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Abstract—Over the past decade, the Internet of Things (IoT)
has attracted enormous interest from the research community
and industry. IoT requires a synergy of various technologies, and
Wireless Sensor Networks (WSNs) are poised to play a critical
role in many IoT applications like weather monitoring, smart-
grid, smart-city, etc. Synchronization of local clocks of the WSN
nodes is essential in many network functionalities and thus a time
synchronization protocol is required in WSNs. Although several
synchronization protocols have been proposed for WSNs, most of
them are simulation-based works. They make many assumptions
at a high abstraction level and do not take into account the
conditions of the Line-of-Sight (LOS) in the network. These
factors significantly affect the performance of these protocols.
Thus, conclusive experimental proof of the effectiveness of these
protocols for different LOS conditions is required. In this
direction, this work proposes a time synchronization protocol
called Efficient and Simple Algorithm for Time Synchronization
(E-SATS) for a cluster-based WSN. E-SATS has been tested on
a large-sized WSN testbed in different LOS scenarios in this
work and compared with the existing state-of-the-art protocols.
E-SATS outperformed existing protocols by achieving up to 6
times better accuracy as compared to existing protocols with
significantly lesser computations and energy consumption.

Index Terms—Time synchronization protocol; Wireless Sen-
sor Networks; Cluster-based WSN; WSN testbed; Line-of-sight
(LOS) conditions; Non-line-of-sight (NLOS) condition

I. INTRODUCTION

The Internet of Things (IoT) paradigm connects different

objects over the Internet and allows humans to interact with

them by bringing together the physical realm and the virtual

environments. IoT is made functional by a combination of

many underlying technologies such as sensors, communica-

tion networks, Application Program Interfaces (APIs), back-

end servers with data analytics, remote data/service access

technologies, etc. Hence, WSNs have become an important

part of the IoT. WSNs are used in several applications such as

home automation [2], precision agriculture [3], [4], personal

health monitoring [5], environmental monitoring [6], [7], asset

tracking [8], etc. Some of the features of WSN which make

them suitable for IoT applications are low cost (for large

scale deployment of devices), bidirectional communication

Corresponding Author: Biplab Sikdar. G. S. S. Chalapathi, Vinay Chamola
and S. Gurunarayanan are with Department of EEE, Birla Institute
of Technology & Science (BITS), Pilani, Rajasthan India 333031.
(email:{gssc,vinay.chamola,sguru}@pilani.bits-pilani.ac.in) and Biplab Sikdar
is with Department of Electrical and Computer Engineering, National Uni-
versity of Singapore, Singapore 117583 (email:bsikdar@nus.edu.sg).

(for sensing and actuation) and low bandwidth requirements

[9].

A WSN is a network of several devices which are generally

referred to as nodes. The WSN nodes cooperatively perform

the sensing, monitoring and actuation tasks in a given location.

Most of the WSN nodes in the network rely on batteries (or

solar cells) for their power supply requirements. Thus, a WSN

is typically an energy-constrained network deployed in harsh

environments like industries [10], mines [11], volcanoes [12],

etc. Therefore, WSN nodes are designed to be robust and

survive without battery replacement for few months and even

few years. A WSN is an example of a distributed network

where the nodes run in a coordinated way carrying out a

sensing and monitoring tasks. Thus, it is very important for the

participating nodes to have a common notion of time which

is achieved through a time synchronization protocol. WSN

nodes use cheap crystal oscillators for running the local clock

at each node. These cheap crystal oscillators bring inaccu-

racies in the local time due to crystal aging, environmental

factors like temperature, humidity, etc. [13]. Therefore, a time

synchronization protocol is essential to synchronize the local

clocks of the WSN nodes.

Several synchronization protocols for WSN have been pro-

posed till date like TPSN [15], RBS [16], TDP [17], GTSP

[18], CCTS [19], CMTS [20], etc. However, many of them

have been demonstrated on simulators only. Simulation-based

demonstrations have limitations like neglecting or approxi-

mating the delays in the communication of the packets, not

accounting for the packet loss in the communication, making

assumptions at high abstraction level, etc. [21]. Thus, they

cannot fully prove the merit of these synchronization schemes

for practical deployment. Also, the fact whether the nodes are

Line-of-Sight (LOS) to each other or not significantly affects

the communication between any two nodes, which in turn

affects the synchronization protocol’s performance. However,

seldom do the synchronization protocols mention about the

LOS conditions considered while evaluating their protocols or

consider the effect of the environment on their synchronization

protocol. Therefore, a simple time synchronization protocol

called Efficient and Simple Algorithm for Time Synchronization

(E-SATS) for a cluster-based WSN is proposed in this work.

E-SATS is able to achieve micro-second level synchronization

which is very essential for many automotive, health and indus-

trial applications [22]. Further, E-SATS uses simple and fewer

computations while consuming lesser energy compared to
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the state-of-the-art synchronization protocols. Thus it is aptly

suited for resource-constrained WSN nodes. The performance

of E-SATS has also been tested on a large size WSN testbed

of 30 nodes in different LOS conditions to prove its merit in

realistic conditions.

This paper makes the following contributions:

1) A simple and efficient synchronization protocol for a

cluster-based WSN named E-SATS is presented.

2) E-SATS is shown to achieve micro-second level synchro-

nization on a hardware testbed.

3) The effect of LOS conditions on the accuracy of synchro-

nization protocol is also presented.

4) E-SATS is also shown to have significantly better syn-

chronization accuracy, lower computational complexity

and lesser energy consumption compared to the existing

synchronization protocols used in cluster-based WSNs.

The organization of this paper is as follows. Section II

gives a brief background of time synchronization in WSNs.

Section III discusses the existing synchronization protocols

related to this work. The network model, clock model and

the mathematical basis of E-SATS is discussed Section IV.

Section V describes the testbed and the methodology used

for the evaluation of E-SATS. Section VI presents the results

and analysis of the performance analysis carried out on the

testbed in different LOS conditions. This section also presents

a comparison of computational complexity and energy con-

sumption of E-SATS with some of the existing synchronization

protocols. Finally, conclusions are presented in Section VII.

