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ABSTRACT
Time synchronization is an essential service in underwater
networks, required for many functionalities such as MAC,
sleep-scheduling, localization, and time-stamping of sensor
events. However, there exist two fundamental challenges to
underwater synchronization, namely, large propagation de-
lays and substantial node mobility during the synchroniza-
tion process. While existing underwater time sync solutions
have been proposed to address these challenges, they rely
on heavy signaling, which is undesirable due to high energy
costs. In this paper, we introduce a powerful new approach
that incorporates physical layer information, namely an es-
timate of the Doppler shift. Large Doppler shift has been
identified as a major challenge to underwater communica-
tion, and current systems implement sophisticated solutions
to estimate and track such Doppler shift for each data ex-
change. While an impediment to communication, we will
show that the Doppler shift contains highly useful informa-
tion that can be leveraged to greatly improve time synchro-
nization. Specifically, it provides an indication of the rel-
ative motion between nodes. Our new protocol, called D-
sync, strategically exploits this feature to address the tim-
ing uncertainty due to node mobility. As such, D-sync can
handle substantial mobility, without making any assump-
tions about the underlying motion, and without extensive
signaling. Simulation results show that D-sync significantly
outperforms existing time synchronization both in terms of
accuracy and energy.
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1. INTRODUCTION
A number of important network functionalities require

that nodes have a common notion of time. These include
time stamping of events, distributed data aggregation, MAC
and localization. However, the local clock of nodes has an
intrinsic drift due to which nodes go out of sync as time
elapses. Therefore, time synchronization protocols are cru-
cial to any distributed system. Although the accuracy of
time synchronization required for underwater networks is
much lower than that for terrestrial networks due to the
fact that communication takes place at a much coarser time-
granularity, still, accurate time-synchronization can allevi-
ate the need for frequent re-synchronizations, which saves
energy. Therefore, precise time-synchronization, using min-
imal signaling, is of primary importance to underwater net-
works given that underwater devices are highly energy con-
strained.

All network time synchronization methods rely on some
sort of message exchange between nodes to establish a com-
mon notion of time. However, non-determinism in the net-
work dynamics such as medium access time, propagation
time or interrupt handling time makes synchronization chal-
lenging[12]. Unfortunately, traditional time sync protocols[2,
3, 8] developed for terrestrial sensor networks cannot be ap-
plied to underwater networks because of long and unknown
propagation delays of acoustic signals[7]. The propagation
delay, if not estimated, translates into a timing uncertainty
between a pair of synchronizing nodes. This problem be-
comes more aggravated when nodes are mobile. Because
the propagation delay changes over time, measurements ob-
tained from time-stamped messages are no longer sufficient
to accurately synchronize nodes. While a few time-sync pro-
tocols[13, 1] have been specifically designed for underwater
networks, they are more suitable for networks with very lim-
ited mobility.

Two main factors contribute to the pronounced effect of
mobility on the performance of underwater time synchro-
nization. First, the variation in the propagation delay de-
pends on the relative speed on nodes. So, while devices that
are not propelled such as underwater drifters and gliders,
have maximum speeds of up to 1m/s, their relative speed
can be as high as 2m/s. Similarly, the relative speeds of self-
propelled vehicles such as AUVs, can go up to 4m/s. The
second reason for the high impact of mobility is the con-



siderable delay before nodes can transmit. This is because
they need to randomly back off to avoid collisions which
can be significant even with moderate number of contenders.
With relative speeds of about 2m/s, nodes could drift tens
of meters between transmissions. Given the speed of sound
underwater, this translates to a timing uncertainty in the
order of milliseconds. In this paper we will specifically focus
on designing a time-sync protocol that is robust to mobil-
ity by incorporating physical layer information, namely an
estimate of the Doppler shift.
The Doppler shift due to node mobility is one of the major

