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Abstract—This paper presents a use case of multi-hop time
synchronization for autonomous underwater vehicles (AUVs)
performing lawn mower trajectory. The work showcases a time
synchronization protocol that could address mobility in multi-
hop underwater scenarios. An existing time synchronization
protocol named Doppler-Enhanced time synchronization (DE-
sync) protocol is chosen and extended to an application-specific
multi-hop scenario. It further considers the error analysis in
the elapsed time duration after message exchanges in each
hop. Simulations have been performed using MATLAB. It is
observed that DE-sync shows better performance in terms of
synchronization error than the other similar protocols. It is also
found that error increases with the number of hops but with
limited bounds.

Index Terms—multi-hop, time synchronization, autonomous
underwater vehicles, lawn mower

I. INTRODUCTION

For most cooperative underwater missions, there is a great
need for the nodes in the network to share a common notion
of time. These nodes must be time synchronized to achieve
the shared goals of a cooperative mission. However, the clock
in the sensor nodes is made of crystals prone to intrinsic
drift, and additionally, different offsets lead to synchronization
errors with time advancements. Therefore, the nodes must be
synchronized to the reference node with an ideal reference
time. This paper presents the multi-hop time synchronization
of underwater mobile sensor networks (UWMSN).

Usually, the underwater networks deployed for greater
depths are not necessarily single-hop networks. The formation
of multi-AUVs is often used. Therefore, it is necessary to
devise multi-hop synchronization techniques for these mobile
networks. Many protocols available in the literature are suit-
able for mobile networks [1], [2]. Nevertheless, most are either
complex or only consider the clock offset resulting in a larger
synchronization error. Meanwhile, the DE-sync proposed in
[3] is a good choice for these networks, as it is a skew-based
technique that helps to achieve a better performance than the
other similar existing protocol. This work extends the DE-sync
protocol applied for a specific multi-hop UWMSN topology is
shown in Figure 1. The process starts with the unsynchronized
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Fig. 1. Multi-hop UWMSN network

node AUV B getting synchronized to a reference node at
the surface, i.e., Buoy A. After a certain interval, the newly
synchronized node will act as a reference node to the next
hop node. The synchronization process will continue till all
the nodes in the network are synchronized.

This paper analyses how the DE-sync is applied to a
specific topology of mobile nodes. Further, the results are
validated using MATLAB. The organisation of the paper is
described as follows. Section II presents the related works.
In Section III multi-AUV network’s topology and the DE-
sync implementation are described. Section IV gives the error
analysis of the implemented protocol, and Section V shows
the results and discussion. Finally, Section VI concludes the
paper.

II. RELATED WORKS

Various time synchronization protocols in the literature for
underwater networks support large propagation delays and
mobility of network nodes. TSHL is the first method of this
kind to address the high latency in underwater networks,
though it is meant for static networks [4]. In contrast, MU-
sync is a cluster-based protocol that has addressed the mobility
of UWMSN [5]. It operates in two phases for the skew and
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offset estimation. This protocol claims to reduce the need
for frequent resynchronization. However, MU-Sync seems less
energy efficient than TSHL due to the large no. of message
exchanges.

Another algorithm proposed to assist mobility is Mobi-
Sync [2]. Here, for enhancing the accuracy of fast-changing
propagation delay the spatial correlation of sensor node motion
is considered. The network consists of GPS-equipped surface
buoys, high-precision super nodes that can achieve synchro-
nization, and standard nodes that implement time synchroniza-
tion. A correlation model is used here to calculate the node’s
velocity to the super node. While estimating the time-varying
latency, developing precise correlation models between the
nodes is particularly challenging.

D-Sync proposed in [6] adds the physical layer information
corresponding to mobility. Doppler shift is estimated here. The
primary limitation resulting from motion in underwater com-
munication is the Doppler shift. This demands the estimation
and compensation for the Doppler effect. The Doppler shift
determines the timing uncertainty due to mobility since it is
useful in providing information about the node’s velocity. Al-
though it determines the Doppler scaling factor, the clock skew
is not considered here. Thus, it decreases time synchronization
accuracy and lowers the Doppler shift estimation accuracy.