II. BACKGROUND OF TIME SYNCHRONIZATION IN WSN

Time synchronization plays an important role in many

operations of a WSN. For example, in sensor data monitoring

applications, the sensor data reported at different locations has

to be accompanied by the timestamp at which the data was

recorded. During analysis of the sensor data, it is essential for

this timing information to be according to a clock which is

common to all the participating nodes. If this synchronization

is absent, it will lead to incorrect analysis of the sensor

data. Apart from this data fusion and data-gathering operation,

time synchronization is also essential for duty-cycled packet

communication, for synchronizing the sleep-wake patterns

among the nodes, for time-based localization protocols, etc.

The following are the different types of synchronization in

WSN nodes according to the degree of synchronization that is

required:

I) All the nodes of the network are synchronized to a

common clock.

II) Only a part of the network, i.e., only some of the nodes

are synchronized.

III) A chronology of different events at various locations of

the network is determined without determining the actual

time of occurrence of the events.

The degree of synchronization needed in a WSN depends

on the application in which it is used.

A time synchronization protocol in a WSN involves ex-

change of packets among the participating nodes. These pack-

ets contain timing information like the local clock of the

Fig. 1: A typical network considered.

sender, reception time of the previous packets, etc. There

are different delays which a packet experiences in the course

of this transmission-reception operation. These delays can

be categorized as deterministic delays and non-deterministic

delays. These delays are elaborately discussed in [23] and

[13]. A synchronization protocol has to take into account

these delays as they directly influence the accuracy of the

synchronization achieved.

As mentioned before, the local clock of a node is maintained

using a crystal oscillator. There are two common models used

to model the local clock of a node. The first model is the offset

only model and the second one is the skew offset model. In

offset-only model, the local time at two nodes are assumed to

differ each other by a constant (called the offset). This model

does not account for the fact that oscillators on two nodes

tick at a different rate in reality. Some of the works based

on offset-only model are [15], [24], [25]. Thus this model

is less-accurate than the clock-offset model which accounts

for this fact. Clock-offset model based time synchronization

protocols are more accurate and required less frequent re-

synchronizations [21]. Some of the works which are based

on clock-offset model are [16], [26], [27], [30]. These models

are elaborately explained in [21].

III. RELATED WORK

This work focuses on time synchronization in WSNs with

a cluster-based topology. It has been shown in works like

[1], [35], [36] that cluster-based topology is a very energy-

efficient topology for WSNs, particularly for operations like

data-gathering, data dissemination, route-formation, etc. which

are the most common operations in typical WSN deployments.

Thus, it is pertinent to design time synchronization protocol

specific to cluster-based WSNs. A typical cluster-based WSN

is shown in Figure 1. A cluster consists of a cluster head

and a few cluster members. There are a few cluster members

called the gateway nodes which are cluster members of

more than one cluster. These gateway nodes help in inter-

cluster communication. Except for the gateway nodes, a cluster

member communicates only to its cluster head via a unicast

communication.

There are many time synchronization protocols (TSPs) for

cluster-based WSNs like PC-Avg [37], CHTS [38], CCSN

[39], L-SYNC [33], SLTP [34], CCTS [19] and most recently

CMTS [20]. PC-Avg uses average of the local time of the
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cluster members to synchronize the cluster members. This

protocol exhibits a high synchronization error and also does

not consider the non-deterministic and deterministic delays

involved in communication. It also requires frequent resyn-

chronizations as it is based on the offset-only model.

CHTS [38] is one of the earliest reported TSPs for cluster-

based WSNs. It assumes the presence of few nodes in the

network with high performance oscillator nodes (HPNs) along

with rest of the nodes which are low performance oscillator

nodes (LPNs). The HPNs become the cluster heads and the

LPNs become cluster members. This protocol has a significant

overhead as it involves cluster head tree formation and cluster

member tree formation phases. The cluster heads first get

synchronized to the reference node (which provides a time

reference to the whole network) in a hierarchical manner and

then the cluster heads synchronize their cluster members again

in a hierarchical manner. Since CHTS uses a offset-only clock

model and does not account for non-deterministic and deter-

ministic delays, it shows poor synchronization accuracy and

requires frequent resynchronization. Also, it has high overhead

due to cluster head tree formation and cluster member tree

formation phases. Also, it requires specialized HPNs thereby

increasing the cost of deploying the network.

CCSN [39] is another hierarchical synchronization protocol.

It also performs hierarchy of cluster heads like CHTS and uses

a synchronization scheme like CHTS. The main difference

between CCSN and CHTS is that CCSN uses a reference

broadcast method among the cluster members to synchronize

the cluster members to the cluster head. Since CCSN also

uses an offset-only clock model and does not capture the

deterministic and non-deterministic delays, it exhibits a very

high synchronization error of the order of milliseconds.

SLTP [34] and L-SYNC [33] both use a similar synchroniza-

tion procedure. They however differ in the cluster formation

methods. In both of these protocols, the cluster members

exchange packets with their cluster heads and record the

transmission and reception timestamps of these packets. The

cluster members then perform a linear regression on these

timestamps to synchronize themselves to their respective clus-

ter heads. Both SLTP and L-SYNC simulate their performance

over large-sized networks. However, they exhibit very high

synchronization error of the order of milliseconds. Like PC-

Avg, both SLTP and L-SYNC do not take into consideration

the non-deterministic and deterministic delays in the packet

exchanges.

CCTS [19] is a recent consensus-based time synchronization

protocol. CCTS uses two different virtual clocks, i.e., intra-

cluster virtual clock and inter-cluster virtual clock. The cluster

members and cluster head maintain an intra-cluster virtual

clock while the cluster heads maintain the inter-cluster virtual

clock. The virtual clock at a node (either the cluster member

or cluster head) is related to the local time by the skew

compensation parameter and offset compensation parameter.

