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Experimental evaluation of Net-LBL: an acoustic network-based
navigation system

Jan Śliwka1, Roberto Petroccia1, Andrea Munafò2 and Vladimir Djapic3

Abstract— This paper describes the use and in-field evalua-
tion of a Networked-Long Base Line system (Net-LBL) where
a network of underwater nodes cooperate to support the local-
isation and navigation of mobile vehicles. To avoid the use of
dedicated transponders, as for traditional long baseline systems,
each node of the network makes use of its underwater acoustic
modem to transmit both data and positioning information.
The use of the proposed Net-LBL systems has been validated
and evaluated during two at-sea campaigns. More specifically,
this paper investigates how the use of different communication
schemes to reserve the shared underwater channel (i.e. Time
Division Multiple Access (TDMA) and Carrier Sensing Multiple
Access (CSMA)) impact on the acquisition of range measure-
ments and on the localisation results. The collected results show
that CSMA, being more flexible and responsive, can obtain a
reduction of the impact on the localisation error by 30% on
average and up to 90% with respect to TDMA.

I. INTRODUCTION

Navigation is essential to accomplish most unmanned
robotic missions. On the surface, the problem of navigation
is solved using GPS, a globally available positioning system.
However, the rapid attenuation of radio-frequency signals
makes underwater mobile robots unable to rely on GPS
to localise and navigate during underwater missions. There
are two commonly used approaches to solve this problem.
One approach makes use of dedicated acoustic messages
to provide global position to underwater nodes. For this
purpose, various strategies are used such as Long Base
Line (LBL), Short Base Line (SBL) or Ultra Short Base-
line (USBL) [1]. Traditional LBL systems [2] require the
deployment of dedicated transponders to obtain positioning,
thus incurring additional costs, deployment steps, calibration
and mounting efforts. Furthermore, since the transponders
have to be deployed in fixed positions, moored or mounted
on the sea-floor, the area of operation cannot be extended
without adding more transponders. SBL and USBL systems
do not require a priori the presence of an infrastructure but
due to their shorter base line, they tend to be less accurate
with respect to the LBL.

The second approach for typical Autonomous Underwater
Vehicle (AUV) missions is to use dead-reckoning in support
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to navigation. Dead reckoning is usually achieved using a
proprioceptive sensor suite consisting of a Doppler Velocity
Log (DVL), when the vehicle is close to the bottom, and an
Inertial Navigation System (INS). However, regardless of the
quality of the sensors used, the error in the position estimate
based on dead-reckoning grows without bound and it requires
periodic surfacing to get GPS fixes.

This can be an unacceptable constraint in scenarios where
stealth or continuous sensing are required. Additionally, the
time to do the required task is reduced relatively to the total
mission time. This leads to having less results or a longer
mission causing higher energy consumption and delayed
results.

In many operational scenarios, however, AUVs are part
of a larger system, namely a network of sensing nodes,
and hence they have the possibility to cooperate to enhance
their localisation and navigation capabilities. This networked
system can be used to support the operations of cheaper
vehicles that cannot rely on expensive navigation systems.
Also, it can be used in case of more capable vehicles,
extending their operational usage to scenarios where tra-
ditional LBL and dead-reckoning systems cannot properly
work (e.g. when the DVL bottom tracking is not possible).
In this paper we describe the use and in-field evaluation of
a Networked-LBL system (Net-LBL) where all the nodes of
the underwater network cooperate to support the localisation
and navigation of mobile vehicles [3]. Instead of deploying
dedicated transponders, as for traditional LBL systems, each
node of the network can serve as an acoustic beacon for
the others, making use of its underwater acoustic modem
to transmit both data (e.g. sensor measurements, node status
report, mission tasks, commands) and positioning informa-
tion. While the use of a cooperative approach to provide
range measurements to the mobile robot(s) is not novel in
itself, and it has been considered for instance in [4]–[10],
this work studies the impact that different Medium Access
Control (MAC) protocols have on the quality of the ranging
data and on the underwater node localisation. To the best of
our knowledge no previous work has given any attention to
the impact that different communication strategies (resulting
in different communication delays) have on the quality of
the measurements used to support vehicle positioning and
navigation.

To be more specific, in this work, we investigate the use
of two different MAC solutions in combination with the
proposed Net-LBL system: a Time Division Multiple Access
(TDMA) solution and a Carrier Sensing Multiple Access
(CSMA) protocol. Experimental data collected during two
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is the mid-time between the request of the range and the
acquisition of the range.