A time synchronization protocol called DA-Sync [1] offers
a framework to more accurately predict the Doppler shift
brought on by mobility by considering clock skew. The
Kalman filter is used for velocity estimation to improve
time synchronization. Two linear regression runs are used to
calibrate the clock skew and offset. However, the assumptions
regarding the sound speed as a function of various factors like
temperature, salinity, and depth, when directly applied to the
synchronization, cause extra errors in this protocol.

While the DE-Sync method described in [3] accounts for
clock skew for the Doppler scale factor estimation and further
uses linear regression as a replacement to get the estimate of
clock skew and offset. Therefore, in this paper, DE-sync is
taken as a choice for implementation. In this work, DE-sync
and D-sync are considered for performance comparisons, as
D-sync is much similar to DE-sync. Even though the D-sync
considers the Doppler shift, it has not considered the clock
skew for estimating the Doppler effect. Instead of the Doppler
scale factor, it uses relative velocity. The performance of both
protocols is present in Section V.

III. TOPOLOGY DESCRIPTION FOR MULTI-AUV NETWORK

The need for multi-AUV networks usually arises for wide-
area surveillance, such as plume monitoring applications. For
instance, consider the occurrence of the Deepwater Horizon
blowout [7] at the MC252 Macondo well site in the Gulf of
Mexico. The plume spreads 35 km in length, has a Depth of
1100 m, and lasts for months. These sorts of applications re-
quire multiple AUVs for faster mission completion. Therefore,
this work presents the time synchronization of AUVs in such
a scenario.
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Fig. 2. AUVs traversing in lawn mower trajectory

The topology built here is for a two-dimensional deploy-
ment, where the area W × L has to be sampled by n AUVs
(here, say 3). The AUVs are expected to follow the lawnmower
trajectory, as shown in Figure 2.

The area is divided into three subsections with L/d levels; d
is the swath width. Each AUV will start from its initial position
and must traverse the W/n distance horizontally and L/d verti-
cally to reach the next level. Thus, there are L levels for each
AUV. The distance between each subsection is maintained to
avoid any potential collisions. The AUVs can communicate
when they come in contact with each other, usually during
vertical traversal. Here, an area of (15Km × 10Km) is
considered with each subsection of about (4Km × 10Km).
Since it is difficult for upright vertical traversal for AUV, it
can take a semicircular path with a curvature radius of r m.

It is assumed that one buoy is available at the water surface,
connected with the GPS (hence, having a perfect clock).
Moreover, it is considered that the buoy is deployed only at
the reach of the first AUV, making room for the buoys to only
communicate with the 1st AUV. ( The AUVs are deployed 200
m below the water surface). Figure 2 shows a surface buoy
denoted by A and three AUVs, B, C, and D, respectively. At
first, AUV B will get synchronized to buoy A. After the first-
hop, node B acts as a reference node for node C, and the
process continues. After the mission completion, the AUVs
are taken back to the surface station. The message exchanges
for multi-hop synchronization are described in Figure 3.

The time of any unsynchronized node B is given by;

T = αt+ β (1)

In Equation (1), T is the time for the unsynchronized node.
The relative skew and offset are denoted by α and β . Variable
t corresponds to the ideal time of the reference node. The
relative motion of the mobile entities is obtained in the DE-
sync by estimating the Doppler scale factor. There are three
phases for the DE-sync, namely i) the data collection phase, ii)
the linear regression phase and iii) the calibration phase. The
Doppler factor is estimated from the physical layer information
obtained from the message exchanges between the nodes in the
data collection phase. While the message is exchanged with the
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Fig. 3. Message exchanges in multi-hop synchronization

reference node, the unsynchronized node will collect the time
stamps from the messages along with the Doppler scale factor.
The clock and offset of the unsynchronized nodes are obtained
during the first regression. During the calibration process, the
unsynchronized node performs calibration by replacing the
initial skew and offsets with the obtained values to obtain the
final values of skew and offset.