The intra-cluster virtual time Cvj of a node j is given by

Cvj = αvjCk(t) + βvj , (1)

where Cj(t) is the current local time of the node and αvj

and βvj are the skew and offset compensation parameters

of the intra-cluster virtual clock. The cluster head first syn-

chronizes the skew of the intra-cluster virtual clock and then

it synchronizes the offset of the intra-cluster virtual clock.

Then the cluster heads of all the clusters exchange packets

among themselves using the gateway nodes to synchronize

the inter-cluster virtual clock. CCTS has a very slow con-

vergence and requires a large number of iterations [20]. The

reason for this slow convergence is attributed to the fact

that CCTS first synchronizes the skew (in both the virtual

clock synchronization phases) and then synchronizes the offset

[20]. A large number of iterations (as seen in Figure 9 and

Figure 6 of [19]) are used by CCTS to achieve microsecond

accurate synchronization which cannot be afforded by energy-

constrained WSN nodes. Also, CCTS does not capture the

deterministic and non-deterministic delays that occur in the

communication of packets and thus it does not give good

synchronization accuracy in practical WSNs (which we will

prove in Section VI of this paper).

CMTS [20] is another recent consensus-based synchroniza-

tion protocol for cluster-based WSNs. CMTS also has two

different synchronization phases, i.e., intra-cluster and inter-

cluster. However, unlike CCTS, CMTS maintains a single

virtual clock at each node. CMTS uses the maximum value of

skew and offset compensation parameters of the virtual clock

of all the nodes in a cluster instead of the average value (as

used in CCTS) to achieve a consensus. By using maximum

value, it achieves faster convergence compared to CCTS. An

improved version of CMTS called ‘Revised-CMTS’ is also

presented in [20] which considers the communication delays.

Revised-CMTS assumes that the communication delays have

an upper-bound and achieves simultaneous synchronization of

skew and offset of the virtual clocks. Though CMTS and

Revised-CMTS have faster convergence than CCTS, they need

a large number of broadcasts in inter-cluster synchronization

(Fig. 8 and Fig. 9 of [20]). It needs around 2000 broadcasts

for a 50 node network (Fig. 9 of [20]) which is extremely

energy draining for energy-constrained WSN nodes.

A common drawback of all the above-mentioned syn-

chronization protocols is that they are all simulation-based

works, i.e., they have not been tested on real WSN platform.

Simulation-based works do not give a complete and accurate

understanding of the synchronization protocol in practical

WSN deployment as mentioned before. Also, these works have

not taken into account the LOS conditions among the nodes in

practical deployments. The performance of a synchronization

protocol is greatly affected by the LOS conditions in which it

operates. Therefore, E-SATS which is presented in this work

presents a simple yet accurate time synchronization protocol

tested on a WSN testbed in different LOS conditions. The

preliminary version of E-SATS is presented in [30]. The

present work extends and enhances [30] in the following ways:

1) The synchronization algorithm in a cluster has been

made more efficient by reducing the number of messages

used in the synchronization process and by employing a

specific message exchange schedule.

2) The mathematical model along with the cluster formation

phase used has been presented in detail.

3) The synchronization protocol has been tested in different
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LOS conditions and a comparison with existing syn-

chronization protocols in terms of synchronization error,

computational complexity and energy consumption has

been presented.

4) An analysis of the effect of LOS conditions on the

synchronization protocol has also been presented.

IV. EFFICIENT AND SIMPLE ALGORITHM FOR TIME

SYNCHRONIZATION (E-SATS)

Before describing the E-SATS algorithm, we first describe

the clock model and the network considered in this work.

A. Clock Model and the Network Considered

The network considered in this work is shown in Figure 1.

The WSN nodes in the network are organized into clusters

each of which has a cluster head and few cluster members.

There are gateway nodes as explained before which are part

of more than one cluster and help in communication between

its cluster heads. The cluster heads are connected to a node

called the "Base Station" or the "sink" node. This Base Station

node acts as an interface between the WSN and other networks

like the Internet when the WSN is used in IoT applications.

We consider a static network in E-SATS, i.e., the nodes in

the network are stationary. Also, the links between any two

nodes are symmetric links, i.e., if node p can communicate

with node q, then q can also communicate with p. Some other

works like [26], [27], [19] have also made this assumption

that links in WSN are symmetric. The nodes which have

higher computation and memory capabilities are identified as

the cluster heads.

Let there be n nodes in a network and the set N represent all

those n nodes. Among the nodes in the network, nodes having

higher computational capabilities and memory availability are

chosen as cluster heads. If such nodes are unavailable, we

choose some of the nodes as cluster heads and employ a

cluster head rotation mechanism by which each member of a

cluster becomes a cluster head in each synchronization phase.

By employing cluster head rotation method, we can avoid the

scenario where a cluster head drains its battery energy because

of becoming a cluster head for prolonged duration. The cluster

heads in the network are represented by D , {d1, d2, ...., dh}
where h is the total number of cluster heads in the network.

Let the total number of cluster members in the whole network

be u. Therefore n = h + u. The set Ti represents the cluster

members of the cluster head di, i.e.,

Ti = {m | m is a cluster member of di, where di ∈ D}.
(2)

The number of cluster members of di is given by Mi. In the

rest of the paper, we denote the jth cluster member of cluster

head di as mij .

