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Abstract. Since the birth of computer networks and distributed sys-
tems, the clock synchronization issue has been considered as a major
challenge. In fact, the importance to have clocks synchronized resides in
the fact that a wide range of communication protocols and applications
necessitate a common notion of time for the overall network nodes to
operate perfectly. MAC protocols and node sleep scheduling are protocol
examples based on synchronized clocks. The design of synchronization
protocols is challenged by the uncertainty arising from message latency
and clock drifting, and also by resource constrained nodes. In this work,
we first exhibit the basic concepts of the clock synchronization issue, and
we provide a thorough classification based on the features that have to be
considered when designing synchronization protocols in such networks.
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1 Introduction

WIRELESS sensor networks (WSNs) are widely studied both by academic
and industry researchers in recent years [1]. There are various applications to
derive benefit from WSNs’ services: environmental monitoring, health monitor-
ing, inventory location monitoring, objects tracking, and transportation network
monitoring, etc. Unlike classical networks, which aim to provide high quality ser-
vice without power restriction, sensor network protocols’ primarily purpose is to
economize as much as possible the energy in order to enhance the network’s life-
time. Indeed, synchronization is a critical component for any WSN. Examples
are given by data fusion, coordination of wake-up and sleeping times, scheduling
algorithms such as TDMA, localization schemes, etc. [4, 10, 12, 2]. During the
last decades, clock synchronization has been taken as a decisive key for many
wired network applications; and thus attracted intensive interest by researchers
with the result that numerous synchronization schemes have been designed for
wired networks. However, these schemes cannot be directly used in WSNs due to
their specific requirements. In fact, the design of clock synchronization protocols
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for WSNs is challenging because it is typified by various network constraints.
Detailed discussions on clock synchronization challenges in WSNs can be found
in [11, 5, 4].

In this work, we propose a new straightforward classification that includes
most of the existing clock synchronization schemes for WSNs. Indeed, features
of clock synchronization schemes that we have proposed have been used in some
research works, but we have introduced other features such as terrestrial vs.
underwater network synchronization, sttatic vs. dynamic skew compensation,
receivers to receivers vs. one-receiver to receivers synchronization, have not been
involved in any works.

This paper is organized as follows. In Section 2, some basic concepts related
to clock synchronization and the problem definition are presented. In Section 3, a
classification for clock synchronization protocols is provided. Section 4 concludes
the paper.

2 Basic concepts and problem definition

2.1 Basic concepts:

Before going into the details of our work, we first define the clock model that
will be used in this paper. Each sensor node i has its own local hardware clock
consisting of an oscillator frequency that defines the rate f at which the clock
progresses. As it is widely adopted, we associate with each node i a local clock
7i(t) in order to implement an approximation of the hardware clock. Conse-
quently, the local clock of a node ¢ can be modelled as follows:

where a; is the clock speed (rate), and b; is the local clock offset at real time ¢.
Assuming that 7,;(t) and 7;(t) are the local clocks of nodes ¢ and j, respectively,
we can define the relative clock between them as:

7i(t) = a7 (1) + bij (2)

The parameters a,;; and l;ij represent the relative rate and the relative offset
between the clocks of node i and j, respectively.

2.2 Problem definition:

WSNs consist of spatially separated nodes, of wireless communication links, and
of clocks. Indeed, sharing a common notion of time among network nodes is one
of the most basic services in any such network. To achieve this purpose, each
network node has to request the time information from its neighbor nodes or
from a reference node that provide the accurate time. The procedure applied to
assist the entire node clocks to agree on common time is well known as clock
synchronization. Ideally, the purpose of any clock synchronization algorithm is
to ensure the ezact time between all network nodes. In order to be practical,
the eractness term has been relaxed by researchers, meaning that the clock
synchronization purpose is to maintain the nodes’ clock values quite closely
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synchronized during the network’s lifetime. Obviously, two clocks C; and C; are
declared to be d-synchronized if their offset value at a time instance ¢ is bounded
by some specific constant § [6]:

Ci(t) = G5 <6 (4)

Inequality (4) states that at any real time, network node clocks may differ by at
most §, which is the goal of clock synchronization algorithms.

