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Abstract
Wireless  sensor  networks (WSNs)  have been used as an important tool in 
many  fields  of  science  and  industry.  Time synchronization is also a critical 
issue in wireless sensor networks  and its aim is to synchronize the local time 
for some or all nodes in the network, if necessary. However,    wireless sensor 
networks are limited in their accuracy, energy efficiency, scalability, and com-
plexity and some traditional time synchronization algorithms such as Network 
Time Protocol (NTP) and Global Positioning System (GPS) are unsuitable for 
WSNs. This work surveys and evaluates state-of-art time synchronization pro-
tocols based on many factors including accuracy,  energy efficiency, and com-
plexity,  and  analyzes  the  effect  that  time  synchronization  has  in  a  wireless 
sensor network.  IN ADDITION, more attention is  paid to  several  time syn-
chronization algorithms and their advantages and disadvantages. Also, the sur-
vey provides a valuable framework for comparing new and existing synchroniz-
ation protocols. According to the evaluation for the performance of time syn-
chronization algorithms, this thesis provides assistance in relation to further im-
proving the performance of time synchronization. Finally, future research direc-
tions in relation to time synchronization  in wireless sensor networks are also 
proposed.

Keywords: Time Synchronization, Wireless Sensor Networks, Synchronization 
Algorithms .
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1 Introduction
1.1 Background and problem motivation

“ With the  help of  recent  technological  advances  in  micro-electromechanical 
systems and wireless communications, low-cost, low-power, and multifunction-
al wireless sensing devices have been developed.”[1]  The wireless sensor net-
work is a new generation of task-oriented distributed networks which gather 
micro-electromechanical  systems,  sensor  technology,  embedded  computing 
technology,  information  processing  technology,  modern  networks,  wireless 
communication technology and digital electronics.  It is the network, which is 
formed by a wide variety of integrated sensor nodes that are densely distributed 
on the physical space and its use is in relation to observing and inspecting the 
physical world. With the different types of micro-sensor nodes, it achieves real-
time monitoring, sensing and the collecting of different kinds of information in 
a variety of environment or monitored objects, and sending the information to 
the user terminal by means of multi-hop self-organizing. Thus, wireless sensor 
networks  (WSNs)  can  be  regarded as  the  bridge  in  the  physical  world,  the 
computer world and, in addition, to the human social world. 

Wireless sensor networks have been a very important tool in many fields, in-
cluding  industrial  control,  environment,  agriculture,  disaster  prevention  and 
relief,  health care,  military defense,  smart  home network,  space exploration, 
logistics,  etc, as  shown in  Table  1.  However,  observations  for  the  physical 
world must be based on a uniform time scale and thus the requirement for time 
synchronization is particularly important. It can be said that the time synchron-
ization is a support technique for wireless sensor networks.
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Table 1: Applications of wireless sensor networks.

Time synchronization, which aims at synchronizing the local time for some or 
all nodes in the network, is a necessity for many applications. For example, data 
fusion, the basic operation in wireless sensor networks, is used in many applica-
tions and involves the collection of data from different nodes which is sent to a 
sink node in order to formulate a decision.  “The fusion of individual sensor 
readings is possible only by exchanging messages that are timestamped by each 
sensor’s local time.” [2] “These nodes collaborate and coordinate with one an-
other to perform the task.”[3] This kind of task requires a common notion of 
time among the sensors. If nodes in the network do not share a common time, 
then sensor readings from out-of-phase nodes will ultimately induce errors in 
the decisions[46]-[47].

Some wireless networks, such as the Time Division Multiple Access (TDMA), 
use  time division channel access methods, which avoid packet collisions and 
conserve energy[48]. Such kinds of methods require time synchronization in or-
der to perform the function efficiently. Time synchronization is also required in 
Frequency  Hopping  Spread  Spectrum  (FHSS)  techniques  where  the  sensor 
nodes in the network switch radio transmissions among different carrier  fre-
quencies in a pseudo-random order. Additionally, “some  encryption  algorithms 
also  require  time   synchronization  between  nodes  in  order  to  facilitate  the 
changeover of keys.”[4]-[9], [42]-[45]