The skew-offset model mentioned in Section III is consid-

ered in E-SATS. Each cluster member is synchronized to its

cluster head. The local time of a cluster member mij with

respect to its cluster head di at time t, represented as Cij(t),
is given by

Cij(t) = αij Ci(t) + βij , (3)

TABLE I: Notation Summary

Notation Meaning

N Set representing all nodes in the network

n total number of nodes in the network

D Set representing all the cluster heads

h Total number of cluster heads in the network

u Total number of cluster members in the net-

work

i index of the cluster head

di ith cluster head

Ti Set representing all the cluster members of di
Mi Number of cluster members in the ith cluster

j index of the cluster member

k index of the iteration of communication be-

tween

a cluster member and its cluster head

mij jth cluster member of ith cluster head (i.e.

di)
αij Relative skew of mij with respect to di
βij Relative offset of mij with respect to di
ζjik deterministic delays in communication be-

tween mij and di in the kth iteration

ηjik, ω
j
ik non-deterministic delays in communication

between mij and di in the kth iteration

Q Total number of iterations in Synchronization

phase

S Total number of common event packets sent

by tester node

in Synchronization evaluation phase

ri number of overlapping clusters for ith cluster

where Ci(t) is the local time of the cluster head di. In the

above equation, αij and βij are the relative skew and relative

offset, respectively, of node mij with respect to di. Table I

summarizes the notations used in this paper.

In E-SATS, there is a cluster formation phase when the net-

work is initialized. This phase is followed by a synchronization

phase.

B. Cluster Formation Phase

The cluster heads initiate a cluster formation phase. A

cluster head broadcasts a CM_assignment packet containing

its nodeID. Note that the cluster head can adjust the transmit

power level according to the cluster area and the cluster size

that is desired. When the nodes (which are not cluster heads)

hear this packet, they identify themselves to be the cluster

member of this cluster head and store the nodeID of the cluster

head. If a cluster member hears the CM_assignment packets of

more than one cluster head, it becomes a cluster member of all

these cluster heads and identifies itself to be a gateway node.

Further, the gateway cluster member unicasts the information

about the nodeID of the cluster heads it is associated with to

all its cluster heads. This helps a cluster head in identifying the

gateway node to the neighboring cluster heads. Since the nodes

are stationary, this cluster formation phase is performed only

while initializing the network. However, a newly joining node
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Fig. 2: Synchronization message exchanges between a cluster head and two cluster member nodes mij and mis.

can initiate a cluster discovery by sending a CH_Discovery

packet. A cluster head which hears this packet, responds to

this node by unicasting its acknowledgment to allow this

node to join its cluster. If the newly joining node receives

an acknowledgment from more than one cluster head, it will

become a gateway node and it sends this information to all its

cluster heads.

C. Synchronization Phase

The cluster head (say di) then synchronizes the cluster

members by sending a Synch_msg packet at time T1,1 as per

its local clock. This packet is broadcasted to all its cluster

members and it contains the timestamp T1,1. On receiving

this packet, the cluster members record the reception time.

For example, cluster member mij will record the reception

time as T j
2,1. All the cluster members then respond to this

Synch_msg by sending an acknowledgment packet at T j
3,1 after

backing off for a pre-determined amount of time. Note that

this back-off time is different for each cluster member so

that collisions of the acknowledgment packets sent by them

to di can be avoided. The acknowledgment sent by the cluster

member contains T1,1, T j
2,1, T j

3,1. Also, the back-off times

observed by each cluster member is chosen in such a way

that the duration of each iteration is kept small. Also, the

cluster head knows the back-off time observed by each cluster

member. The cluster head di receives this packet at T j
4,1. This

iteration of cluster head sending the Synch_msg and cluster

member sending an acknowledgment is repeated Q number

of times. Each iteration collects four-time stamps for each

cluster member mij , i.e., T1,k, T j
2,k, T j

3,k and T j
4,k (where

the subscript k represents the iteration index). Note that the

time stamp T1,k does not have the superscript j because it is

common for all the cluster members. The message exchanges

for two cluster members mij and mis with their cluster head

are depicted in Figure 2. The superscript in the timestamps

specifies the node to which the timestamp corresponds to.

Thus, in E-SATS, in the ith cluster with cluster head di
a total of Mi+1 packets are required in each iteration (1

broadcast packet and Mi acknowledgment packets from the

cluster members). In contrast, SATS (the preliminary version

Fig. 3: A diagram to illustrate the approximate estimate used

to calculate relative skew and and offset.

of E-SATS) which was proposed in [30] needs 2Mi packets in

each iteration. This is because in SATS, a cluster head unicasts

the Synch_msg and synchronizes the cluster members one-by-

one. Thus, E-SATS is more energy efficient than SATS. The
timestamps collected for an iteration k of cluster member mij

are related to each other as follows:

T j
2,k = αij(T1,k + ζjik + ηjik) + βij , (4)

T j
3,k = αij(T

j
4,k − ζjik − ωj

ik) + βij . (5)

In the above equations, ζjik represents the deterministic delay

and, ηjik and ωj
ik represent the non-deterministic delays mea-

sured by local clock of di. Equations (4) and (5) can be written

as follows:

T j
2,k = αijT1,k + βij + αij(ζ

j
ik + ηjik), (6)

T j
3,k = αijT

j
4,k + βij − αij(ζ

j
ik + ωj

ik). (7)

Let us consider the case where the timestamps of cluster

member mij and the timestamps of cluster head di are plotted

in Cartesian plane as shown in Figure 3. The Y-axis represents

the local time at mij and the X-axis represents local time at

di. From (6), it can be seen that since αij , ζjik and ηjik are

positive quantities, the line L1 = αijT1,k +βij lies below the

points (T1,k, T
j
2,k). Also it can be observed from (7) that the

line L2 = αijT
j
4,k + βij will lie above the points (T j

3,k, T
j
4,k).
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So a good approximate estimate of the relative skew and offset

of mij with respect to di can be obtained by fitting a line (say

L3) that passes in between L1 and L2. To obtain this line L3,

we identify two points A1 and A2 such that

A1 = {0.5(T j
4,b + T1,b), 0.5(T j

2,b + T j
3,b)}, (8)

A2 = {0.5(T j
4,a + T1,a), 0.5(T j

2,a + T j
3,a)}, (9)

where b = arg min
1≤k≤Q

(T j
4,k − T1,k − back-off time of mij)

and a = arg min
1≤k≤Q,k 6=b

(T j
4,k − T1,k − back-off time of mij).

