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ABSTRACT
In this paper, we investigate OFDM based MAC protocols for un-
derwater acoustic networks. Due to the severe multi-path effects
of underwater acoustic channels, the guard time between OFDM
blocks becomes significant, which greatly degrades the system rate.
In addition, the highly dynamic nature of underwater acoustic chan-
nels makes it hard to choose the optimal transmitting power and
modulation mode. Furthermore, the bandwidth of most current
OFDM modems is only around tens of kHz, which is much less
than the available bandwidth in a network with short range com-
munication links. All these challenges make existing OFDM based
MAC protocols for designed terrestrial wireless networks unsuit-
able. In this work, we propose a new MAC protocol called TDM
with FDM over OFDM MAC protocol (TFO-MAC), which smoothly
couples TDM with FDM/OFDM for the uplink traffic in a cellular
like underwater acoustic network. In TFO-MAC, the acoustic chan-
nel is divided into multiple sub-channels in frequency via FDM
technology, and OFDM modulation is used in every sub-channel.
In addition, time is partitioned into slots and every node can use dif-
ferent channels in different slots. Powerful base stations in the net-
work are responsible for the dynamic channel assignment, power
optimization and modulation method selection for all nodes in ev-
ery slot. We formulate the problem as a mixed integer program-
ming problem and propose an efficient greedy algorithm to solve it.
Simulation results show that TFO-MAC can achieve high through-
put with good fairness.
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1. INTRODUCTION

Underwater acoustic networks have received rapidly growing re-
search interests in the last few years since they can bring about
significant benefits in a wide range of aquatic applications [1, 2,
3, 4, 5]. However, because of the unique characteristics of under-
water acoustic channels such as limited available bandwidth, long
propagation delays and extensive time-varying multi-path effects,
and the harsh underwater environments, building autonomous un-
derwater acoustic networks encounters great challenges at almost
every layers of the protocol stack, among which efficient medium
access control (MAC) is one of the most fundamental issues.

Orthogonal frequency division modulation (OFDM) has been ac-
tively studied for underwater acoustic communications [6, 7, 8, 9].
It has been reported that OFDM modems can achieve a data rate
up to tens of kbps, which is much faster than currently available
acoustic modems [7, 9]. Unfortunately, there is little work on MAC
design for OFDM modems in underwater acoustic networks. Most
existing underwater MAC protocols do not consider the character-
istics of underwater OFDM modems, which makes them unable to
take full advantages of the benefits of OFDM.

In this paper, we investigate OFDM based MAC protocols for
underwater acoustic networks. Due to severe multi-path effects of
underwater acoustic channels, guard time between OFDM blocks
is no longer negligible (in [9], it is set to be 25ms in shallow wa-
ter environments.) Since the sender cannot send any data during the
guard time, the system throughput will degrade with the increase of
the guard time. As shown in [8], different transmitting modes (such
as BPSK or QPSK) and transmitting power could greatly affect the
performance of underwater OFDM modems. In addition, because
of hardware constraints, bandwidth of most recent OFDM modems
is around tens of kHz [9, 10, 7], which is much less than the avail-
able bandwidth in a normal network setting (the available band-
width of underwater acoustic channels is much larger than 10kHz
if the transmission distance is less than 5km [11].) All these char-
acteristics make the efficient MAC design for underwater OFDM
modems very challenging.