impairments to underwater communication. Consequently,
estimating the Doppler shift and compensating for it is a
well-studied problem[9, 10, 11, 4, 5]. It has been shown
that the Doppler shift can be estimated from a single packet
exchange between a pair of nodes without the use of any
additional hardware[11, 5]. Mason et al.[9] show that their
Doppler estimation algorithm can estimate relative speeds
up to 5m/s with standard deviation of 0.1 m/s using exper-
imentally obtained data. Instead of estimating the Doppler
information at the packet level, Nathan et al.[10] proposed
a symbol by symbol Doppler rate estimation method for
highly mobile underwater systems. This can potentially give
us an even better estimate of Doppler velocity. We believe
that the Doppler shift estimate as provided by physical layer
algorithms can be a crucial input for time synchronization.
Our new protocol, called D-sync, strategically exploits this
feature to address the timing uncertainty due to node mo-
bility as discussed earlier. Further, the accuracy of D-Sync
outperforms existing time synchronization protocols.
Among existing time-sync schemes, TSHL[13] has the most

energy efficient signaling scheme while MU-Sync[1] obtains
the best performance. We propose a light-weight version of
D-Sync, called B-D-Sync which uses the signaling scheme of
TSHL while achieving the performance of MU-Sync. The
accuracy achieved by D-Sync and B-D-Sync with few mes-
sages makes them promising solutions for underwater time
synchronization. We begin by reviewing the existing work
on underwater synchronization protocols.

2. RELATED WORK
Two unique characteristics of underwater sensor networks

make underwater time synchronization challenging. The
first one is large propagation delays. The second relates
to the inherent mobility in underwater systems. Even for
static underwater systems, sensor nodes tend to experience
some degree of mobility due to ocean currents or wind. As
a result, the propagation delay will not remain constant.
TSHL[13] is the first method specifically designed to deal

with long propagation delays. Their synchronization pro-
tocol is organized in two phases. In the first phase they
perform linear regression over timing information from mul-
tiple beacon transmissions so that nodes are skew synchro-
nized. In the second phase, the clock offset is corrected by
exchanging two-way messages. The fundamental assump-
tion is that the distance and thus the propagation delay is a
constant throughout the skew estimation phase. Essentially,
they assume a static network which does not hold for most
underwater systems.
To account for the time variability in the propagation de-

lay due to the relative motion of nodes, MU-Sync[1] employs
frequent two-way messaging to estimate both the offset and
skew. In MU-Sync, the clock skew is estimated by perform-

ing linear regression twice over a set of local timing infor-
mation collected via a two-way message exchange with a
cluster-head. Because of using a large number of two-way
messages, MU-Sync is not as energy efficient as TSHL. Fur-
thermore, it assumes that the one-way propagation delay
can be estimated as the average round trip time. However,
for underwater mobile systems with nominal mobility, the
estimate of the one-way propagation delay using MU-Sync
becomes quickly biased. Finally, due to channel contention,
nodes have to defer their transmission for random periods
before responding to the cluster head. As the number of
nodes increases, this time duration becomes longer, which
significantly deteriorates the performance of MU-Sync.

The closest work to our proposed solution is Mobi-Sync[6],
in which the spatial correlation of nodes’ velocities is ex-
ploited to estimate the time varying propagation delay. Nodes
are classified into three groups: surface buoys, super nodes,
and ordinary nodes. It is assumed that surface buoys are
equipped with GPS to obtain global time reference and su-
per nodes can communicate directly with them to maintain
synchronization. An ordinary node launches time synchro-
nization by broadcasting request messages to its neighboring
super nodes. Upon receiving the request message, each su-
per node responds with a measurement of its absolute veloc-
ity. Nodes use a correlation model to estimate their velocity
given the velocity of the super-node. While being effective
in estimating the time varying delay, this protocol needs to
know the exact correlation model between nodes, which is
very hard to obtain. Also for networks with self-propelled
vehicles, there may not be any correlation among neighbor-
ing nodes. On the contrary, our proposed scheme does not
make any assumption about the underlying motion model
nor does it require the motion correlation statistics of nodes
for time synchronization. In addition, for Mobi-Sync, the
network has to be densely deployed to ensure that each or-
dinary node maintains connectivity to at least three or more
super nodes in order to have a good estimate of velocity.