For the case of one way TOF we use:

ri,j(tr) = cs
(t2−t1)

2
tr = (t2 + t1)/2

(1)

While for the case of computing the TOF using two-way
transmission we assume:

ri,j(tr) = cs
(t4−t1−δi,j)

2
tr = (t4 + t1)/2

(2)

It is noted however that equation 2 is accurate only when
the motion of the nodes is linear and constant otherwise there
is a residual error due to the second order motion of the
nodes. This error increases with the range acquisition delay
and this is of particular interest in our analysis, as highlighted
in the experimental section (Section V).

III. ACOUSTIC LOCALISATION

The problem of localisation of the node i can be expressed
as finding xi(t), the position of the node i at any time t using
previously acquired range measurements2. Let ri,j(tr) be one
range measurement between node i and j at time tr obtained
using the range acquisition protocol described in II-B. Given
the position xj(t) of node j, the range ri,j(tr) constrains the
position of node i through the following equation:

‖xi(tr)− xj(tr)‖ = ri,j(tr). (3)

Due to the acquisition delay, this measurement is actually
obtained only at time tp > tr +

∆i,j

2 .
The evolution function of the vehicle is then used to

compensate for it:

xi(tb) = fi,ta,tb(xi(ta), vi) = xi(ta) +
∫ tb

ta

vi(t)dt. (4)

where fi,ta,tb is the evolution function of the node i
between times ta and tb. Function fi,ta,tb is based on the
kinematic model of the moving vehicle. vi is the velocity of
the node i in the global frame of reference.

It is worth pointing out, that depending on the available
sensors on the vehicle, the velocity might be measured with
a substantial error wi (e.g. DVL without bottom lock):

ṽi = vi + wi. (5)

Finally, the positions of node j together with their times-
tamps are periodically updated on node i using acoustic com-
munication. Node i then estimates the position of the node
j at all time, and specifically at time tr using interpolation
or extrapolation on the received position points.

The final equation with the unknown xi(tp) is then:∥∥∥f−1
i,tr,tp

(xi(tp), vi)− xj(tr)
∥∥∥ = ri,j(tr). (6)

2Other measurements (e.g. bearing) can be used, if available, to improve
the accuracy of the computed position.

One can note that because of the uncertainty in the
evolution function, the bigger the range acquisition delay,
the more uncertain this equation becomes and the less useful
it becomes for the localisation. This fact is of interest of
our analysis and it is brought up in the experimental section
(Section V).

A. Interval Methods

There are many ways to solve the localisation problem.
Usual approaches range from probabilistic methods such
as Extended Kalman Filters (EKF) and Particle Filters
(PF) [22] to deterministic techniques such as interval pro-
gramming [23]. This work follows this latter approach and
provides localisation results based on interval analysis. With-
out entering into too much detail, interval methods represent
the uncertainty of the variables (e.g. measurements) using
intervals of values (e.g. x ∈ [x−, x+]). When a measurement
falls outside the specified interval it is simply considered an
outlier. Intervals are then combined together using an interval
solver, and more exactly a continuous constraints satisfaction
problem (CSP) solver, to provide the optimal solution set.

The input of the interval solver is a set of equations or
constraints which bind the unknown variables, which in the
case of vehicle localisation is the vehicle position, and the
known variables, namely the range measurements and the
environmental variables (i.e. the sound speed).

The solver returns a set of all possible positions of the
localised node which satisfy the equations which stems
from the correct measurements (as some of them might be
outliers). The interval methods are global methods and work
from the first range measurements. In fact, in the absence
of outliers, the first solution is a ring with the diameter
equal to the range measurement and the thickness equal
to the range measurement uncertainty. After receiving few
more measurements from diverse nodes, the solution quickly
converges to a smaller set. When there are no range updates,
the solution set size grows with time as the movement of the
localised node is uncertain.

More details on interval analysis, including examples of
in-the-field operations can be found, for instance, in [24] for
underwater SLAM, in [25] for underwater shape detection
and in [26] for underwater robot localisation.