As a starting point, we consider a cellular like underwater net-
work in this paper. Since the dominant traffic in such a network is
usually uplink traffic from normal network nodes to the base sta-
tion, in this paper, we only investigate medium access control for
the uplink traffic. To improve the system performance, we consider
a new yet practical FDM/OFDM MAC approach, where the avail-
able bandwidth is divided into multiple sub-bands (each referred to
as channel in this paper) through FDM techniques. OFDM is used
in every sub-band for data transmission. Such an approach can not
only make full use of the available bandwidth, but also simplify the
design and reduce the cost of the OFDM transceiver since it does
not need to cover the whole available bandwidth. One challenging
problem for the MAC design in such a network setting is how to



dynamically assign a channel to a node and how to adjust its trans-
mitting mode and transmitting power. In this paper, we propose a
new MAC protocol, called TDM with FDM over OFDM MAC pro-
tocol (TFO-MAC for short), which smoothly couples TDM with
FDM/OFDM for a one-hop cellular-like underwater acoustic net-
work. In TFO-MAC, we jointly optimize the channel assignment,
transmitting mode and transmitting power. In order to suppress the
adverse effects of long guard time of the OFDM modem, nodes in
the network will dynamically switch to different channels. We for-
mulate the problem as a mixed integer programming problem and
propose an efficient greedy algorithm to solve it. Simulation results
show that TFO-MAC can greatly improve the system performance.

The rest of this paper is organized as follows. In Section 2, we
describe the network model. We then discuss the challenges of
OFDM MAC design in Section 3. We present the TFO-MAC pro-
tocol in Section 4 and simulation results follow in Section 5. Fi-
nally, we review some related work in Section 6, and conclude the
paper in Section 7.

2. NETWORK MODEL

We consider a cellular like underwater network as follows.

• As shown in Fig. 1, the network is a one-hop cellular like net-
work. In each “cell”, there is one powerful base station and
all other normal nodes send data to and receive data from
this base station. In addition, the base station is also respon-
sible for channel assignment for the normal nodes. Further,
we assume that there is no direct communication among the
normal nodes. As a starting point, in this paper, we only con-
sider the medium access control for the uplink traffic from
the network nodes to the base station within one cell. This
is a reasonable assumption since many underwater acoustic
networks are used for data collection, which make the uplink
traffic dominant in the network1.

• The overall system bandwidth is divided into multiple sub-
bands (referred to as channel) in frequency. In every channel,
OFDM techniques are used for communications. As shown
in [11, 9], for short-range applications, acoustic tranducers
operating around 100 kHz are possible, which means that
several tens of kHz (e.g., from 70 to 130 kHz, or more) may
be available for the whole system. Channels on different fre-
quency bands have different characteristics, such as channel
attenuation, which have been considered in our protocol de-
sign and simulations.

• On each normal node of the network, there is only one OFDM
transceiver which can dynamically switch to different chan-
nels. For the base station, it has multiple OFDM transceivers
(or a powerful single wideband transceiver), which can cover
the overall system bandwidth. An OFDM modem can dy-
namically switch to different modulation modes and adjust
its transmitting power [9, 8].

• Every normal node is synchronized with the base station us-
ing a synchronization protocol for long delay underwater acous-
tic networks [12]. Based on the measured propagation delay,
a node will try to make its uplink packets arrive at the base
station without collisions.

3. CHALLENGES
1For multi-cell networks, inter-cell interference can be suppressed
by allocating different frequency bands to different cells. How to
allocate frequency bands to neighboring cells is an interesting prob-
lem and here we leave it as our future work.
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Figure 1: Network model

3.1 Heterogeneous Long Multi-path Delay Spread
Underwater acoustic channels exhibit severe multi-path delay

spread, which greatly affects the performance of OFDM modem.
To eliminate inter-block interference, the guard time between OFDM
blocks should be larger than the delay spread. For example, in [9],
the inter-block guard time is set to be 25 ms, which means that af-
ter one block transmission, the sender has to wait for at least 25
ms to transmit the next block. Although such an inter-block wait is
necessary for the correct decoding of OFDM block, it degrades the
system throughput and fairness. Since the delay spread is closely
related to the nodes’ locations, nodes at different locations might
experience significantly different delay spread, which will make
the throughput for different nodes quite different. In the following,
we use an example to show how dynamic channel assignment can
overcome this problem and help to enhance the system throughput.