3. PROTOCOL DESCRIPTION
We begin by describing at a high level the operation of

D-Sync. The goal of the protocol is to synchronize nodes
to a single node within their transmission range, which we
refer to as the beacon. The beacon essentially takes the role
of a cluster-head and is responsible for estimating the clock
offset and skew for all nodes that can communicate with it.
The beacon can either be a super-node with a higher energy
budget or it can be periodically elected among the nodes in
the network. Once nodes are synchronized to the beacon,
they are also synchronized to each other and network wide
synchronization is achieved.

We first describe the basic signaling block when a single
node has to synchronize to the beacon. For the network
case, the same signaling pattern follows. Figure 1 summa-
rizes the messages exchanged between a beacon node and
an unsynchronized node B. We also introduce some impor-
tant signaling parameters that we will refer to later in this
section. As shown in Figure 1, a beacon initiates the syn-
chronization process by broadcasting a request message and
storing the send time of the message, tA(t1). Node B records
the receive time of the message as per its local time, tB(t2).
As mentioned earlier, the message sent by the beacon can
be used by node B to estimate its relative speed based on
the estimated Doppler shift[11, 9]. Now, since random ac-



cess methods are the preferred mode of Medium Access for
mobile networks, node B has to back off for a random time,
Tbackoff before it transmits a reply message back to the bea-
con. We will refer to this time as the response time of node
B. (Later in Section 4 we will discuss the effect of the re-
sponse time on the performance of D-Sync and MU-Sync).
Finally, node B transmits a reply message to the beacon at
time t3, time stamped by its local send time, tB(t3). As be-
fore, the beacon estimates its relative speed to node B from
the reply message and also records the receive time of this
message, tA(t4). This process is repeated every Tmessage

(s) which is another signaling parameter that affects perfor-
mance as we will discuss in Section 4. Given all the timing
measurements and estimates of the relative node speeds ob-
tained from Doppler, we will now derive the set of equations
used by D-Sync to synchronize nodes.
We begin with a formal description and discussion of the

synchronization problem, and continue to relate the un-
known skew and offset of a node to the Doppler and timing
measurements obtained from the messages described earlier.
The local time of any node A is related to the true global

time, t by equation (1).

tA(t) = δA.t+∆A (1)

Where, tA(t) denotes the local time of node A at time t, δA
is the clock skew and ∆A is the clock offset.
The synchronization problem is to estimate the clock off-

set and skew for all nodes with respect to a beacon node.
To derive our estimator in the light of existing schemes, we
begin with a set of basic equations that relate the propaga-
tion delay to the local time of nodes, when a request and
reply message is exchanged between two nodes.
Consider a message that is sent by node A at time t1 and

received by node B at time t2. The propagation delay is
related to the distance, dAB(t1, t2) defined as the distance
between the position of node A at time t1 and the position
of node B at time t2, equation (2). By substituting for
t1 and t2 in terms of the local time of nodes A and B, as
given by equation (1) and further assuming that node A′s
clock is perfect, we obtain an equation that relates the skew
and offset of node B to the unknown distance dAB(t1, t2),
equation (3).

‖PA(t1)−PB(t2)‖
c

= dAB(t1,t2)
c

= t2 − t1

dAB(t1,t2)
c

= tB(t2)−∆B
δB

− tA(t1)−∆A
δA

(2)

tB(t2) = δB .

(
tA(t1) +

dAB(t1, t2)

c

)
+∆B (3)

We can similarly obtain equation (4), when node B replies to
node A at a later time, t3 and node A receives this message
at time t4. This message exchange is summarized in Figure
1.

tB(t3) = δB .

