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Abstract—This paper proposes an algorithm for real-time clock
synchronisation in underwater acoustic networks. The algorithm
models modem clocks as linear functions and embeds the data
necessary for the clock synchronisation procedure as time stamps
that can be communicated in the payload of later messages
and only when necessary, hence limiting the communication
overhead. The proposed solution takes explicitly into account the
limitations of the acoustic communication channel and network
node mobility. Specific implementation issues are discussed for
its deployment within operational networks. Experimental results
are given from the COLLAB-NGAS14 campaign, held in October
2014 off the coast of West Italy.

Index Terms—Clock synchronisation, underwater acoustic net-
works, acoustic communications, multi-agent systems, localisation
and navigation, underwater sensor network, optimisation.

I. INTRODUCTION

Underwater there is no ’absolute’ clock, like the one pro-
vided by the GPS system. At the same time, the availability of
a shared time is critical for a number of applications ranging
from implementation of Media Access Control (MAC) layers
in acoustic underwater networks (e.g. it allows for a TDMA
algorithm to be utilised over a multi-hop network), to bistatic
sonar applications, where the receiver needs a precise estimate
of the moment the source starts transmitting [1], to localisation
and navigation of Autonomous Underwater Vehicles (AUV),
where an advantage of synchronised clocks lies in the ability
to navigate through one-way travel times (OWTT), as opposed
to two-way travel time (TWTT). Synchronous-clock acoustic
navigation is described in [2] using high stable oscillators.
Although effective, using dedicated hardware increases the
cost and the energy requirement of the nodes, and it is
oftentimes not desirable in persistent autonomous networks,
especially in those composed of small and cheap devices.

Several clock synchronisation protocols have been designed
for terrestrial networks. Although these networks do share
many of the problems of the underwater ones (e.g. unreliable
packet delivery, limited communication ranges, etc.), clock
synchronisation protocols for terrestrial wireless networks can-
not be transposed to the underwater domain, as they rely on
assumptions (e.g. negligible signal propagation time) that are
not valid underwater or they induce a communication burden
that is not sustainable in acoustic-based communications.
Terrestrial clock synchronisation protocols, - e.g. Network
Time Protocol (NTP) - are not readily applicable to underwater
acoustic networks. Factors such as long propagation times, low

packet delivery success rates, communication ranges that vary
over time in an unpredictable manner require the development
of acoustic-specific solutions.

The clock synchronisation algorithm presented in this work
is explicitly built to tackle the peculiarities of underwater
acoustic networks and of specific scenarios. For this reason,
it is important here to specify what kinds of networks and
applications this paper is concerned with. Firstly, the acoustic
network considered in this work can be composed of both
fixed and mobile nodes, and these nodes are considered to
be at a maximum distance of 7.5 km. Nodes might come into
and go out of the communication range due to changes in the
communication channel, and/or due to the movement of nodes
themselves (e.g. AUVs). Some of the network nodes might be
persistently part of the network, while others might be taken
out and put back in the water after a prolonged period of time.

Within this scenario, the proposed algorithm is able to con-
tinuously estimate the relative clock offset and drift between
the nodes. It does so, operating at application level and relying
on timing features made available by the physical layer ,
namely the availability of precision transmission and reception
time stamps. The opportunistic exchange of these time stamps
makes the algorithm easily implementable within underwater
sensor networks where packet delivery success rates are not
optimal and/or no communication is possible for extended
periods of time. Furtheremore, the approach can be tuned to
the requirements of the application. It can optionally reduce
the synchronisation communication overhead when more im-
portant messages must go through the network. Finally, the
algorithm is able to detect and respond to modem resets, and
hence is robust against asynchronous events (e.g. interruptions
due to maintenance, failures, etc.) affecting the nodes and
hence their internal clocks.

The remainder of the paper is organised as follows: Sec-
tion II describes the mathematical framework for the proposed
clock synchronisation algorithm. Section III goes into the
details of the on-line implementation. Section IV presents
results from the COLLAB-NGAS14 sea trial. Conclusions are
given in Section V.

II. PROBLEM SETTINGS

Let t,, be the time reported by modem m’s clock. At
time ¢, 0, or po for short, modem p sends a packet to modem ¢,
which receives it some time later, at time tg 1, or gi. At g2
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Fig. 1. A two-way packet exchange.

(or g2) modem ¢ responds with a packet of its own, which
modem p receives at time t,3 (or p3). This sequence is
referred to as one two-way packet exchange, see Fig. 1.

Modem m is attached to node m, which is assumed to have
some computing capability. The modem reports the time stamp
of each packet that is sent or received, to its node, in the local
time ¢,,. After a two-way packet exchange, node p knows time
stamps pp and ps, and node g knows time stamps g; and gs.
Node g may then send time stamps g; and g2 to node p in the
payload of a later packet.