We consider a simple single cell network with two nodes and one
base station. The whole system works on two channels: channel 1
and channel 2, each with a data rate of R bps. We assume that
both node 1 and node 2 ask for a service with a data rate 0.8R and
the multi-path delays for node 1 and node 2 are 0.3T and 0.1T ,
respectively, where T is the slot length (in this system, time is di-
vided into slots with equal length). With fixed channel assignment,
as shown in Fig. 2(a), the maximal data rate of node 1 can get is
0.7R since only70% time are used for data transmission, which
is lower than the required data rate. While node 2 can get a data
rate of about 0.9R, which is higher than the required data rate. In
this way, with underwater OFDM, channels with the same capacity
provide different data rates for different nodes.

Compared with fixed channel assignment, dynamic channel as-
signment can potentially achieve better performance in the under-
water OFDM system. As we can see from Fig. 2(b), if we assign
channels dynamically and make node 1 and node 2 use channel 1
and 2 alternatively, the effect of the channel delay spread can be
balanced among them (in Fig. 2(b), node 1 can transmit 0.9T in
slot 2, instead of 0.7T ). In this way, both node 1 and node 2 can
satisfy their rate requirements.

Although the multi-path delay spread of node 1 is high which
makes its bandwidth requirements impossible to be satisfied by the
fixed channel assignment, dynamic channel assignment can surely
alleviate the impacts brought by the multi-path delay spread with-
out any loss on the total throughput. However, as we can see from
the above example, because of the long delay spread in underwater
acoustic networks, the channel assignments in neighboring slots are
not totally independent. When a node selects a channel for a slot,
it has to take the channel usage of its neighboring slots as well as
the delay spread into consideration, which makes the problem very
difficult to solve.

3.2 Highly Dynamic Underwater Acoustic Chan-
nels
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(a) Fixed channel assignment
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(b) Dynamic channel assignment

Figure 2: An example of channel assignment

Table 1: Transmitting mode parameters
Modulation code rate (LDPC) αn gn γpn

BPSK 1/2 -0.5209 -0.7869 -2.0103
QPSK 1/2 -0.0365 -0.9035 1.2000
8QAM 1/2 -0.0013 -1.0209 4.7609
16QAM 1/2 -0.0002 -0.9944 6.6103
64QAM 1/2 -1.9e-6 -0.9860 10.7712

Underwater acoustic channels are affected by many factors, such
as water currents and node speeds, which cause high dynamics. A
channel once good may not be good now. In the multi-channel net-
work scenario, a node should be able to choose the best channel ac-
cording to its current channel conditions. In addition, most current
underwater OFDM modems can dynamically switch their transmit-
ting modes and adjust their transmitting power, which will greatly
impact the system performance [8]. Using a similar curve fitting
technique as in [13], the average block error rate of underwater
OFDM in Rayleigh fading environments can be approximated as

log10 PER(γ) =

{
0, γ < γpn

αne
−gnγ , γ ≥ γpn

(1)

where γ is the average signal to interference plus noise ratio (SINR)
at the receiver side; γpn, gn and αn are the parameters which are
determined by the transmitting mode. The accuracy of Eq. (1) can
be seen in Fig. 3 and the parameters of fitted curves can be found
in Table 1.

Fig. 3 clearly shows us that the average block error rates of un-
derwater OFDM modems are closely related to both transmitting
mode and SINR. Therefore, we should jointly consider them in or-
der to optimize the system performance. Since modulation mode
can only take discrete values, such an optimization problem be-
longs to the integer programming problem and is often hard to
solve efficiently. In addition, the optimal transmitting mode and
transmitting power of a node is closely related to its current chan-
nel condition. Since a node can dynamically switch to different
channels, the optimization of transmitting mode and transmitting
power should be considered together with the channel assignment,
which further complicates the problem.

