enable new MAC techniques
and solutions that provide good throughput across varying
application requirements (Section I1-A).

Many underwater applications will require long-term de-
ployment, making energy-efficient design an important goal.
These include static applications such as 4-D seismic sensing
of oilfields [1], gliders and low-energy mobile platforms, or
platforms with parasitic mobility, such as tagging of aquatic-
life [5]. Compared to radio communications, underwater
acoustic networking presents different design trade-offs, since
transmit energy costs are higher [2], idle times are longer, and
battery replacement is harder.

We propose a new class of MAC protocols called Tone Lohi
(“Lohi” means slow in Hawaiian). Besides being energy and
throughput efficient, Tone Lohi (T-Lohi) provides flexible, fair
and stable medium access for acoustic networks. T-Lohi is
designed for general underwater applications (not a specific
application [6]), and conserves energy through a tone-based
contention algorithm with low-power wake-up hardware.

This paper provides three novel contributions. First, we ex-
ploit the space-time uncertainty effect [7] to provide contender
counting, and show how contender counting can improve
fairness and provide throughput stability under high load (Sec-
tion I1-A). Second, we present T-Lohi, a new class of MAC
protocols for underwater acoustic networks that utilizes con-
tender counting and low-power wake-up capability of acoustic
modems (Section I11). Finally, we validate the design decisions
behind T-Lohi flavors (Section V-A) and compare T-Lohi to
several canonical medium access mechanisms (Section V-C).

To understand T-Lohi performance we perform extensive
simulations (Section 1V). Our channel model is quite simple;
ignoring any channel related packet loss and multipath to
focus on protocol performance. Our results are a good prelim-
inary indication of the viability of our MAC and considering
channel effects is a very promising future research area. We
discuss these assumption and their impact on our MAC in
Section IV-F. Our simulations show that T-Lohi is energy
efficient within 3-9% of optimal, and can achieve utilization
within 30% of the theoretical optimal channel capacity. We
also show that our protocols are stable and fair under both
low and very high offered loads (Section 1VV-B1). We deepen
our previous evaluations [8] by considering different lengths of
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Fig. 1.
while C and D can not.

the contention duration in T-Lohi and confirming our selected
values (Section V-A). Moreover, we evaluate design choices
with T-Lohi flavors (Section V-B), and compare T-Lohi with
representative MAC protocols, such as TDMA, CSMA and
ALOHA. Such comparison improves our understanding of
when and where T-Lohi is the best choice for medium access
(Section V-C). Overall, our results are promising and suggest
further evaluation in multi-hop conditions and field tests as
promising future directions.

Il. CHALLENGES AND OPPORTUNITIES

Prior work outlines challenges inherent to underwa-
ter acoustic communications [1], [2]; of these challenges,
the propagation latency (200,000 times longer than radio)
has the greatest impact on networking protocols. Acoustic
modems also have very different energy consumption pat-
terns compared to radios, with transmission often 100 times
more expensive than reception [2]. For example the typi-
cal receive:transmit power ratio of WHOI micro-modem is
1:125 [3], while short-range radios for sensornets generally
provide ratios around 1:1.5 [9]. Several acoustic modems have
a low-power idle mode that draws considerably lower power
than either receive or transmit mode [4], [10], [3]. As we will
show, our design exploits this capability for energy-efficient
medium access.

The simulation results in this paper and our MAC design
assumes the specifications of our SNUSE modem [4], trans-
mitting at 1 kbaud in the 17-19 kHz frequency range with
FSK encoding. This modem has an expected range of 50—
500m with a sub-mW wake-up receiver (power specifications
provided in Table I). We have done in-water tests of data
transmission with this modem, and our implementation of T-
Lohi over this hardware is in progress. Although designed for
this modem, we expect T-Lohi to operate with any modem
providing wake-up capabilities.

These unique characteristics create behavior in acoustic
networks that are not seen in radios. We next describe these
characteristics and how we can exploit them to improve MAC
design.
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Spatial Unfairness: (a) Transmitter and close neighbors have channel cleared earlier. (b) In slotted access, close neighbor A can attempt in slot 3

A. Space-Time Uncertainty

Channel state in short-range RF networks can be estimated
quickly since propagation delay is negligible. The large prop-
agation delay of acoustic media makes it essential to also
consider the locations of a receiver and potential interferers.
Distance between nodes translates into uncertainty of current
global channel status: space-time uncertainty. Although prior
underwater work implies this uncertainty [11], we were the
first to explicitly describe it [7], and here we quantify its
impact on medium access specific issues and exploit it in our
MAC design.

A significant impact of space-time uncertainty is an inherent
bias for medium access that depends on location. We call this
bias spatial unfairness; it is conceptually similar to channel
capture [12], but caused by physical location and propagation
latency rather than backoff estimates. Since a packet’s arrival
time is proportional to distance from transmitter, the channel
becomes clear earlier at nodes closer to the transmitter. In
Figure 1(a) transmitter A and its close neighbor B have a
greater chance to recapture the channel after sending than
nodes C and D that are far away. With slotted media access
spatial unfairness becomes more pronounced. In Figure 1(b),
B’s data ends in slot 2 for nodes A and B, but ends in slot 3
for C and D. Thus, even if the transmitter is prevented from
immediately reacquiring the channel, nodes A and B can swap
the channel back and forth. We handle spatial unfairness in our
protocol design by employing a distributed backoff mechanism
(Section HI-B).

Although latency increases uncertainty, we next show that
it can also be exploited for contender detection (CTD) and
contender counting (CTC). Nodes in our protocol detect con-
tenders by listening to the channel after sending short reser-
vation tones that are analogous to RTS messages. Unlike low-
latency wireless protocols, large propagation delays allows
observation of tones sent concurrently because they may arrive
after their own transmissions complete. Contender detection
depends on relatively short tones and a long listen period.
Nodes can further count the number of contenders, if tones
are short enough (we formalize shortness in Section 11-B),
since tones from different transmitters arrive at different times
due to varying propagation latencies. An example is shown in
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