A. Considering the effect of mobility in clock skew

Consider a scenario where the reference node A, (this is a
buoy with an ideal clock) sent a message to the unsynchro-
nized node (AUV) B, which has an intrinsic time drift, leading
to a skew in node B. The baseband signal sent from node A
to node B xAB is given by Equation (2). The signal received,
yAB , is the sum of the signal obtained from multiple paths.

yAB(n) =

Np∑
p=1

ApxAB((1 + aAB)n− τp) (2)

Np corresponds to the path number of the multipath signal,
aAB the Doppler scale factor, and Ap and τp are the
amplitude and delay of the pth path, respectively. The Node
B’s clock will drift as per Equation (1), i.e., if the time of
A is expressed as samples of t[n] = nTs, then for node
B, the time is expressed as t[n] = αnTs. The measured

Doppler scale factor aAB is the combined effect of the clock
skew and relative motion between the nodes so that it can
be expressed as 1 + aAB = α (1 + am). Where am is the
Doppler scale factor due to mobility. Similarly, for node A,
after the message reception from B, node A’s time is expressed
as t[n] = (nTs) /α. So, the measured Doppler scale factor by
node A aBA, will be 1 + aBA = (1+am)

α .
So, am gives the Doppler scale factor due to mobility, and

it can be expressed as,

am =

{
((1 + aAB) /α)− 1 A → B
α (1 + aBA)− 1 B → A

(3)

B. Implementation of DE-sync on the mentioned topology

While implementing the DE-sync in the mentioned topol-
ogy, the message exchange is initiated by node B. Node B
sends a synchronization request message to node A at time
T1 after marking its timestamp from the MAC layer. Node A
receives the message at time T2 and marks the receiving time
stamp and the Doppler shift factor from node B, aBA. Then
node A will back-off for a certain time called Tbackoff and
send a response message at T3 containing the timestamps T2,
T3 and the Doppler shift factor aBA. At the time T4, node B
receives a synchronization message having T1, T2, T3 , aBA,
and further measures Doppler shift factors from node A, aAB .
The process is described in Figure 3. A certain set of equations
are derived in DE-sync to find the skew and offset of the nodes.
From Equation (1), the timing equations are as follows,

The reference time t1, t2, t3, t4 are defined as follows,

T1 = αt1 + β, T4 = αt4 + β

T2 = t2, T3 = t3

t2 = t1 + τ1, t4 = t3 + τ2

T1 = α (T2 − τ1) + β

T4 = α (T3 + τ2) + β

Where τ1 and τ2 are the propagation delays from B to A
and A to B, respectively. Considering the realistic assump-
tions about mobility, the round trip propagation delay is not
necessarily equal to halfway round trip time, i.e., τ1 �= τ2 .
The values for τ1 and τ2 are solved from the above set of
time constraints. Substituting these values in the node’s local
timings, i.e., T1 and T4, will give the basic Equation for linear
regression, Equation (4). (For detailed derivation, interested
readers can refer [3] )

2T1 + T4 (2− (aAB + aBA)) = α (T2 (2− (aAB + aBA))

+2T3 + β (4− (aAB + aBA)) + ε
(4)

The Doppler scale factor, at time t2 measured by node A
is aBA = vBA/c. While at t4, node B measured it as aAB =
vAB/c. vAB and vBA are the relative velocities measured from
A to B and B to A respectively. And c denotes the sound
propagation speed. The average of the relative velocity of the
nodes vm, (termed as interpolation) is considered here. It is
expressed as vm = 0.5×(vAB+vBA)+εv , i.e., vm = 0.5×c×

339



(aAB + aBA) + εv , where εv denotes an error due to random
noise and the interpolation error.

The linear regression is then performed based on Equation
(4) to estimate the skew and offset while considering the
mobility of the nodes, which gives,

Λ̂ = [α̂, β̂]T =
(
HTH

)−1
HTY

Y [i] = 2T1
i + T4

i
(
2−

(
aAB

i + aBA
i
))

H[i, 1] = 2T3
i + T2

i
(
2−

(
aAB

i + aBA
i
))

H[i, 2] =
(
4−

(
aAB

i + aBA
i
))

(5)

Where [α̂, β̂]T gives the estimates of the clock skew and
offset after performing N rounds of message exchanges from
Equation (5). Here, Y corresponds to a (N × 1) matrix and
H is a (N ×2) matrix, and their entries will be obtained from
Equation (5). For the initial round, the skew is taken as 1
and offset as 0. After getting the estimated values from the
first round of the message exchange, the skew and offset are
calculated. Calibration will be performed using these values
until the set threshold is achieved.