4. DESCRIPTION OF TFO-MAC PROTOCOL
In this section, we describe our MAC protocol, TFO-MAC. In

TFO-MAC, time is divided into slots and one OFDM block is trans-
mitted in a slot. The base station is responsible for channel assign-
ment for every slot. We integrate the modulation and power opti-
mization into the channel assignment and formulate it as a mixed
integer programming problem to maximize the system throughput.
An efficient greedy algorithm is proposed to solve it.
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Figure 3: Accuracy of Eq. (1) for average block error rate estimation
(Triangles denote exact simulated block error rate, and solid lines are
fitting curves)

4.1 Protocol Description
TFO-MAC consists of two stages: initial stage and data transfer

stage. Next, we describe each stage in detail.

4.1.1 Initial stage
In TFO-MAC, slots are grouped into super frame. In each super

frame, we assume that channels are relatively stable. The structure
of a super frame is illustrated in Fig. 4. At the beginning of each
super frame, the base station first sends out a Channel Measure-
ment (CM) packet sequentially on every available channel. Each
node follows the sequence of these CM messages and measures the
channel quality from the base station to itself on each channel. Af-
ter that, a node with data to send will randomly select a channel
and send out a Channel Request (CR) message which includes its
minimal required data rate and its channel measurement results to
the base station. Then, the node will switch to a well known con-
trol channel to receive the channel assignment packet from the base
station2.

For the base station, after it collects all the information about

2Since nodes send out their channel request packets in an Aloha
manner, collisions might happen among these packets on the base
station. Therefore, the base station might not know that certain
nodes have data to send, and will not assign any channels to these
nodes. This means that these node can send no data in this super
frame, but they contend for the channel assignment in the next su-
per frame.
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Figure 4: Structure of a super frame

Table 2: Summary of notations
Notations Meanings

N number of nodes in the network
C number of available channels
S number of data slots in a superframe
M number of transmitting mode
Rm

ij data rate of node i on channel j in mode m
Rij successful data rate of node i on channel j
Pij transmitting power of node i on channel j
Rreqi minimal required data rate of node i
Ri successful data rate of node i
Ts data slot length
τi multi-path delay spread of node i
δsij indicator of whether node i uses channel j in slot s
∆m

ij indicator of whether node i uses mode m in channel j
Aij attenuation of node i to base station on channel j
Pmax maximal average transmitting power for every node

the data rate requirements and the channel status, it will run an
algorithm to determine the channel, the transmission mode as well
as the power level for every node (the algorithm will be presented
and discussed in Section 4.3). Then, the base station sends out a
Control Inform (CI) packet on the control channel to inform the
nodes its decisions.

4.1.2 Data transfer stage
After a node gets a CI packet from the base station, it will

transmit data on its assigned channel with the specified transmit-
ting mode and transmitting power in the slots of the super frame.
Because of the delay spread, it is possible that even if a channel
has been assigned to a node in a slot, this node still cannot occupy
the assigned channel for the whole slot. For example, as shown in
Fig. 2(b), although channel 1 has been assigned to node 2 in slot 2,
at the beginning of slot 2, node 2 has to wait for some time, which
is calculated as described in the next section, to avoid collisions
from node 1 at the basic station in slot 2.

4.2 Joint Optimization of Channel Assignment,
Transmitting Mode and Transmitting Power

In order to optimize the system performance, we need to jointly
consider the channel assignment, the modulation mode and the
transmitting power. All major notations are summarized in Table 2.

First, let us define the indicator function δsij for a node i on chan-
nel j in slot s as follows,

δsij =

{
1, if node i use channel j in slot s
0, otherwise

(2)

. From the definition of δsij , we can easily get∑
j

δsij ≤ 1, (3)

which indicates that in slot s, node i can only occupy at most one

channel. We can also get ∑
i

δsij ≤ 1, (4)

which indicates that in slot s, channel j can only be used by at most
one node for collision avoidance.