(
tA(t4)−

dAB(t3, t4)

c

)
+∆B (4)

Now, if the nodes are stationary, but the propagation de-
lay is not negligible, as is the case in static underwater net-
works, then we have a total of 3 unknowns and 2 equations.
Since the number of unknowns does not grow with the num-
ber of equations, this problem is solvable, by exchanging
more messages[13]. However if nodes are mobile, the num-
ber of unknowns grows with the number of equations. This

is because the relative distance between nodes also varies in
time. Specifically, for n equations we have n+ 2 unknowns.
Further the equations are not linear in the unknowns. To
address this problem, protocols such as MU-Sync make the
assumption that the relative node distance does not change
during a message exchange and further use a coarse estimate
of the skew to estimate the one-way propagation delay. We
will show later in Section 4 how these assumptions affect the
performance of MU-Sync.

BeaconNode

Request msg

 Reply msg

t1

t2

Tbackoff

t4

t3
Tmessage

Figure 1: D-Sync Messaging Scheme

In D-Sync, we do not make the above assumptions. In-
stead we relate the clock offset and skew to the change in
the relative distance of two nodes by combining equation (3)
and equation (4) to obtain equation (5).

tB(t3) + tB(t2)

= δB .
(
tA(t4) + tA(t1) +

dAB(t1,t2)−dAB(t3,t4)
c

)
+ 2∆B

= δB .
(
tA(t4) + tA(t1) +

dAB(t1,t1)−dAB(t3,t3)
c

)
+ 2∆B

+εmotion

(5)
where εmotion is the error due to node mobility:

εmotion = δB
c

· {dAB(t1, t2)− dAB(t1, t1)
+dBA(t3, t3)− dBA(t3, t4)}

Further analysis reveals that εmotion can be upper bounded
by:

|εmotion| ≤ δB
c

· |dAB(t1, t2)− dAB(t1, t1)|
+ δB

c
· |dBA(t3, t3)− dBA(t3, t4)|

≤ δB
c2

· S · (vA + vB)

where S is the maximal transmission range and vA(B) is
the maximal speed of node A(B). We argue that in a mes-
sage exchange, the two terms, (dAB(t1, t2)−dAB(t1, t1)) and
(dBA(t3, t3) − dBA(t3, t4)), are likely to offset each other
on average. By substituting typical values for S, vA and
vB , worst case estimation error caused by εmotion is around
1ms, which we consider to be acceptable for most under-
water network systems. From here onwards, dAB(t1, t2) is
approximated by dAB(t1) for ease of presentation.

So far, we have obtained a relationship between the un-
known skew and offset and the change in the distance be-
tween nodes during a request and reply message. We now
formulate the estimation problem by relating the Doppler



measurements obtained at the end of each message to the
change in the relative node distance. The Doppler shift is
related to the relative speed of nodes by equation (6).

∆dAB(t)

∆t
= vAB(t) = fdoppler(t).λ (6)

The total change in distance during a request and reply ex-
change is given by equation (7).

dAB(t3)− dAB(t1) =
t3∫
t1

vAB(t)dt

= λ
t3∫
t1

fdoppler(t)dt

(7)

While the continuous Doppler shift is required to estimate
the change in distance as shown in equation (7), we use only
the two measurements obtained during a two-way exchange.
Our estimate of the change in distance is given by equation
(8).

dAB(t3)− dAB(t1)
= 0.5 (vAB(t3) + vAB(t1)) . (t3 − t1) + ε

= v̂AB(t1, t3).
(

tB(t3)−∆B
δB

− tA(t1)
)
+ ε

(8)

Where v̂AB(t1, t3) is the average of VAB(t1) and VAB(t3).
Substituting equation (8) in equation (5), we obtain how

the clock offset and skew is related to measurements of the
relative speed of nodes, equation (9).

tB(t2) + tB(t3)
(
1 + v̂AB(t1,t3)

c

)
= δB .

(
tA(t4) + tA(t1)

(
1 + v̂AB(t1,t3)

c

))
+
(
2 + v̂AB(t1,t3)

c

)
∆B + ε+ εmotion

(9)

To summarize, when a request and reply message is ex-
changed between a beacon and an unsynchronized node, we
can obtain a linear equation in 2 unknowns as given by equa-
tion (9). A linear estimator can then solve the set of equa-
tions obtained when N such messages are exchanged. The
estimator of the clock skew and offset for the above problem
is given by equation (10).