IV. MAC PROTOCOLS

The MAC functionality is responsible for proper sharing of
the acoustic channel between the different nodes. Although
the Net-LBL navigation system principle of operation is
MAC independent, the choice and configuration of the MAC
influences the quality of the measured ranges. In our analysis
two different designs for the MAC protocol have been
considered:

• TDMA. Time Division Multiple Access (TDMA) is
a well-know protocol largely adopted for terrestrial
networks [27], satellite systems [28], and underwater
networks [29], [30]. When using a TDMA approach,
each node of the network has an assigned time slot and
it is allowed to perform a transmission only in its own
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time slot, while being idle in the other slots. The sum of
different time slots plus the guard times composes the
TDMA frame. Guard times between slots are needed
to avoid overlapping of transmissions and receptions
given the long propagation delays. In order to work,
TDMA assumes that the all network nodes are clock
synchronised.

• CSMA. Carrier Sensing Multiple Access [31] is another
well-known protocol for channel access. Since it does
not need to use specialised control messages to reserve
the channel and to avoid collisions, CSMA has the ad-
vantage of having a low overhead. Moreover, it does not
require time synchronisation. When a node has a data
packet to transmit, it first checks whether the channel
is idle or busy. In the first case, it starts the packet
transmission. If the channel is busy, the node delays
the transmission according to the CSMA exponential
back off mechanism.

The use of a TDMA approach avoids possible transmis-
sion/reception and reception/reception collisions at the price
of reducing the channel utilisation due to the need of guard
times. TDMA solutions can obtain good performance in
small networks, deployed over a limited area, because in
these scenarios, the impact of guard times is limited [32].
However, when the size of the deployment area or the
number of the nodes increases, the overhead introduced by
the guard times increases as well, reducing the actual use of
the acoustic channel and potentially introducing long delays
for a node that has to wait for its slot to transmit. Note
how this behaviour might become critical when the data to
be transmitted has a high priority and should be transmitted
immediately. Additionally, when multi-hop networks are con-
sidered, or when transmissions are not meant to be received
by all the other nodes in the network, it might be possible to
have nodes transmitting/receiving at the same time without
interfering with each other or without actually affecting the
delivery of the messages to the intended nodes. In all these
cases traditional TDMA protocols may result in poor network
performance.

On the contrary, the CSMA protocol does not impose
any fixed structure in the packet transmission hence in-
creasing the network responsiveness. However, it is prone
to collisions, thus possibly resulting in a larger number
of retransmissions, increasing the overhead and the delays
introduced in the network.

A. Net-LBL Range acquisition scheme for the considered
MAC protocols

In this section we describe how the Net-LBL range ac-
quisition procedure works according to the considered MAC
solutions. For both CSMA and TDMA we assume the use of
a two-way transmission scheme. Although TDMA requires
node synchronisation, a lower accuracy in the synchronisa-
tion can be sufficient to compute the time of each slot for
short deployments. Nodes equipped with less accurate clocks
(e.g. the clock installed on the computational board of the

underwater nodes) can be synchronised before the deploy-
ment. Their drifting can be then compensated increasing the
guard time between slots to avoid transmission/reception and
reception/reception collisions. The increment in the guard
timing depends on the duration of the mission and it can
be a viable solution for short deployments. This approach
makes possible to avoid paying the costs associated with the
use of atomic clocks, but it imposes the use of a two-way
transmission scheme to compute the range measurements.

The range acquisition solution is added to the protocol
stack between the MAC and the upper layers, as displayed
in Figure 2. Messages created by the upper layers for
transmission or received by the lower layers, if addressed to
the node, pass through the ranging protocol that adds and
removes its own necessary information. Ranging requests
and responses can be transmitted as dedicated control mes-
sages or in piggybacking to data messages from the upper
layers. In our implementation, one extra byte is required
for a request, two extra bytes for a response. We assume
that the exact timings for a packet transmission/reception (as
provided by the acoustic modem [33]) are made available
to the ranging protocol. Similarly the modem is informed
about the time at which a transmission has to be performed,
if any. Additionally, when a packet reaches the acoustic
modem for transmission, all the protocol layers are asked
to encode their information to create the actual stream of
bits to be transmitted. At that time the ranging protocol is
able to define the time at which requesting the modem to
perform the transmission and it can compute the δ value to
be encoded in the ranging responses3.

Figure 4 shows an example of range acquisition when a
TDMA approach is considered. In this case the transmission
of the ranging requests and responses follows the TDMA
slot structure. Multiple ranging responses, related to different
requests received in the previous slots, can be transmitted by
a node in its own time slot. Due to the fixed scheme imposed
by the TDMA protocol, each node has to wait for all the
transmissions occurring in the other slots in order to collect
the various ranging estimations, regardless if the requesting
node is actually in the communication range to the other
nodes.