The clock synchronisation problem is hence that to calculate
on node p a function fq able to map time stamps reported by
modem ¢ to modem p’s clock:

tp = fpq (tg) - (1

Some modem features are assumed. Each modem clock is
considered to be linearly drifting. Furthermore, each modem
must be able to accurately register send and receive time
stamps and to make this information available to the node.
Finally, if relative speed is to be used, each modem is
considered capable of accuratly determine the velocity relative
to the transmitting modem, typically through the Doppler shift
of incoming packets [3]. Note that this is not an excessive
demand on the modems since they cannot decode incoming
packets without the accurate determination of the Doppler
shift.

Finally, it is important to point out here that nodes can have
more than one clock. Depending on the implementation, the
application, transport, network, MAC, and physical layer can
all have their own clock. This work assumes that the time
stamps reported by the modem are physical layer time stamps.
In wireless sensor networks, at the transmitter node the delay
due to packet transport from the application layer, down the
communications stack, to the physical layer, causes errors in
clock synchronisation. And at the receiver node the packet
transport from the physical layer, up the communications
stack, to the application layer, introduces additional errors.
The use of physical layer time stamps eliminates errors due
to delays introduced by the communication stack [4].
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ITI. REAL-TIME CLOCK SYNCHRONISATION

If the modem time of node p, t,, is modelled as a linear
function with an offset Ay, and a constant drift 4,4, relative
to the time of another modem g,

ty=(1+6p)tg +Apg - )

then, it is possible to calculate the relative clock drift d,,
and the offset Ap, (p;) using, for example, the least square
method to fit a linear regression model (constant clock drift
assumption). This has been discussed in [5], where the relation
between the relative clock drift d,4 and the offset A, is shown
to be:

1
qu(Pl)ZE(—(po+P3)+Q2+Q1 + 0pg (g2 — q1))
by
+£(1+6pq)(‘i'2_li'1)
—;—;(P3—Po—(1+5pq)(qz—m)) e

Equation (3) depends on node velocities and on acoustic
packets reception and transmission time stamps. Knowing the
maximum speed of both nodes p and ¢, as well as 6, = vq—vp
(e.g. it is provided by the acoustic modem), makes it is possible
to calculate intervals of possible values Ayq (p1), that are then
converted into single values taking the centre of the interval.
As noted in [5], the presence of the complicating factor dpg
in (3) can be solved using an iterative approach, where the
input to each iteration cycle is the d,, calculated in the
previous iteration cycle, being zero for the first iteration cycle.
The iteration stops when the output of the linear regression
model has converged to a stable value.

In order to implement the algorithm proposed in [5], some
additional issues must be considered:

« The nodes do not have a way of knowing packet transmis-
sion times a priori, nor the modems encode, automatically
at physical level, transmission or reception times. Rather,
each packet generates the necessary time stamps, and all
this data is communicated in the payload of later packets.

« The application level, at each node, must be responsible
for the encoding of the transmission and reception time
stamps into dedicated messages.

» Given that each node receives from others a set of
transmission and reception time stamps, it has to correctly
associate them to form sequences of packet round-trips,
that feed into the described clock synchronisation algo-
rithm. This association procedure is complicated by the
prevalence of packet loss.

Each modem registers the corresponding transmission (pg)
and reception (p3) time stamps (see Fig. 1). To share this
information with the rest of the network, each node, at regular
intervals, encodes its modem’s address and the previously
registered time stamps into a message to be broadcast. Note
that, for each reception time stamp the corresponding source
address must also be included. To limit the communication
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footprint and to allow the user to trade off the clock synchroni-
sation performance and the communication requirements some
of the efficient encoding schemes of [6] are put into practice
(e.g. relative encoding).

Given a sequence of transmissions T = {to,...tn_1}
and receptions Ry = {rg,...rm_1}, between two nodes, a
and b, to calculate the clock offset and drift it needs to be
understood which ¢; corresponds to which 7; or, in other
words, which ¢; and r; were generated by the same modem
packet. The association problem is then that to find the largest
partial bijection(s) f : T, — Rp.Note that, the bijection is
partial because in general it cannot be guaranteed that T,
contains all transmission time stamps, or that R} contains all
reception time stamps (e.g. packet loss). Only on node a, T,
will contain all transmission time stamps. The solution f does
not necessarily have to be unique and multiple solutions when
T, and/or R} are smaller sets.