As mentioned in Section 4.1.2, because of the multi-path delay
spread effect, a node can only use part of a slot for data transmis-
sion. let T denote the length of a data slot and τi indicates the delay
spread of node i. Then if node i transmit on channel j in slot s, the
time that node i can occupy channel j in slot s at most

T s
ij = T −

∑
i

δs−1
ij τi, (5)

Let Rm
ij denote the data rate of node i on channel j in mode m, and

we define ∆m
ij as follows,

∆m
ij =

{
1, if node i use mode m for channel j
0, otherwise.

(6)

The successful data rate of node i on channel j then can be calcu-
lated as

Rij =
∑
m

Rm
ij (1− PERm(γij))∆

m
ij , (7)

where γij is the signal noise ratio of node i on channel j. And
PERm(γij) is the block error rate of node i on channel j in mode
m, which can be easily calculated from Eq. (1). The average data
rate Ri of node i in a super frame then can be derived as

Ri =

∑
s

∑
j δ

s
ijRijT

s
ij

ST

=

∑
s

∑
j δ

s
ijRij(T −

∑
i δ

s−1
ij τi)

Ts
. (8)

Based on the above, we can formulate the optimization problem to
maximize the overall system throughput as follows,

maximize η =
∑
i

Ri

s.t. Ri =

∑
s

∑
j δ

s
ijRij(T −

∑
i δij

s−1τi)

Ts
,

Ri ≥ Rreqi ,
∑
i

δkij ≤ 1,∑
j

δkij ≤ 1,
∑
m

∆m
ij = 1,

Rij =
∑
m

Rm
ij (1− PERm(γij))∆

m
ij ,

log10 PER(γij) =

{
0, γij < γpn,

αne
−gnγij , γij ≥ γpn,

,

γij =
Pij

AijN0
,

0 ≤
∑

s

∑
i

∑
j P

s
ijδ

s
ij(T −

∑
i τiδ

s−1
ij )

Ts
≤ Pmax,

(9)

where Pmax is the average maximal transmitting power for every
node, N0 is the effective noise that contains both the ambient noise
and the residual inter-carrier interference due to doppler effects at
the base station. The variables to be optimized are δkij , ∆m

ij and
Pij . Since δkij and ∆m

ij can only take discrete value 0 and 1, Eq. (9)
belongs to the mixed integer programming problem, which cannot
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Figure 5: Flow chart of the greedy algorithm

be solved efficiently. Next, we will present an efficient greedy al-
gorithm to solve it.

4.3 Greedy Algorithm
The proposed greedy algorithm is an iterative algorithm which

consists of two steps. In the first step, we initialize the transmit-
ting mode and the transmitting power of every node on every chan-
nel. After which, we optimize the channel assignment in every slot,
based on the results from step 1, we optimize the transmitting mode
and transmitting power. Fig. 5 illustrates the overall flowchart of
the algorithm. In the following, we discuss the channel assignment
and power and transmitting mode selection in detail.

4.3.1 Channel assignment
In this step, we fix the transmitting mode and transmitting power

for every node and try to assign channels to every node optimally in
every slot. The basic idea of our channel assignment is to greedily
extend the results of a smaller network to a larger network while
keep all constraints satisfied.

When there is only one node in the network, the channel assign-
ment problem is trivial and can be solved easily. If we get the
solution for the network with n − 1 nodes (from node 1 to node
n − 1), we can greedily obtain the solution for the network with
n nodes (from node 1 to node n) in two steps. In the first step,
we try to maximize the system throughput without considering the
constraints on the newly added n-th node. In the second step, we
make as few changes as possible to the results from the first step
to satisfy the constraints on the n-th node. In the following, we
describe this procedure in detail.