Λ̂ =
[
δ̂B , ∆̂B

]T
=

(
ATA

)−1
ATY

Y [i] = tB(t
i
2) + tB(t

i
3)

(
1 +

v̂AB(ti1,t
i
3)

c

)
A [i, 1] =

(
tA(t

i
4) + tA(t

i
1)

(
1 +

v̂AB(ti1,t
i
3)

c

))
A [i, 2] =

(
2 +

v̂AB(ti1,t
i
3)

c

) (10)

Where Y is a N × 1 vector and A is a matrix with N × 2
entries. The elements of Y and A are given in equation (10).
We next describe the sources of error in D-Sync.

3.1 Error Analysis
There are two main sources of error in D-sync: the error

due to random noise in Doppler measurements and the error
due to the fact that Doppler measurements are not available
continuously. As a result, the change in distance during a
message exchange can only be estimated using the average
of the two measurements obtained at the end of each mes-
sage transmission, as described earlier. We will refer to the
resulting error as the interpolation error. The timing error
in equation (9) can be expressed in terms of afore mentioned
errors as per equation (11). Equation (11) also shows the de-
pendence of the error on the response time, Tbackoff shown

in Figure 1. This response time affects the performance of
MU-Sync as well which we will discuss in the next section.

ε = (εnoise + εinterp) .
(

t3−t1
δB .c

)
= (εnoise + εinterp) .

(
Tbackoff+Tprop

δB .c

)
Tbackoff = t3 − t2;Tprop = t2 − t1

(11)

εinterp = 1
t3−t1

.
t3∫
t1

vAB(t)dt−
(

vAB(t1)+vAB(t3)
2

)
≤ (t3−t1).(a2

max−a2
avg)

4.amax

(12)

In Appendix A, we derive an upper bound for the inter-
polation error in terms of the maximum and the average
relative acceleration of a pair of nodes, equation (12). We
next compare the performance of D-Sync and MU-Sync over
a set of relevant parameters.

4. COMPARISON BETWEEN D-SYNC AND
MU-SYNC

In this section we will compare the D-Sync and MU-Sync
via simulations for a pair of nodes. For this comparison
we use the same signaling scheme as MU-Sync, which we
described at the beginning of Section 3. Later, in Section
5 we will discuss the performance of the two schemes in a
network setting.

In the following simulations, nodes follow smooth curved
paths with a constraint on their maximum speed and maxi-
mum instantaneous acceleration. Further, all simulation re-
sults show the mean and standard deviation of the synchro-
nization error 2 hours after a node is synchronized. A total
of 10 request and reply messages are used for synchroniza-
tion. The simulation parameters are summarized in Table 1
unless specified otherwise. We now describe the parameters
that affect the performance of D-Sync and MU-Sync.

Table 1: Simulation Parameters
Notation Value

packet length: L 60bytes
Data rate: R 240bps

Max distance: D 1000m
Max offset error 0.03s

Std. Doppler error 0.1m/s2

Tbackoff 30s
Slot length: tslot 0.976s

4.1 Response Time
As mentioned earlier, the response time is defined as the

time elapsed before an unsynchronized node replies to a re-
quest message sent by the beacon node, indicated by Tbackoff

in Figure 1. While this time is assumed to be very small in
MU-sync[1], it can be quite substantial in underwater net-
works. Due to the low data rates of underwater acoustic
modems, the duration of packet transmission is in the order
of hundreds of milliseconds. As the number of nodes com-
peting to respond to a reference message increases, nodes
will need to back off tens of seconds to avoid collision, de-
pending on the number of contenders. Consequently, the
response time of nodes also increases.