The association problem can be further reduced, considering
that sevaral constraints must hold for each association. First,
associations cannot “cross” each other, like in Fig. 2. Let

to i1 i3

To T T2 T3 T4

Fig. 2. Constraint 1: Modem packets associations must be ordered (the figure
shows an invalid association).

t; — r; stand for a transmission and reception time stamp
pair that were generated by the same modem packet. Let both
sequences be sorted in ascending order, ie. t;_1 < t; and
rj—1 < rj. Then if ¢; = 7, then Vk < i,1 > j, = (tx = 1),
and Vk > ¢,l < j, = (tx > 71) (constraint 1).

Additionally, there are physical limits on how much the
distance can change between two associations, see Fig. 3.
Assume t; — 7; and the existence of ¢y, k # 4, and 1,1 # j.

to i1 i3

To T T2 T3 T4

Fig. 3. Constraint 2: there are physical limits on the change in distance
between two associations.

The elapsed time between 7; and 7; can be calculated as
|r; — 75|, and the change in distance as |ty —t; +1; — 11 c,
where ¢ is the sound velocity. The estimated speed sg; is the
change in distance divided by the elapsed time. Let v, and
vp be the maximum speed of node a and b respectively. Then
it follows that t; — r; and & +— 7 only if sg; < v + 1p
(constraint 2).

With these constraints the association problem can be
formulated as a Linear Assignment Problem (LAP), where
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the cost function Cy; to be minimised for the association of
tk, k # 1 to r,l # j is defined as

Sk, if constraints 1 and 2 are met,

Cry = .
oo otherwise.

“4)

It is worth noting that the choice of the specific cost values
when constraints 1 and 2 are met do not play a key role, as
long as they are greater than zero. The specific choice made
here, which finds the association at minimum node velocity,
reflects the fact that most of the nodes in our network are
static.

From an implementation stand point, the association of
transmission and reception time stamps is done solving the
Linear Assignment Problem using the Jonker-Volgenant algo-
rithm [7].

Since the computation time increases with the number of
time stamps that have to be associated, the optimisation is done
using a running window of time stamps. Considering a time
limited history let the algorithm adapt to changing conditions,
as for instance to change in the quality of the acoustic channel,
and it help improving the performance when the modem clock
resets.

IV. FIELD TRIALS

The algorithm was tested in the field during the COLLAB—
NGASI14 experimental campaign, which was held from Octo-
ber 29 to October 30, 2014 off the coast of Tuscany, Italy.

] platforms on 31 October 2014
4851210
NRV Alliance, EX Groucho
4.8505+
Waveglider lisa
485+ s
4.8495-  OEX Harpo
T 4.840F
s . "
= 4.84851 -t
4.848[
4.84751 .
Gateway buoy
4.8471
®Waveglider carol
4‘848&82 5.83 5.84 5.85 5.86 5.87 5.88
% (utm) x10°

Fig. 4. Platforms deployed on October 31, 2014, during the COLLAB-
NGAS14 campaign. Coordinates are shown in UTM, Zone 32N. Similar
deployment used throughout the experimental period.

The data presented in this paper were collected at the site
shown in Fig. 4 near 43.7754N, 10.03333E. The entire area of
operation is a 7.5 km square. Water depth in the area decreases
gradually from around 25 m (north-east region) to around 60 m
(south-west part).

The sound velocity profiles, as measured at a location close
to the north-east corner of the operational area, is shown in
Fig. 5. Note that in the first 25 m the sound speed is nearly
constant for October 29 and October 31, with more variability
registered on October 30.
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Fig. 5. Sound velocity profiles measured on October 29-31, 2014.

A. Experimental setup

The deployed acoustic network was composed of one
moored gateway buoy, two Wave Gliders (Carol and Lisa),
two CMRE Ocean Explorer (OEX) AUVs (OEX Groucho
and OEX Harpo) and one modem mounted on NRV Alliance.
Fig. 4 shows the deployment on October 31, with very similar
deployments installed for the other operational days. All nodes
were equipped with the EvoLogics 7-17 kHz acoustic modem.
The modems of the gateway and NRV Alliance were all de-
ployed at a fixed depth of 25 m. Wave Gliders (WGs) had their
modem at 6 m depth. All surface nodes were equipped with
a GPS receiver that provided accurate position information.
OEX Groucho was commanded to navigate at 25m depth;
OEX Harpo was kept at a depth of 15 m. Both vehicles relied
on a high-quality inertial navigation unit for positioning and
navigation (navigation error ~ 0.1 % of the distance travelled).
Note that although the Wave Gliders are mobile assets, they
were station keeping throughout the trial.