1. At the beginning, the n-th node is not assigned any channels
in any slot. Set the free node Fnode = n.

2. For each slot s, all channels are sorted according to the incre-
ment on the overall data rate by using that channel for data
transmission for the free node. This increment for channel j
can be denoted as

RFnodej(T −
∑
i

τiδ
s−1
ij )−

∑
i

Rijδ
s
ij(T −

∑
k

τkδ
s−1
ij )

(10)

3. For the sorted channels, we check them in order to see if in
this slot, the channel j is switched to be used by node n, the
constraints on all other nodes ,except for the constraints for
the free node, are satisfied or not. If it is and the increment

is larger than 0, we set the free node to use channel j in this
slot and go to (4). If the maximal legal increment is smaller
than 0, we proceed to the next slot.

4. Node i which used the channel in the slot s in the solution
for the network with n − 1 nodes now becomes a new free
node in this slot. Then, we return to (2).

In the first step, we try to maximize the overall system through-
put without considerations on the constraints on the new node n.
However, since different nodes have different minimal traffic re-
quirements and different network parameters, maximizing the over-
all system throughput cannot guarantee that the minimal through-
put requirements for new node n is satisfied. Then in the next, we
will check whether the constraints on the new node n are satisfied
or not. If not, we will try to make as few as possible changes to the
results from step 1 to make all constraints satisfied.

1. Check whether the constraint on the new node n is satisfied.
If it is, go to the next step to optimize power and transmitting
mode optimization.

2. For every slot, sort all channels according to the increment on
the data rate by the new node n. For channel j, the parameter
can be denoted as

Rnj(T −
∑
i

τiδ
s−1
ij )−

∑
i

Rijδ
s
ij(T −

∑
k

τkδ
s−1
ij ) (11)

3. For all sorted channel j, check in order to see if we switch
node n to channel j and the node i which is on channel j to
node n’s original channel, the constraints on all other nodes
except for node n are satisfied or not. If it is, switch channels
for node n and node i. After an update, check whether the
constraints on node n are satisfied or not. If it is, go to the
next step to optimize power and mode. If it is not, go to the
next slot.

4.3.2 Power and transmitting mode selection
Based on the results from the channel assignment, we try to max-

imize the transmitting power and transmitting mode in this step.
With mode fixed, Eq. (9) is only related to the transmitting power.
By constraining the transmitting power of every node to make sure
the receiving SNR larger than γpn, Eq. (9) can be easily proved to
be a continuous convex programming problem and can be efficient
solved with the interior point methods [14].

Based on the optimal transmitting power, we calculate the SINR
of every node on every channel as Pij

AijN0
. Then, we compare

the calculated SINR with predefined thresholds(γ1
th, γ

2
th, ..., γ

M
th )

which are threshold for different transmitting modes. If it lies be-
tween γm

th and γm+1
th , we select m as the new transmitting mode

for node i on channel j.

5. PERFORMANCE EVALUATION

5.1 Simulation Settings
We use simulations to evaluate the performance of the proposed

algorithm. In the simulations, we consider a one-hop cellular like
network where there are multiple normal network nodes and one
powerful base station. Unless specified otherwise, the following
parameters are used in our simulations. The distances between the
network nodes and the base station are uniformly distributed be-
tween 1 km and 3 km. The propagation speed of the acoustic signal
is 1500 m/s. Thus the propagation delays from the normal network
nodes to the base station are uniformly distributed in [ 2

3
s, 2 s].

The multi-path delay spreads of every node is set between 10 ms



and 50 ms. The bandwidth of each channel is 5 kHz. The system
frequency band is from 70 kHz to 130 kHz. We adopt the channel
model in [11], where channels at different frequency bands have
different characteristics. Each superframe consists of 20 slots with
each of 100 ms. The minimal traffic requirement of every node
follows a uniform distribution in 1 kbps to 7.5 kbps

We use MATLAB as our simulation tool. We compare our pro-
tocol with a random optimized channel allocation scheme. In the
random protocol, in every slot, a node will randomly select a chan-
nel from the available free channel set. After the channel is set,
optimal mode selection and power control are conducted to maxi-
mize the system throughput. Two metrics are used to evaluate the
performance of our protocol: (i) overall network throughput, which
is the successfully transmitted bytes per second, (ii) the number of
dropped nodes whose traffic requirements cannot be satisfied by the
network and thus are not allocated any channel.