Figure 2 shows the mean and standard deviation of the
synchronization error for MU-Sync and D-sync when the re-
sponse time of a node is varied between 5s and 100s. In
our simulations, the maximum relative speed of the node is
2m/s, which is nominal for self-propelled vehicles and corre-
sponds to a higher mobility regime for devices that are not
propelled.
We observe that both D-Sync and MU-Sync show an in-

creasing trend with the response time, however for different
reasons. In the case of MU-Sync the error increases because
it assumes that nodes remain stationary during a message
exchange. While in reality nodes would have moved a dis-
tance proportional to the response time. This translates
to an error in the one-way propagation delay for MU-Sync.
The error in D-sync increases with the response time because
Doppler measurements are available only when a message is
exchanged between nodes, as opposed to a continuous es-
timate. When the response time grows, so does the inter-
polation error as given in equation (12). However, D-Sync
still outperforms MU-Sync because unlike MU-Sync, it takes
node mobility into account during a message exchange. We
will now compare the two schemes vs. network mobility.
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Figure 2: Performance with response time.

4.2 Extent of Mobility
We define the extent of mobility as the relative speed of

nodes. While the performance of MU-Sync is affected di-
rectly by the relative node speed, the performance of D-Sync
depends on the rate of change of relative speed as we have
shown in Appendix A, equation (12). To further illustrate
this point, we compare the two protocols via simulations
when the maximum relative speed of a node is varied from
.01m/s to 5m/s. The maximum relative acceleration was
fixed at .04m/s2. All other simulation parameters are given
in Table 1.
From Figure 3 we observe that at low node speeds (be-

low 1m/s), the performance of MU-Sync and D-Sync are
comparable. This is expected, since the assumptions made
by MU-Sync are valid at low mobility. However, with in-
creased mobility, D-Sync significantly outperforms MU-Sync
and has consistent performance across different speeds. On
the other hand, the accuracy of D-Sync is affected by the
relative acceleration of nodes. This is shown in Figure 4
where the maximum relative acceleration is varied between
.01m/s2 to 0.1m/s2, while the maximum relative speed is
kept constant at 2m/s. The error in MU-Sync had a stan-
dard deviation of around 200ms and did not vary with rel-
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Figure 3: Performance of D-Sync and MU-Sync with

relative node speed.

ative acceleration, so it is not shown in Figure 4. We next
evaluate the robustness of D-Sync to the error in speed es-
timates obtained from Doppler.
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4.3 Error in Doppler measurements
The error in the estimate of relative node speeds based

on Doppler measurements only affects the performance of
D-Sync. Figure 5 shows how the synchronization error of D-
Sync varies when the standard deviation of the error in speed
is increased from .01m/s to 0.5m/s. While the nominal re-
ported error is 0.1m/s[9], we observe that D-Sync still sig-
nificantly outperforms MU-Sync at errors of above 0.4m/s.
The error in MU-Sync was once again around 200ms and
showed no variation with the Doppler error as expected. We
will next describe why the interval at which request messages
are sent by the beacon affects synchronization performance.

4.4 Interval between request messages
In its basic form MU-sync recommends that the cluster

head sends out a message every 5s. Further, to achieve ac-
curate synchronization, each node transmits a total of 25
messages. However, we recognize that estimating the skew
is equivalent to estimating the slope of a line that best fits
the timing data. To get a good fit, the dynamic range over
which regression is performed should be far greater than the
error in measurements. one-way of increasing this dynamic
range is to allow enough time to elapse before initiating the
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next request-reply exchange. Figure 6 shows how the per-
formance of both MU-Sync and D-Sync can be improved
by increasing the interval between request messages, while
keeping the number of messages constant. The results show
that increasing the message interval is a simple and effec-
tive way of improving synchronization performance without
additional energy overhead.
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Figure 6: Performance vs message interval.

4.5 Total number of reference messages
Finally, we compare the two schemes when the total num-

ber of messages transmitted per node is increased from 5
to 45 as shown in Figure 7. While both protocols bene-
fit from more messages, D-sync outperforms MU-sync espe-
cially when the number of messages transmitted per node is
small. D-Sync is also able to achieve high accuracy, that is
10ms error for 2 hours after synchronization, using only 10
messages.
To summarize, we have shown that D-Sync outperforms

MU-Sync over a range of relevant parameters. As a next
step we propose a more light-weight version of our proto-
col, called Broadcast D-Sync (B-D-Sync) that is especially
suitable as the network density increases.