IV. ERROR ANALYSIS

The error in the DE-sync mainly constitutes the random
noise and the interpolation error [6]. The interpolation error
is due to the fact that the Doppler measurements are not
continuously available. Instead, it is taken as the average of
the two measured Doppler scale factors obtained at the end of
each message transmission. From Equation (4), the error ε is
expressed as

ε =
εv
c
× α× (T4 − αT2 − β)

ε =
εv
c

× α× (T3 − T2 + τ2)

ε = (εnoise + εinterp )× α× (Tbackoff + τ2) /c

(6)

Where εv
c is introduced during the conversion of the Doppler

scale factor, which mainly constitutes random noise and inter-
polation error [6]. The duration (T3 − T2) is termed as the
response time (Tbackoff ).

A. Error in Multi-Hop time synchronization

In a multi-hop network, the error accumulates while advanc-
ing from one hop to another. Knowing the accumulated error
to some bounds is necessary to keep the required precision
of the given application. Consider Figure 3, which represents
the message exchange of two hops in a network. The error
analysis for the first hop is done as shown above. An interval
named tsync is defined between the two hops in the figure.
For a better error analysis, it is also important to determine
the clock drift in that elapsed time duration. Therefore, while
determining the second hop error, the total error has translated
to,

Etot = ErrFH + Errtsync + ErrSH (7)

Where, ErrFH is Error in the first hop, Errtsync the Accu-
mulated error in the tsync duration and ErrSH Error in the
second hop.
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Fig. 4. Performance with no.of calibrations

B. Finding the Clock Drift in tsync

Consider the underwater scenario where the mobile ve-
hicles/nodes are equipped with any commercially available
oscillator, as shown in Table 1. From this table, the drift
that occurred during the tsync can be easily determined. For
instance, assuming that the vehicles are using the TXCO
oscillator manufactured by Sea Scan, it will create a drift
of 1 ms in 14 hours. Using the oscillator OXCO of Trimble
Navigation, Ltd. could produce only an error of 2.8 ns/s, but
with a higher power trade-off [8]. Depending upon the required
precision and nature of the application, one has to choose the
resynchronization period [9]. The resynchronization interval
determines the maximum tolerance for synchronization error.
Suppose the sending and receiving vehicles use the crystal
with a maximum frequency error of ±ef ppm. Then the error
in the resynchronization interval ε is given by Equation (8)

ε = ∆t

(
1

1− ef
− 1

1 + ef

)
. (8)

Where ∆t is the resynchronization interval. The above equa-
tion can be further approximated to,

ε ≈ ∆t× 2ef (9)

It is to be noted that the tsync should be less than ∆t in order to
avoid frequent resynchronization. Depending upon the stability
of the crystals used in the oscillators the resynchronization
interval can range from several hours to days.

V. RESULTS AND DISCUSSION

DE-sync is analysed for the mentioned topology in the
Region of Interest (RoI) 15Km×10Km. Simulations are done
using MATLAB. The comparisons of DE-sync and D-sync for
various parameters are made in this section. The simulation
parameters used are shown in Table II.

• Number of calibration- Figure 4 shows the synchroniza-
tion error with no. of calibrations. As discussed, for the
first run of linear regression, the ideal conditions for
clock skew and offset are assumed; therefore, the Doppler
scale factor is not corrected. This results in a larger
synchronization error in the first run. From the next run
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TABLE I
COMMERCIALLY AVAILABLE OSCILLATORS SUITABLE FOR AUV APPLICATIONS [8]

Manufacturer Model Type Drift Power Size
SeaScan, Inc. SISMTver 4.0 TXCO 20 ns/s 5 mW 71 × 45 × 23 mm
A.C.S.A. GIB-USC-2-A TXCO 20 ns/s 600 mW 148 × 94 × 34 mm
Trimble Navigation, Ltd. Mini-T OXCO 2.8 ns/s 1.75 W 128 × 27 × 19 mm

TABLE II
PARAMETERS FOR SIMULATION

Parameters Value
Max. distance between AUVs dmax 1 Km
Max. relative velocity vmax 5 m/s
Max. relative acceleration amax 0.1m/s2

Response Time tbackoff 2 s
No. of messages exchanges for linear regression 20

Fig. 5. Performance with response time

onwards, calibrations are done using the estimated values,
which reduces the error.