5.2 Results and Analysis

5.2.1 Basic performance with network scaling up
In this set of simulations, the number of channels in the network

is set to 10, and the number of network nodes changes from 10 to
100.

Fig. 6(a) shows the effective network throughput with the in-
crease of the number of the nodes in the network . When the num-
ber of nodes is small, our algorithm is slightly better than the ran-
domized algorithm because the network is under utilized. As a
result, even the random algorithm can easily find free channels to
all nodes. However, as the number of nodes increases, the network
gets gradually saturated and the throughput given by our algorithm
is much higher than the randomized one. Although Fig. 6(a) shows
that the throughput of our algorithm increase with the network size,
this trend slow down due to the physical constraints of the net-
work. As the number of nodes reaches some threshold (about 70
in Fig. 6(a)), network throughput stabilizes around some particular
values.

From Fig. 6(b), we can see that the number of dropped nodes of
our protocol is much less than the random optimized protocol. This
is reasonable since our protocol explicitly takes into account the
minimal traffic requirement of every node and tries to satisfy it by
changing the channel assignment, modulation mode and transmit-
ting power. For example, when the number of nodes is 60, nearly
no node is dropped for our protocol while the number of dropped
nodes is about 50 for the randomized algorithm. This figure clearly
shows that our protocol distributes the system bandwidth more ef-
ficiently than the randomized one.

5.2.2 Effects of number of channels
In this set of simulations, the number of nodes in the network is

fixed to be 160. We change the number of FDM channels from 3 to
15.

Fig. 7(a) clearly shows us that with the increase of the number
of channels in the network, the system overall throughput increases
monotonically. This is reasonable since the more the channels in
the network, the higher the system capacity, which contributes to
the increase of system throughput. Our protocol can achieve higher
throughput than the random optimized protocol and its advantage
is more apparent when the number of channels is high. This can
be explained as follows, with the increase of the number of chan-
nels, the probability that a node will choose its best channel in the
random optimized protocol becomes smaller, which will widen the
performance gap between our protocol and the random protocol.
As can be seen from Fig. 7(b), the number of dropped nodes de-
creases with the increase of the number of channels for both proto-
cols. In all cases, the number of dropped nodes in our protocol is
much less than that for random optimized protocol, which further
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Figure 6: Performance with varying number of nodes

proves its effectiveness and efficiency.

5.2.3 Effects of traffic requirements
In this set of simulations, the number of nodes in the network is

80 and the number of channels is 10. The maximum traffic require-
ment of every node changes from 2 kbps to 10 kbps.

As shown in Fig. 8, the randomized protocol drops a large num-
ber of nodes, whose traffic requirements cannot be satisfied. That
number falls in the range from 60 to 70. In contrast, our algo-
rithm utilizes network resource very efficiently. When the maximal
traffic requirement is 2 kbps, no nodes are dropped, and when it
climbs to 10 kbps, only about 30 nodes are dropped. In the mean-
time, throughput of our algorithm is much higher than that of the
randomized algorithm. This is because our protocol maximizes the
bandwidth usage and satisfy the traffic requirements of different
nodes, which makes our protocol very flexible and efficient.

6. RELATED WORK
In this section, we first briefly review some related work on

OFDM MAC protocols for terrestrial wireless networks. Then, we
discuss some research on MAC protocols for underwater acoustic
networks and point out their differences from our work.