5. BROADCAST D-SYNC
We have earlier shown that D-Sync can accurately syn-

chronize a pair of nodes by exchanging several two-way mes-
sages. However, if we want to synchronize a group of nodes,
then each node must transmit a reply message for every re-
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Figure 7: : Performance vs number of messages.

quest message sent by the beacon. As a result, the total en-
ergy consumption can quickly ramp up. On the other hand,
TSHL is known to be very energy efficient for synchronizing
a group of nodes. Since TSHL assumes that the network
is static, it can estimate the clock skew from a number of
consecutive beacon broadcasts. Further, it requires only a
single two-way exchange between the beacon and an unsyn-
chronized node to obtain the unknown propagation delay
and clock offset. As such, TSHL is not applicable to mobile
systems because the propagation delay is no longer constant
and the variation in the propagation delay is not known.
However, we can strategically exploit Doppler information
to overcome this problem as explained below.

Using Doppler measurements we estimate the change in
the relative distance or in other words the change in the
propagation delay. Instead of relying on two-way messages
to obtain the propagation delay, we first obtain an accu-
rate estimate of the one-way delay from a single two-way
exchange. We then use Doppler measurements to estimate
the one-way delay for every broadcast message transmitted
by the beacon (see Figure 8). Once the propagation delays
for all messages are known, we apply linear regression to
jointly estimate the skew and offset. Therefore, nodes need
to respond to only one beacon message to synchronize.

V1

V2

prop. delay D1

prop. delay D2

T

D2 = D1 +(V1+V2)*T/2
V: relative speed estimation
based on Doppler

BeaconNode

Figure 8: Relationship between consecutive propagation

delays.

We now describe the messaging scheme used by B-D-Sync
which is slightly different from TSHL. Instead of dividing
the synchronization into two phases, we jointly estimate the
skew and offset. Here we focus on a single hop network with
n nodes. We organize the network into a beacon node and
n−1 ordinary nodes. The beacon node is in charge of initiat-
ing the synchronization process by broadcasting a number of
beacon messages. In addition, the beacon node will mark its
last message to which nodes respond. Each unsynchronized



node records when a beacon message was received. After
the last message is received, nodes send all their previous
recorded timestamps to the beacon node in a response mes-
sage. Finally, the beacon node computes the skew and offset
for each unsynchronized node, and broadcasts the result to
all nodes. To balance the energy consumption, nodes take
turns in playing the role of the beacon. Figure 9 shows the
detailed messaging scheme for B-D-Sync.

BeaconNode

beacon msg

Node 1's response msg

Node 2's  response msg

Node (n-1)'s response msg

Figure 9: Broadcast D-Sync messaging scheme.

Next, we will evaluate MU-Sync and TSHL together with
our proposed schemes in a network setting.

5.1 Performance Comparison and Discussion
In our simulation set up, nodes are placed in a 1000m by

1000m field. Each node can move on a smooth curved path
in this field with a maximum relative velocity of 2m/s and
a maximum relative acceleration of 0.1m/s2. The speed of
sound is set to 1500m/s and remains constant throughout
the synchronization process. The beacon node is assumed
to have a precise clock, while the rest of the nodes have
a skew of 80ppm and an offset of 0.000060s. Nodes use a
slotted contention based MAC protocol to gain channel ac-
cess. Assuming a maximum initial synchronization offset of
0.03s, the slot length tslot is calculated based on the packet
size, maximum synchronization offset, maximum distance
between nodes and data rate as specified in Table 1. Given
the above parameters, for a one-hop network with n nodes,
each node chooses a random backoff in [0, 10 ∗ (n− 1) ∗ tslot]
before it responds to a beacon message. The interval be-
tween consecutive beacon messages is set to 2s for B-D-Sync
and THSL, and (10∗n∗ tslot+5)s for D-Sync and MU-Sync,
respectively. The multiplicative constant 10 is carefully cho-
sen to ensure that all nodes can respond before the next bea-
con transmission. Finally, the Doppler-based relative speed
measurements have a Gaussian error with standard devia-
tion 0.1m/s, which is a typically suggested value[9].
As both D-Sync and MU-Sync rely on two-way messages,