The point A1 represents the iteration for which the deter-

ministic and non-deterministic delays are minimum. Similarly,

A2 represents the iteration for which these delays are the next

minimum. Thus, the line L3 passes through the points A1 and

A2. The slope of L3 gives the relative skew and its y-intercept

gives the relative offset. So we can obtain the estimated values

of relative skew (α̂ij) and relative offset (β̂ij) as

α̂ij =
(T j

2,b + T j
3,b)− (T j

2,a + T j
3,a)

(T j
4,b + T1,b)− (T j

4,a + T1,a)
, (10)

β̂ij =
(T j

2,b + T j
3,b)

2
− α̂ij

(T j
4,b + T1,b)

2
. (11)

Though this gives a simple and approximate method to calcu-

late relative skew and offset, it gives an accuracy comparable

to more sophisticated and computationally intensive maximum

likelihood estimates as shown in [29].

In E-SATS we use the gateway nodes to do the time

translation whenever a packet is sent from one cluster to

another. We do not employ a network-wide synchronization

when it is not required. Thus, the inter cluster synchronization

is performed on a need-to basis and we reduce the overhead

involved in network-wide synchronization when it is not

needed. Algorithm 1 summarizes the E-SATS algorithm.

V. WSN TESTBED AND METHODOLOGY USED

E-SATS was implemented on a WSN testbed consisting

of TelosB WSN nodes [31]. TelosB nodes have MSP-430,

a 16-bit microcontroller and CC2420 [32], an IEEE 802.15.4

compliant transceiver. We use an RF frequency of 2.480GHz

for communication among the nodes during these experiments.

In the first set of experiments, (which we refer to in the rest

of the paper as Scenario-1), there were a total of 30 WSN

nodes used for testing E-SATS and comparing it with other

synchronization protocols. These nodes were organized into

6 clusters each with 4 cluster members and 1 cluster head.

In the current implementation, all the 30 nodes used in the

network are homogeneous, i.e., they have same computational

and memory capabilities. Therefore, a homogeneous sensing

network is considered in this implementation. A total of 6

nodes were chosen and programmed as cluster heads. Since

both the cluster members and cluster heads are battery pow-

ered, we can consider a cluster-head rotation scheme so that

each node in a cluster can become a cluster head in turns so

that a single node is not overloaded. Further, for generating

the microsecond timestamps on the TelosB nodes, we use a

Algorithm 1 E-SATS Algorithm

Cluster formation Phase

1: Each cluster head di where di ∈ D broadcasts

CM_assignment packet along with its nodeID.

2: A node p (where p ∈ N and p /∈ D) hears this packet and

assigns itself as cluster member of di, i.e., Ti = Ti ∪{p}.

3: If p hears CM_assignment packet of more than one cluster

head, p becomes a gateway node and joins the cluster of

all those cluster heads .

4: p sends the information of its cluster heads to all dl ∈ D

where p ∈ Tl.

Synchronization Phase

1: for i=1:h do

2: for k=1:Q do

3: di broadcasts a Synch_msg at T1,k

4: for j=1:Mi do

5: Node mij (where mij ∈ Ti) receives it at T k
2,j .

6: Node m responds at time T k
3,j after backing-off

for a predetermined time.

7: di receives the packet at T k
4,j

8: end for

9: di waits till it receives the acknowledgment from

all cluster members .

10: end for

11: for j=1:Mi do

12: calculate α̂ij and β̂ij using (8), (9), (10) and (11)

13: end for

14: end for

timer running at 1 MHz. This 1 MHz frequency is obtained by

dividing the SMCLK of MSP430 by 4. SMCLK of MSP430

on TelosB runs at 4MHz.

In the second set of experiments (which we refer to in the

rest of the paper as Scenario-2), we increase the number of

cluster members to 10 per cluster. Thus, each cluster consists

of 10 cluster members and 1 cluster head. We deploy 3 clusters

one-by-one, i.e., the network at most consists of 33 nodes and

analyze the performance of E-SATS and other protocols when

the WSN nodes are densely deployed.

To evaluate the performance of E-SATS, the WSN nodes

were deployed in two different environments:

Line-of-Sight (LOS): In this kind of deployment, all the

nodes can communicate Line-of-Sight (LOS) without any

obstacles between them.

Mixed-LOS: In this kind of deployment, some of the nodes

can communicate LOS without any obstacles between them

while others were Non-Line-of-Sight (NLOS).

A. LOS environment

Figure 4 shows the deployment of nodes in a LOS envi-

ronment. The area of each cluster in this deployment was 20

sq. meters and the distance between two clusters was about
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(a) (b)

Fig. 4: Set-up for LOS environment (a) Picture showing part of the network (one cluster) deployed with WSN nodes encircled.

(b) A zoomed picture showing a node’s radio antenna encircled.

4 meters. Such a dense deployment is used to cause intense

traffic which would show the behavior of the protocol even in

challenging situations. The clusters were activated one-by-one,

i.e., initially only one cluster was active and gradually other

clusters were powered-on one-by-one. When more than one

cluster was operational, the packet exchanges in one cluster

caused packet drops in other cluster(s). We employ the same

procedure for both Scenario-1 and Scenario-2.

B. Mixed-LOS environment

In this experiment, the cluster head could communicate to

some of its cluster members with LOS while other cluster

members were NLOS to the cluster head. Some of the nodes

were deployed inside a lab while others were deployed in a

gallery which was separated from the lab by thick concrete

walls. While Figure 5a shows an indicative diagram of the de-

ployment, while Figure 5b shows some of the nodes deployed

in the lab. Note that Figure 5a shows an indicative diagram for

Scenario-1 (i.e., when there are 4 cluster members per cluster).

In the case of Scenario-2, we had 5 cluster members LOS with

the cluster head and 5 cluster members NLOS with the cluster

head. The presence of thick concrete walls will increase the

communication delays among the nodes which are NLOS. In

this experiment also, the clusters were turned on one-by-one

and the performance of E-SATS along with other protocols

was analyzed in each case.