3 Clock Synchronization classification

The clock synchronization in WSNs has been extensively studied in recent years
and many protocols have been proposed. Our paper suggests a helpful classifi-
cation introducing new features that are not covered by these works. For that
purpose, we adopt the following classification to categorize the clock synchro-
nization protocols proposed in the literature:

— Network features

— Objective features

— Communication technique features
— Clock behavior features

3.1 Network features:
We have divided these features into three categories:
Terrestrial vs. underwater network synchronization:

In general, as terrestrial wireless sensor motes work on high speed radio commu-
nication, most of the clock synchronization protocols have been designed with the
assumption that the propagation delays among sensor nodes is negligible. How-
ever, these protocols are unsuitable for underwater sensor networks (UWSNs)
due to the slow propagation speed that characterizes the underwater environ-
ment [7]. Consequently, time propagation is the main challenge when designing
synchronization schemes for underwater network.

Static vs. dynamic network synchronization:

Nodes in a static network don’t move, and topology remains unchanged once
the nodes are deployed. However, nodes in a dynamic network have the ability
to move, which leads to frequent topology changes. For that, performing clock
synchronization in dynamic WSNs is quite challenging compared to static WSNs.

Single hop vs. multi-hop network synchronization:

In single hop networks, nodes can communicate directly between them since
nodes are neighbors of each other. Thus, a simple message exchange between
nodes would facilitate all nodes to synchronize. However, the multi-hop trans-
mission is one basic feature of WSNs due to the low power transmission level
used by nodes, and due to their potential large size. Thus, nodes are not required
to be in communication distance with the reference node. Otherwise, each node
can use its neighboring nodes as relays to reach the reference node.
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3.2 Objective features:
We can divide these features as follows:
Reference-based vs. distributed synchronization:

In a reference-based synchronization protocol, one node needs to be elected as
a reference node which acts as reference clock. Then, all non reference nodes
will be synchronized to the reference node by adjusting their own clocks based
on the clock information received from their reference node. By contrast, nodes
in distributed synchronization protocols perform exactly the same algorithm,
aiming to converge their local clocks to a common global time value.

Internal vs. external synchronization

The external synchronization objective is to synchronize all node clocks within
the network to a real world time provided from outside the network (e.g., UTC,
GPS). On the other hand, an internal synchronization purpose is to minimize
the error among the local clocks of the nodes in the network. Here, the actual
real time is not required, meaning that consistency among the network node
clocks is sufficient.

Proactive vs. reactive synchronization:

In proactive synchronization, time synchronization protocols strive to keep the
node clocks synchronized at all times. To this end, synchronization should be per-
formed continuously on all nodes, and thus, whenever an event of interest occurs,
these clocks can instantly be consulted. In reactive synchronization schemes, a
node clock runs unsynchronized, and the synchronization process is started only
after an event of interest has been detected [8].

3.3 Communication technique features:

There are three renowned timing message approaches for clock synchronization
in WSNs which are:

Round Trip Synchronization (RTS)

In order to communicate the time information between network nodes, the RTS
mechanism has been widely used in the literature. To understand this approach,
let us suppose that node A needs to synchronize with node B. As depicted
in Figure 1, during each synchronization round ¢, a synchronization message
containing the sending time t! is sent to node B by node A. Next, node B
records the reception of the message using its local clock at t? and then replies
to Node A at t3 . The reply message holds the timestamp t? and 3. At last,
node A receives the reply message at t}. Note that ¢} and t} are the timestamp
recorded by the local clock of node A, while t? and ¢} are the timestamp recorded
by the local clock of node B. If we consider only the clock offset between two
adjacent nodes, the above procedure can be mathematically modelled as:

t2=t; +d+6 (5

th=tl—d+0  (6)
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where 6 represent the clock offset and d is the transmission delay. Then node A
can calculate the clock offset and transmission delay as below, and synchronize

itself to B. )
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Fig.1: Round Trip Synchronization between two nodes

Unidirectional Time Dissemination (UTD):

In this approach, a sender node disseminates a synchronization message including
its local clock to its neighbor nodes while the others receive it and record its
arrival times, as shown in Figure 2. Based on sender's and receiver's timestamp,
receivers update their clock. According to Equation(2) the relationship between
the time at the sender A and the time at the receiver B can be expressed as
follows:

2 = gy 1% + Bap (9)

where (4, and g stand for relative clock offset and skew between node A and
node B, respectively.