they will follow the same signaling scheme as explained in
Section 3. Similarly TSHL and broadcast D-Sync share the
same signaling scheme as illustrated in Figure 9. We now
compare the performance of the four protocols in terms of
accuracy and energy consumption, and show how they vary
with network size.
We define accuracy as the mean of the absolute timing
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Figure 10: Comparison of the accuracy of protocols ver-

sus network size.

2 3 4 5 6 7 8 9 10 11
10

20

30

40

50

60

70

80

90

100

110

Network size

E
ne

rg
y 

co
st

 in
 n

um
be

r 
of

 m
es

sa
ge

s

Total Energy Consumption

Mu−Sync

D−Sync

TSHL

B D−Sync

Figure 11: Comparison of different protocols in terms

of energy consumption.

error, two hours after synchronization. We define the en-
ergy consumption as the total number of messages sent by
all nodes in the network. Figure 10 shows the accuracy
of each scheme, while Figure 11 depicts the corresponding
energy consumption. From Figure 10 and Figure 11, we ob-
serve that D-Sync significantly outperforms MU-Sync how-
ever with identical energy consumption. The error in D-Sync
increases from 7 to 20ms when the network size grows from
2 to 11. This makes D-Sync an ideal candidate to avoid
frequent re-synchronization. Further B-D-Sync has a per-
formance comparable to MU-Sync, however using far less
energy.

Since D-Sync and MU-Sync use the same signaling scheme,
their energy consumption curves entirely coincide. Similarly,
TSHL and broadcast D-Sync have identical energy consump-
tion. Based on Figure 11, it is clear that B-D-Sync and
TSHL consume far less energy as compared to MU-Sync and
D-Sync. When energy consumption per synchronization is a
constraint, broadcast D-Sync would be a perfect candidate.
We have also observed that by using some additional two-
way messages the performance of Broadcast D-Sync can be
significantly improved. This goes on to show that it may
be possible to optimize the signaling scheme for B-D-Sync.



However, we leave this problem as part of future work.

6. CONCLUSION
Node mobility in underwater networks combined with low

data rates of acoustic modems can have a significant im-
pact on the performance of time-synchronization protocols.
While the absolute velocity of nodes is hard to obtain un-
derwater, information about their relative speed is a key in-
put to time-synchronization. Incidentally, the Doppler shift
caused by the relative motion of nodes is a very well studied
problem since it is a major impairment to underwater acous-
tic communication. A number of effective physical layer
techniques have been developed to estimate the Doppler
shift. We have shown that our proposed time sync pro-
tocols strategically leverages Doppler information provided
by the physical layer to achieve accurate time synchroniza-
tion. Depending on how energy constrained nodes are, we
believe D-Sync or B-D-Sync would be promising candidates
for time synchronization in underwater networks.
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APPENDIX
The interpolation error is given by:

εinterp =
1

∆t
.

t1+∆t∫
t1

vAB(t)dt−
(
vAB(t1) + vAB(t1 +∆t)

2

)
The variation in the relative node speed must be such that it
satisfies the two boundary data points obtained from Doppler
measurements of the relative speed: vAB(t1)= v1 and vAB(t1+
∆t) = v2.

Figure 12: Relative speed of node vs. time

The maximum interpolation error occurs when a node
moves with maximum relative acceleration of amax until
some time t1+ θT , and decelerates at amax thereafter. This
error is depicted in Figure 12 as the area of the triangular re-
gion BCD. The detailed derivation is omitted due to space
limit. The maximal interpolation error εinterp is given by:

max{εinterp} = 1
∆t

(area(ABCDE)− area(ABDE))

=
∆t(a2

max−a2
avg)

4.amax