C. Methodology used

The methodology used to implement E-SATS is described

in this subsection. The same methodology was followed for

LOS environment and mixed-LOS environment. E-SATS was

implemented in two phases, i.e., cluster formation phase and

synchronization phase. Further, we have performed synchro-

nization evaluation to calculate the synchronization error after

the nodes were synchronized.

1) Cluster Formation phase: The cluster formation phase

is performed as described in Section IV-B. Same methodology

was employed for both Scenario-1 and Scenario-2. We have

also estimated the energy consumed by E-SATS to perform

the cluster formation. Along the lines of [40], [41], we have

used the information about the supply votage used, current

consumption and the data rate during transmission and recep-

tion operations of the radio of a node from the datasheets of

CC2420 [32]. The TelosB mote uses a voltage of 2.92V for

transmission and 2.88V for reception [40], [42]. Also the size

of the header and footer for any data transmission is 18 bytes

for TelosB motes [42], [43]. The header consists of preamble

sequence (4 bytes), start of frame delimiter (1 byte), frame-

length (1 byte) and MAC header (9 bytes). The footer, i.e.,

frame check sequence is 2 bytes long. A detailed description

of the packet structure can be found in [42]. The cluster head

transmits CM_assignment packet as explained in IV-B with

its nodeID and a sequence number. Thus, the length of this

packet along with the above-mentioned header and footer is

20 bytes.

The CC2420 radio can be programmed to have different

transmission energy levels [32]. We use a transmission energy

of -15dBm in these transmissions. At this transmission level,

the radio consumes 9.9mA for a transmission and 18.8mA

for reception [32]. Since the radio uses a data rate of 250

kbps, it takes 6.4 ms each for both transmission and reception

operations. Thus, we can calculate the energy consumed for

a transmission and reception of this packet as 18.5 and 34.65

µJ respectively. The total energy consumption for the 30-

node network for all the packet transmissions and reception

is 1289.18 micro Joules (µJ). It must be noted that this

calculation is an approximate estimation without accounting

for the energy consumed by the processor of the nodes which

will be much smaller in this case.

2) Synchronization phase: After clusters were formed, the

cluster heads synchronize their respective cluster members by

broadcasting the Synch_msg to the cluster members. Since

the Synch_msg was broadcasted by the cluster head, all the

cluster members in that cluster were able to hear this packet.

They recorded the reception of this packet and responded

to it by backing-off for a predetermined quantum of time.

The cluster head then calculates the relative skew and relative

offset of each cluster member as discussed in section IV-C

and unicasts these values to the corresponding cluster member.

In the synchronization phase, 17 iterations were performed,

i.e., Q = 17. For monitoring, testing and debugging, the

timestamps collected by the cluster head were also forwarded

to the Base Station node which was connected to a PC as

shown in Figure 6b. The right portion of this figure also shows

one of the iterations of a cluster member encircled in the

enlarged portion of the screen. The nodes were synchronized
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(a) (b)

Fig. 5: Set-up for mixed LOS environment (a) An indicative diagram depicting part of the deployment for mixture of LOS

and NLOS environment (b) A picture showing some of the nodes deployed in the lab.

once every 1000 seconds.

As mentioned in Section IV-C, during the synchronization

phase, the cluster head broadcasts a Synch_msg packet to syn-

chronize the cluster members for every iteration. The cluster

members backoff for a pre-determined amount of time and

then send their acknowledgment to cluster head. In Scenario-

1, this backoff time for the 4 cluster members in a cluster was

1ms, 5ms, 10ms and 15ms. In Scenario-2, the backoff time

observed for the 10 cluster members in a cluster was 1ms,

5ms, 10ms, 15ms, 20ms, 25ms, 30ms, 35ms, 40ms and 45

ms. These backoff time periods were determined in such a

way that the acknowledgments from the nodes do not collide.

3) Synchronization Evaluation: After the cluster members

were synchronized to the cluster head, a good method to

evaluate the synchronization error is that both di and mij

observe a common event and record the occurrence of this

event as per their local clock. These timestamps will be used to

calculate the synchronization error. Let us say that the common

event was observed by di and mij at t
′

e and t
′′

e , respectively,

as per their respective local clocks. Then mij can estimate the

local time of di when di observed this event using (3). Let us

say this estimate is t̂
′′

e . The difference of t̂
′′

e and t
′

e will give

the magnitude of synchronization error. Since the difference in

the propagation time of this common-event packet to different

nodes is very small, it will be a realistic assumption to say this

packet was observed by all the nodes in a cluster at the same

time. This method of evaluating the synchronization error was

used in these experiments while evaluating the synchronization

error of E-SATS and comparing it with other synchronization

schemes.

A WSN node which was not part of the network was used

to generate the common events by broadcasting a packet to all

the nodes in the cluster. We call this node as tester-node. The

transmission power of the tester-node was adjusted such that it

can communicate with all the nodes in the cluster. This tester-

node was used to test the synchronization accuracy of each

cluster one-by-one. The tester-node sends S common-event

packets and the average synchronization error was calculated.

The synchronization evaluation was performed 10 seconds

after the synchronization phase was completed in Scenario-

1. In Scenario-2, it was performed 25 seconds after the

synchronization phase was completed.