B. Results

This section describes the experimental results. Unfortu-
nately, an implementation bug on the detection of modem
resets affected the real-time results. Wrong and too frequent
detection of modem clock resets reduced the number of time
stamps available for the clock estimation process not making
it possible to correctly converge most of the times. For this
reason, this works presents results obtained replaying the
software process that was calculating clock offset and drifts
but modified to better handle modem clock resets. This allows
to have more data, and to better characterise the estimation
performance. Note however that the modem time stamps
are exactly and only those measured during the in-the-field
deployment, and that the only difference with the deployed
version lies in removing the modem reset detection issues.

Furthermore, this section presents a post-processing analysis

CMRE-PR-2019-129

of the clock synchronisation. The post-processing estimate
uses all clocks offsets and drifts using the entire history of
collected time stamps, as if all transmission and reception
time stamps were known on all nodes and with perfect
knowledge of transmission-reception time stamp association.
In this respect, the post-processing results are also intended to
form a ground truth against which the on-line results can be
compared.

Post-processing results of the synchronisation between the
two OEX AUVs are shown in Fig. 6. The close fit of the
model shows that indeed the linear clock model represents
a reasonable assumption. The difference between clocks is
dominated by a linear clock skew.

30| ¢ 1°
¢
L ! w 5
g 0 ++ + + -0 §
4 % I
“
' tp (hlours) i

Fig. 6. The grey dots show the calculated Apq's for the clock offset between
OEX Groucho (node 2) and OEX Harpo (node 3) on October 29, 2014, the
diagonal line shows the result of the linear regression calculated according
to (3), normalised such that the line is centred around 0. The black dots show
the residual £ (Apg), the vertical bars the interval due to the uncertainty in
the nodes’ speed. The vertical bars are small because the distance between
nodes 2 and 3 was short, from 250 m to 750 m. The large number of outliers
is due to the vehicles being on the surface during the first hour.

OEX Groucho and NRV Alliance synchronisation perfor-
mance (still obtained in post-processing) for 8 hours of oper-
ation is shown in Fig. 7. The two nodes were at about 1km
of distance. Similar results were obtained for other node pairs
and are not reported in this paper.

Clock synchronisation on-line results obtained on Octo-
ber 30 between OEX Groucho and OEX Harpo are shown
in Fig. 8. The running window length was set to 60 time
stamps. The figure shows the difference between the incre-
mentally calculated offsets and the offset calculated during
post-processing (open dots), and between the incrementally
calculated drifts and the drift calculated during post-processing
(closed dots). Note how the incremental solution is updated as
newer measurements become available. Note also the presence
of gaps in the estimation due to gaps in the communication
(e.g. after around 3 hrs). The algorithm is however able to
continue as soon as new data are produced. Finally, note the
presence of a modem reset happening after 6 hrs of activity.
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Fig. 7. Clock synchronisation result obtained on October 30, 2014. The gray dots show the calculated Apg's for the clock offset between OEX Groucho
(node 2) and NRV Alliance (node 1), the diagonal line shows the result of the linear regression calculated according to (3), normalised such that the line is
centred around 0. The black dots show the residual & (Apg). Distance between the nodes was, on average, around 1 km.

rFy A—
[ ]
° - 40
[ ]
)
L ]
34
w (o] —
£ 3 g
o Q o
qa o @ ﬁ <
(o]
o)
—10 |- ©
-{ —40
| | | | | | | | | |
0 1 2 3 4 5 6 7 8 9
tp (hours)

Fig. 8. Incremental output on OEX Groucho (node 2), October 30, 2014, for the clock offset and drift between OEX Groucho (node 2) and OEX Harpo
(node 3). The open dots shows the difference between the incrementally calculated offsets and the offset calculated during post-processing, the closed dots
the difference between the incrementally calculated drifts and the drift calculated during post-processing.

The modem reset was correctly detected and forced the clock
synchronisation to re-start. The difference between the off-
line and the on-line results is partially due to the fact that
the two nodes were constantly moving and no Doppler data
was transmitted during this sea trial and hence used for this
replayed calculation.

V. CONCLUSIONS

This paper reports details on the implementation and de-
ployment of a clock synchronisation algorithm for underwater
acoustic networks. The algorithm is able to continuously
estimate inter-node clock offset and drifts, based on the op-
portunistic exchange of modem packets including transmission

and reception time stamps. It operates at application level,
with some reliance on physical layer time stamps provided
by the modem. The benefit is that it is able to deal explicitly
with the constraints of acoustic communications, such as long
propagation delays, intermittent communications, and network
node mobility. Some additional acoustic overhead is necessary,
but this can be opportunistically distributed among network
traffic, for example after transmission of higher priority data.
Details on how the approach was implemented in an opera-
tional acoustic network are reported, including results from
experimental deployments.
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