When a CSMA protocol is used instead, a more flexible
design can be considered, as displayed in Figure 5. When a
vehicle needs to collect ranging measurements, a broadcast
request is passed to the CSMA protocol. When a ranging
request is received, a short random delay is introduced before
passing the response to the CSMA protocol. This delay is
introduced to avoid that the various responses collide at
the requesting node. The ranging protocol computes this
random delay according to the duration of the packet and
to the expected average number of neighbour nodes for the
requester. Since few bytes are required for each response

3In case the considered protocol stack does not support for a just-in-
time encoding capability, the δ value has to be computed when the ranging
protocol processes the outgoing message. In this case longer delta values
have to be considered to cope with the possible delays added by the lower
layers, thus impacting the network performance.
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Fig. 9: Ranging error due to the curvature of the trajectory for
different values of the acquisition delay from the perspective
of an AUV from the COLLAB-NGAS14 network.

of the baseline nodes, proprioceptive measurements of the
localised node and its ground truth positions. In order to
compare the TDMA and CSMA results using the same exact
network conditions, we have considered an experiment where
the TDMA protocol was used. For the CSMA protocol we
have considered the same network configurations (i.e. same
node positions, trajectories, environmental effects, errors
on the underwater acoustic channel), but we have applied
a range acquisition delay reflecting the statistical analysis
presented above.

We need to consider that during the in-field experiments
the collected ranging and the localisation data are affected
by several sources of error. Possible errors can be in fact
introduced by inaccurate measurements of the sound speed
or misplacement of the baseline node modem with respect to
the actual node position (this could be the case for surface
station where the modem is cabled to the floating part -
hosting the GPS sensor - but it is subject to movements due to
currents and waves). In order to put in evidence the impact of
only the acquisition delay on the localisation, the measured
ranges are replaced with the ground truth values of the range.
Similarly, to obtain a uniform drift of the position estimate in
the absence of range updates, the evolution function, which is
based on proprioceptive sensors, is replaced with the ground
truth evolution function with a constant uncertainty.

Figure 10 shows the localisation uncertainty obtained for
the TDMA and CSMA protocols. Most of the time, the lo-
calised node obtained at least 2-diverse range measurements.
There were, however, some time intervals where only one
baseline node was reachable, due to errors on the acoustic
channel. This is evident in time interval [4000, 6000] seconds
where a larger error in the localisation accuracy is obtained.
One can see how the time distribution and quality of ranges
affect the localisation uncertainty. In fact, as already shown
in Figure 6, the TDMA-based ranging scheme provides

Fig. 10: The effect of the range acquisition delays due to the
MAC on the performance of localisation.

regularly distributed range updates which can result in higher
acquisition delays while the CSMA-based scheme provides
grouped ranges with lower acquisition delay. This results
in a sawtooth like uncertainty for the CSMA case with
a considerably lower minimum than in the TDMA case.
By comparing the uncertainty for all times one can note
a reduction on localisation uncertainty of 30% on average.
However, when considering the times when the uncertainty
is at its minimum in the case of the CSMA-based scheme,
the improvement can be even up to 90%.

VII. CONCLUSION

In this paper we presented a Networked-LBL system
which makes use of the recent advances in acoustic commu-
nication modem technology to perform concurrent communi-
cation and ranging. The use of a cooperative underwater net-
work composed by heterogeneous nodes has been presented
in support to mobile vehicle positioning and navigation. The
data collected during two different at-sea trials has been
used to validate the proposed system and to evaluate the
impact on the localisation error when different communi-
cation strategies are used to reserve the shared underwater
acoustic channel. Two MAC protocols have been considered:
Time Division Multiple Access (TDMA) and Carrier Sensing
Multiple Access (CSMA). The conducted analysis shows the
impact that the selected MAC protocol has on the ranging
acquisition strategy and on the accuracy of the collected mea-
surements. This results in different errors when performing
localisation. The collected results show that CSMA-based
solutions, being more flexible and responsive with respect to
rigid slotted schemes, can achieve better performance leading
to a reduction of the impact on localisation error by 30%
on average and up to 90% with respect to TDMA-based
solutions.
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