b
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Fig. 2: Unidirectional Time Dissemination
Usually, in order to reduce the error introduced by the communication delay

uncertainty, protocols that use the UTD technique timestamp the synchroniza-
tion messages at the MAC layer.
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Inter-Receivers Synchronization (IRS):

the IRS approach assumes that all neighboring nodes receive the same wireless

signal at approximately the same time. Generally, there are two variations of
IRS:

— Receivers to Receivers Synchronization (RRS): As depicted in Figure 3,
node A acts as a beacon node and broadcasts a synchronization beacon
message without any information about its local clock to its neighbors. The
receivers B and C consider the arrival times tﬁ? and t{, respectively, as a
reference point for comparing their clocks. Therefore, nodes B and C have
to exchange their arrival times to each other. Finally, nodes A and B can
easily compute the difference between their reception times to synchronize
their local clocks.

\C:'x .
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Fig. 3: Receivers to Receivers Synchronization

— One-Receiver to Receivers Synchronization (ORRS): Unlike the RRS tech-
nique, neighbor nodes in the ORRS technique can synchronize their local
clocks by only receiving synchronization messages. To this end, one receiver
should be elected to act as a reference point and the other receivers can be
synchronized by comparing their local reading clocks with it. As shown in
Figure 4, node A starts a synchronization round i by broadcasting a syn-
chronization pulse to its neighbor nodes. Upon receipt, nodes B, C and D
record the pulse arrival times using their local clocks. Next, node B, selected
to be a reference point, broadcasts a packet containing its arrival time 2.
Once nodes C and D receive this time information they estimate the offset
with respect to the reference point B by computing the difference between
their reception times ¢¢ and t¢ and the received information ¢%.

3.4 Clock behavior features
The main clock behavior features are described as follows:
Clock correction vs. clock transformation:

Typically, a synchronization process ends by estimating the relative offset and
skew parameters with respect to either reference node or neighbor nodes. In order
to make all clocks display the same time, nodes have to correct their clocks by
compensating their local clock values using the estimated parameters. The most



A new classification of clock Synchronization in WSNs 7

Fig. 4: One-Receiver to Receivers Synchronization

straightforward approach to achieve a common notion of time without clock
correction is to perform time transformation. For instance, RBS [3] keeps locally
both offset and skew of every other node with respect to its local clock. Once
a time information is received, it translates the received clock value to its local
time.

Offset vs. skew compensation:

In order to achieve synchronization, each node has to adjust (compensate) its
local clock values using the estimated parameters. In fact, offset and skew com-
pensations are used by nodes to adapt their local clock values to each other or
to the reference(s) node(s). As shown in Figure 5, in order to adjust the local
time, offset compensations arise at times tq, and to. However, in Figure 6, the
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Fig. 5: Offset compensations

skew compensations arise at time ¢; to adjust the clock rate among nodes. Per-
forming only the instantaneous clocks, offset compensation has the advantage
of simplicity, but the clocks will deviate away due to the clock drift. In fact, to
achieve more stable synchronizations without any frequent resynchronizations,
clock skew compensation should be performed.
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Fig. 6: Skew compensation

Static vs. dynamic skew compensation:

Usually, as soon as the clock synchronization process has been achieved, nodes
should schedule the next synchronization round to compensate the potential
clock drifting. Most of clock synchronization schemes force nodes to perform
synchronization at a static interval to maintain their clocks synchronized. How-
ever, a short resynchronization interval could be expensive in terms of energy as
the exchanged messages will be increased. To deal with that problem, a new class
of synchronization schemes has been proposed recently (e.g, [9, 13]) that could
considerably augment the resynchronization interval. In fact, the key idea is to
perform the skew compensation dynamically according to the ambient condition
changes.

4 Conclusion

Clock synchronization is a crucial issue for any distributed system and even
more in WSNs, because many applications and communication protocols rely on
it. Therefore, clock synchronization has been extensively studied in wired net-
works; unfortunately, the proposed solutions are often inappropriate for WSNs
because they are typified by various constraints. Otherwise, achieving and main-
taining clock synchronization at high accuracy with minimum energy cost is
very challenging in such resource constrained networks. Indeed, this issue has
driven researchers to design new techniques which fit to the restricted resources
typifying WSNs. This paper has proposed a thorough classification including
the previous ones and based on the features that should be taken into account
when designing a new synchronization protocol in such networks. We believe
that our work can give a valuable insight into most and recent work on clock
synchronization techniques used by designers and also motivate and encourage
new research.
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