OFDM based MAC protocols have long been investigated for
terrestrial radio wireless networks. In [15], a random based OFDM
MAC protocol has been proposed, where upon collision, a fast re-
trial happens randomly in both time and OFDM frequency domain.
A time division based OFDM MAC protocol with sub-carrier al-
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Figure 7: Performance with number of channels

location appears in [16]. In this protocol, rate allocation is opti-
mized in OFDM sub carriers so that maximum bits are transmitted
in each OFDM symbol under a frequency selective fading environ-
ment. In [17], the authors proposed a new OFDMA-based multi-
channel CSMA/CA protocol, which enables the nodes to contend
with each other for channel access both in time and frequency do-
mains through a two-dimensional backoff scheme. It segments the
channel bandwidth into multiple narrow-band random access chan-
nels and adjusts the transmission probability according to the multi-
channel activity in a flexible manner. However, these works neither
consider the effects of the significant guard time in long-delay un-
derwater networks nor explore the FDM/OFDM scheme, which is
quite practical and efficient in the wide-band underwater acoustic
communications.

Efficient MAC protocols for underwater acoustic networks have
received significant research attention. In [18], to improve system
performance, the authors minimize the duration of a hand-shaking
process by taking advantages of receiver’s tolerance to interference
when two nodes are closer than the maximal transmission range.
In [19], time is divided into slots with length of the maximal prop-
agation delay. Transmissions are initiated at the beginning of slots.
With strict synchronization, this scheme can greatly reduce the col-
lision probability and is energy efficient. In [20], the authors pro-
pose that before data transmission, propagation delay measurement
and channel reservation are made in advance to reduce the packet
collision probability. In [21], the authors focus on the energy effi-
ciency of the MAC protocol, data transmission is efficiently sched-
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uled despite of the long propagation delay of acoustic channels in
their proposed protocol.

Multi-channel schemes for underwater acoustic sensor networks
have also aroused significant research interest recently. In [22], a
hierarchical multi-channel MAC protocol is proposed for clustered
underwater networks where TDMA is used for the intra-cluster
communication and CDMA is used for the inter-cluster commu-
nication. In [23], the authors utilize CDMA as the underlying mul-
tiple access technique. A RTS/CTS handshaking scheme is em-
ployed for every channel before actual data transmission. In this
scheme, CDMA spreading codes are distributed before hand by
some predefined algorithms and every node is assumed to get a
unique spreading code among its one-hop neighbors. Triple hidden
terminal problems are founded in [24] and the authors propose a
new MAC protocol which use a new cooperative collision detec-
tion mechanism.

Different from all these existing studies, our work investigates
an OFDM-based MAC protocols for underwater acoustic networks.
Our protocol is based on FDM/OFDM, which is practical and ef-
ficient for current underwater OFDM modems. Our protocol con-
siders the challenges, such as the long multi-path delay-spread and
the highly dynamic channel condition, which are special to under-
water acoustic networks. Our new protocol performs a combined
optimization of channel assignment, transmitting power and mod-
ulation method, which can significantly improve the system perfor-
mance.



7. CONCLUSIONS AND FUTURE WORK
In this paper, we propose a new OFDM based MAC protocol,

TFO-MAC, for the uplink transmissions of a one-hop underwa-
ter acoustic network. Our protocol smoothly couples OFDM with
FDM and TDM, which is practical and efficient for underwater
OFDM modems. In TFO-MAC, we tackle the challenges, such
as long multi-path delay spread and high channel dynamics, which
are unique in underwater acoustic networks. We formulate a mixed
integer programming problem to optimize the channel assignment,
modulation mode and transmitting power on every node. An effi-
cient greedy algorithm is proposed to solve the optimization prob-
lem. Simulation results show that TFO-MAC is highly efficient in
terms of both throughput and fairness.

Future Work. We would like to pursue our work in the fol-
lowing directions: (i) investigate efficient synchronization proto-
cols which can take advantage of the OFDM modulation techniques
and the cellular like network architecture; (ii) dynamic optimal fre-
quency assignment for multi-cell networks; and (iii) implement and
test TFO-MAC on UCONN Aqua-fModem [25].
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