VI. RESULTS AND ANALYSIS

A. Performance Analysis in terms of Synchronization Error

As described in the previous section, the WSN nodes were

deployed in a LOS environment and in a mixed-LOS environ-

ment. The performance of E-SATS was compared in terms of

synchronization error (in microseconds) with the regression-

based method, CCTS [19] and Revised-CMTS [20]. It must be

noted that E-SATS performs synchronization within a cluster

only. As explained in Section IV-C, it performs synchroniza-

tion among the clusters through the gateway nodes only when

there is a packet exchange from one cluster to another. Thus,

to have a fair comparison of E-SATS with CCTS and Revised-

CMTS, we compare only the intra-cluster synchronization

phases of Revised-CMTS and CCTS. The regression-based

method is the core of the synchronization schemes like SLTP

[34] and L-SYNC [33]. The synchronization error observed

in LOS-environment for Scenario-1 is shown in Fig. 7. Note

that in the rest of the paper we refer to the regression-based

method as ’regression-method’ for brevity. We observe that

when there were only 5 nodes in the network, i.e., one cluster,

the synchronization error for all four synchronization protocols

compared here was very close to each other. However, as

more clusters were added to the network, the difference in the

synchronization error widened. As the number of nodes in the

network increases, the network traffic (i.e., number of packets

exchanged) increases causing increased delays (especially non-

deterministic delays). To have a fair comparison among the

protocols being analyzed, the number of iterations have been

kept the same while evaluating them. Regression-method takes
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(a) (b)

Fig. 6: (a) The timestamps collected by each cluster head forwarded to the Base Station connected to a computer. (b) Timestamps

of an iteration encircled in screenshot.

into account all the packets to calculate the relative skew

and offset. Thus, it will be affected by the delays in all the

iterations and consequently its synchronization error is more

than that of E-SATS. On the other hand, E-SATS is affected

by just two iterations which have minimal delays and thus it

shows the least synchronization error. The reason for Revised-

CMTS showing an increase in the synchronization error can

be attributed to two facts. Firstly, it uses an upper bound of

the communication delays in its computations which is just

an estimated value. Thus, its results depend on the accuracy

of this estimated value. Since the communication delays vary

from iteration to iteration, it will lead to inaccurate estimation

of compensation parameters. Secondly, as the results of [20]

also show, it takes a long time for Revised-CMTS to converge

as the network size increases. As mentioned in [20], Revised-

CMTS converges when minimum and maximum delays occur

in successive iterations and the number of iterations we have

taken may not be sufficient for it to converge. However, we

cannot afford to perform a large number of broadcasts to allow

the nodes to converge as it would drain the batteries of the

WSN nodes. In the case of CCTS, it does not account for com-

munication delays in its model and these delays significantly

affect the synchronization accuracy. Therefore, as expected,

CCTS has large synchronization error in a practical scenario.

Further, CCTS also has the problem of large convergence time.

The difference in the synchronization error of E-SATS and the

consensus methods (both CCTS and Revised-CMTS) increases

with increase in network size. It can be noted that E-SATS

shows better synchronization accuracy compared to other three

protocols for all the network sizes considered.

Similarly, the performance of E-SATS and other protocols

was analyzed for clusters containing 10 cluster members for

Scenario-2 and the synchronization error for varying network

size is shown in Fig.9. From this figure we can observe

that as the network size increases, the synchronization error

increases for all the four protocols. However, this increase is

very steep for CCTS, Revised-CMTS and regression method.

The increase in synchronization error for E-SATS is much

lower as compared to other three protocols. The increase in

synchronization error is attributed to high traffic density in
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Fig. 7: Synchronization error for varying sized network for

different synchronization protocols in LOS environment (with

4 cluster members per cluster)

the network leading to increase in packets drops and delays

during packet transmission. Since E-SATS uses only two

iterations to calculate the relative skew and offset, it shows

better performance than other protocols.

The results of the experiments performed in the mixed-LOS

environment for Scenario-1 are shown in Fig. 8. This figure

shows the synchronization error (in microseconds) of E-SATS,

regression-method [33], [34], Revised-CMTS [20] and CCTS

[19]. In mixed-LOS environment also, when there were only

5 nodes in the network, the difference in the synchronization

errors of all the four protocols was close to each other.

However, as the number of clusters in the network increases,

the difference in the synchronization error also increases due

to the reasons mentioned before. However, we see from Figs.

7 and 8 that for the 30 node network, the synchronization error

of CCTS is 3 times that of E-SATS in mixed-LOS environment

(Scenario-1) while it showed an error which was 6 times that

of E-SATS in LOS environment (Scenario-1). In the case of

Revised-CMTS, its synchronization error is 3 times that of E-

SATS in LOS environment (Scenario-1) and 5 times that of
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Fig. 8: Synchronization error for varying sized network for

different synchronization protocols in mixed-LOS environment

(with 4 cluster members per cluster)
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Fig. 9: Synchronization error for varying sized network for

different synchronization protocols in LOS environment (with

10 cluster members per cluster)

E-SATS in mixed-LOS environment (Scenario-1).

Similarly, the performance of E-SATS and other protocols

was analyzed for clusters containing 10 cluster members for

Scenario-2 for mixed-LOS environment and the synchroniza-

tion error for varying network sizes is shown in Fig. 10. In

this scenario also, we observe a similar trend as observed in

Fig. 8. However, the synchronization errors for Scenario-2 are

much higher than those for Scenario-1. This is due to increase

in the network traffic density as explained before.

We see from the above results that in the mixed-LOS envi-

ronment, all the synchronization schemes experience increased

synchronization errors. This can be attributed to the fact that

there is an increase in packet loss in NLOS communication.

The synchronization error of E-SATS for a 30-node network

was 484 µs in the mixed-LOS environment compared to 153

µs in LOS environment in Scenario-1. The performance gain,

i.e., improvement of E-SATS over the other protocols is lesser
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Fig. 10: Synchronization error for varying sized network for

different synchronization protocols in mixed-LOS environment

(with 10 cluster members per cluster)

in the mixed-LOS environment compared to LOS-environment

due to this increased synchronization error. Thus, we see a

wide gap in the synchronization accuracy of a protocol in

LOS and mixed-LOS environments. Thus, we conclude that

NLOS communication significantly affects the performance of

synchronization protocols and increases the synchronization

error.

B. Comparison of Energy Consumption and Computational

Complexity

The computational complexity of E-SATS, regression-

method [33] [34], CCTS [19] and Revised-CMTS [20] is

shown in Table II. Note that this table is not specific to a

particular LOS environment considered in the previous section

and does not include computations due to packet drops. In

this table, Q represents the number of iterations used in

each synchronization phase, h represents the total number of

clusters and u represents the total number of cluster members.