• Response Time- Figure 5 shows the performance of sync-
error with response time. The mean and standard devi-
ation for D-sync and DE-sync is plotted by varying the
response time from 1 s to 25 s. The error usually increases
with the response time as the Doppler measurements
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are available only when the messages are exchanged.
Unlike D-sync, the error in the DE-sync is consistent as it
considers the skew in estimating the Doppler scale factor.

• Initial Skew- Figure 6 shows the performance of the
initial skew; the inherent skew ranges from 50 to 106

ppm. However, this work only considers a relatively
larger skew from 0.02×106 ppm. It is observed that DE-
Sync shows a more consistent performance than D-sync
with a larger skew.

• Effect of Mobility- The nodes’ speed varies between 1
m/s to 5 m/s. The error induced in D-sync is with respect
to Equation (10). The performance with relative speed is
shown in Figure 7. For the unsynchronized node, the α
will not be 1, so the error will increase with vm. However,
as it considers the skew in estimation, DE-sync shows
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consistent performance.

εa = 0.5×
(
α+

1

α
− 2

)
× (vm + c) (10)

• No. of message exchanges- Figure 8 shows the mean and
standard deviation with the no. of message exchanges
varying from 5 to 45. With the increase in no. of
messages, the standard deviation decreases in both cases.
However, the relative velocity of the vehicles increases
with an increase in message exchange in D-sync, which
further increases the mean of error. The DE-sync pos-
sesses a lower mean than the D-sync.

• Error in multi-hop- Figure 9 shows the effect of error in
multi-hop topology, as shown in Figure 2. It is shown that
the error increases with the multiple hops in D-sync and
DE-sync. The first hop error is determined based on both
cases’ corresponding error analysis schemes. Considering
the second hop, the error is accumulated, as shown by
Equation (6). The error in the D-sync is greater than DE-
sync from their corresponding error equations. This work
has emphasised the same methodology for determining
the multi-hop error in both cases. Considering Figure 2,
the synchronization starts when the first AUV B sends
a synchronization message to Buoy A (reference node).
The mean error in DE-sync for the first hop was 0.547
ms, and 1.3 ms for D-sync. For the second hop, AUV B
is the reference node, and it has to travel a distance of
4 Km before synchronising node C. Suppose the AUV
B is travelling at 2 m/s; the time taken for traversing 4
Km is 4 Km/2 = 2000 s. It is considering tsync as 2000 s
and assuming that the AUV is using the crystal with the
drift of 20 ns/s. Therefore the drift in this duration was
2000 × 20ns. The error in the second hop is, therefore,
1.13 ms for the DE-sync and 1.883 ms for the D-sync.
So, for n-hops, Equation (6) transforms into

ENetwork = d× Ech + (d− 1)× Errtsync (11)

ENetwork is the total error the network can tolerate, d is
the no. of hops and Ech is the error in the correspond-
ing hops, Errtsync is the error during tsync. The error

increases with no. of hops for both the DE-sync and D-
sync.

VI. CONCLUSION

This work mainly addressed the multi-hop time synchro-
nization of mobile underwater nodes. An existing protocol
named DE-sync is modified here for a multi-hop AUV network
traversing a lawn mower trajectory. As DE-sync considers the
clock skew for estimating the Doppler scale factor, which
accounts for the mobility of nodes, it shows consistent re-
sults when compared with a similar protocol named D-sync.
Further, this work performs multi-hop error analyses in the
mentioned topology. Besides finding the error in linear regres-
sion, knowing the clock drift after an elapsed time duration is
important for more precise error analysis. This paper considers
the drift after synchronization while progressing towards the
multi-hop network. It is observed that the error increases with
the no. of hops with limited bounds.
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