Thus, for a single cluster network, with Q=17, h=1 and u=4,

E-SATS uses 216 addition, 28 multiplication and 4 division

operations. It can be seen that the number of computations for

E-SATS are much lesser than other protocols.

In Figs. 11, 12 and 13, we have only compared the com-

putational complexity for Scenario-1, i.e., when u = 4 due to

TABLE II: Computational Complexity of E-SATS and other

protocols (refer Table I for notation meanings)

Protocol Additions Multi- Divisions

plications

E-SATS (3Q+3)hu 7hu hu
Regression-

based method

[34][33]

(4Q-1)hu (2Q+6)hu 2hu

CCTS [19] Qh(5u+3) Qh(4u+4) (3Qh)

Revised-

CMTS[20]
(9Qhu) (5Qhu) Qhu
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Fig. 11: Number of addition operations in E-SATS and other

protocols with varying network size (with 4 cluster members

per cluster).

Fig. 12: Number of multiplication operations in E-SATS and

other protocols with varying network size (with 4 cluster

members per cluster).

space constraints. However, for Scenario-2, these graphs will

scale linearly as the value of u becomes 10 instead of 4.

Figure 11 shows the number of addition operations required

in E-SATS and other protocols for varying network size (with

4 cluster members per cluster). E-SATS uses 1296 additions in

a 30 node-network while the regression-based method requires

1608, CCTS requires 2346 and Revised-CMTS requires 3672

additions. Thus, E-SATS requires just 55.24% of the number

of additions required by CCTS and 35.29% of that required

by Revised-CMTS.

Figure 12 shows the multiplication operations required by

E-SATS and other protocols for varying network size (with

4 cluster members per cluster). E-SATS has an enormous

advantage over other protocols in the number of multipli-

cation operations required to perform synchronization. For

a 30-node network, E-SATS requires just 168 multiplication

operations which is just 17.5% of the multiplications required

by regression-method and 8.23% of that required by CCTS

and Revised-CMTS.

Figure 13 shows the division operations required by E-

SATS and other protocols for varying network size (with 4

cluster members per cluster). In a 30 node network, E-SATS

requires just 24 division operations which is the 50% of what

is required by regression, 1.68% of that required by CCTS

Fig. 13: Number of division operations in E-SATS and other

protocols with varying network size (with 4 cluster members

per cluster).

Fig. 14: Energy consumption (in micro Joules (µJ)) of E-

SATS and other protocols for the transmission and receptions

during one synchronization cycle with varying network size

(with 4 cluster members per cluster).

and 5.88% of what is required by Revised-CMTS. Thus, in all

the cases, i.e., from 5 node network to 30 node network, E-

SATS requires the least number of additions, multiplications,

and division operations. This makes E-SATS the most suitable

synchronization protocol for cluster-based WSNs.

The energy consumption of E-SATS, Regression-method,

CCTS and Revised-CMTS for the transmissions and receptions

during one synchronization phase in µJ for varying network

size (with 4 cluster members per cluster) is shown in Fig. 14.

It must be noted that these energy estimations do not include

any retransmissions due to packet drops and it is not specific

to any LOS conditions considered in the previous section.

We have estimated the energy consumed for each protocol

using the same method used in Section V-C to calculate

the energy consumption for the cluster formation phase. The

energy consumption of E-SATS is slightly more than that of

regression-method. However, this difference is at most 361.4

µJ for a 30-node network. This difference is due to the fact

that the regression-method uses smaller data payload for the

packets exchanged though the number of packet transmissions

and receptions in regression-method and E-SATS are same. It

must be noted that this graph shows the energy consumption of
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the radio only. The total energy consumption of a WSN node

during synchronization phase is roughly equal to the summa-

tion of the energy consumed by the radio (for transmissions

and receptions) and the energy consumed by its processor (to

perform the addition, multiplications and divisions). We have

not shown the energy consumed by the processor of the node

for these arithmetic operations and have just shown the number

of operations required by each of the protocols during the

synchronization phase. This is because arithmetic operations

involving floating-point numbers require variable number of

clock cycles in MSP430 depending on the numbers involved in

a each operation [44]. To determine the exact number of cycles

(and thus the energy consumption) of these operations will

require computationally intensive methods like profiling which

cannot be performed on the energy-constrained WSN nodes.

However, we note that most of these operations are floating-

point data operations requiring large number of cycles. For

example, according to [44], a C library of MSP430 requires

427 cycles to perform a multiplication of an integer and a

floating-point number. The current consumed by MSP430 on

TelosB mote which runs at 4.1MHz is 2.33 mA during a

multiplication operation [45]. So the regression-method which

requires 960 multiplications (in 30-node network) compared to

168 multiplications of E-SATS will consume 569.615 µJ more

energy than E-SATS (if the multiplications involve an integer

and a floating-point number). We note that this excess energy

consumed by regression method for multiplication operations

(569.615 µJ) is much more than the energy it has saved com-

pared to E-SATS in the transmission and reception operations

(i.e., 361.4 µJ). Further, a multiplication of two floating-point

numbers requires many more cycles which only increases

the energy consumption of regression-method compared to

E-SATS. The multiplications involved in the calculations of

these synchronization protocols mostly involve two floating-

point numbers. Thus, we can conclude that E-SATS consumes

least energy among the compared synchronization protocols.

Further, E-SATS offers better synchronization accuracy than

the compared protocols.

VII. CONCLUSION

A simple and efficient time synchronization protocol for

WSNs with a cluster-based topology called E-SATS was

proposed in this work. E-SATS was tested on a practical WSN

testbed in a LOS environment and a mixed-LOS (mixture of

LOS and NLOS) environment. It achieves micro-second level

accurate synchronization in both the environments. This pro-

tocol was found to outperform other state-of-the-art synchro-

nization protocols for clustered WSNs in the two environments

considered, both in terms of synchronization accuracy and also

in terms of a number of computations. It also consumes lesser

energy than the other protocols. These features make E-SATS

a suitable synchronization protocol for resource constrained

WSNs having cluster-based topology.
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