Moreover, many localization, security, and tracking protocols also require the 
sensor nodes in the networks to timestamp their messages. Therefore, time syn-
chronization becomes one of the most important challenges in the design of 
wireless sensor networks.
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Traditional  time synchronization  techniques  have been successfully used for 
wired networks over the past few decades. However, these are unsuitable for 
wireless sensor networks. Network Time Protocol (NTP) is widely used in the 
Internet and it requires both accurate time and a  continuously running server. It 
can  be  seen  that  the  reliability  of  the  NTP protocol  is  dependent  on  the 
redundancy of the time server and the diversity involved in obtaining time. All 
in all, it is too complicated to implement and is not particularly energy efficient. 
Global Positioning System (GPS), on the other hand, is not practical since it re-
quires a GPS receiver to attach to the network node and both the costs and the 
size are significant. Also, GPS depends on line of sight communication, but it is 
generally the case that the sensors in the network are deployed in harsh environ-
ments. Thus the GPS signals are often lost. 

1.2 Overall aim 
Wireless sensor networks make a broad use of time synchronization and they 
involve many requirements in relation to these aspects such as precision, scope, 
lifetime and energy. Thus it has become necessary to extend some existing time 
synchronization.  In addition,  time synchronization algorithms specifically for 
wireless sensor networks has been the focus of a great deal of research. 

However, there are an insufficient number of acceptable current surveys on time 
synchronization. Their analysis for time synchronization algorithms are incom-
plete. In [3], the authors presented several time synchronization protocols, but 
they ignored the advantages and disadvantages of these protocols. Another pa-
per, [16], resembled that of [3] and did not provide a classification of the proto-
cols. In the paper, [1], this lacked comparisons of the protocols.

By learning time synchronization technology and by means of an analysis of 
state-of-art time synchronization algorithms and protocols, this work reviews 
the problem in relation to time synchronization and the requirement for time 
synchronization in WSNs, and presents the characteristics of time synchroniza-
tion in WSNs in detail. This work also explains some typical time synchroniza-
tion protocols for wireless sensor networks, and then classifies and evaluates 
these protocols. In addition, this work analyzes those protocols based on both 
theory and experiments results. Finally, this work summarizes time synchroniz-
ation in relation to the current research status and presents the future develop-
ment prospects for time synchronization in wireless sensor networks. 

1.3 Scope
The study has its focus on time synchronization. 

Firstly,  it  presents  a  survey  of  time  synchronization  protocols  for  wireless 
sensor networks including TPSN, RBS, FTSP, based on some aspects  such as 
synchronization accuracy, scope, delay,  cost,  energy efficiency and computa-
tional complexity.
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Secondly,  the study builds a framework for comparing state-of-art time syn-
chronization protocols.

1.4 Concrete and verifiable goals 
A.  This  work  classifies  time  synchronization  protocols  into  the  following 
types: 

 a)  MAC-layer based approach versus standard approach 

 b)  Sender-to-receiver versus receiver-to-receiver synchronization 

 c)  Master-slave versus peer-to-peer synchronization 

B.  This work analyzes and evaluates some existing time synchronization proto-
cols based on theory and experiment results in accuracy and some other aspects.

C.  This work surveys and evaluates state-of-art time synchronization protocols 
based on some aspects including synchronization accuracy, scalability, cost, en-
ergy efficiency and computational complexity. 

1.5 Outline
This thesis is organized as follows. 

Chapter 2 introduces the reader to how computer clocks work and explains the 
requirements and challenges associated with time synchronization in WSNs. In 
chapter 3, the methodology used in this work is shown. Chapter 4 analyzes sev-
eral existing time synchronization protocols in wireless sensor networks in de-
tail,  such as  Timing-Sync Protocol  for  Sensor  Networks  (TPSN),  Reference 
Broadcast Synchronization (RBS), Delay Measurement Time Synchronization 
(DMTS), Flooding Time Synchronization Protocol (FTSP), Time Diffusion Pro-
tocol (TDP), and Tiny-Sync and Mini-Sync. It then provides a classification of 
these time synchronization protocols. This is followed by some experimental 
results on several modern and excellent protocols in Chapter 5, and an analysis 
of these protocols is also provided. Chapter 6 evaluates these time synchroniza-
tion protocols by means of a comparison in relation to accuracy, energy, scope, 
complexity and scalability, and finally, the conclusions of the survey and the 
direction of future work are given in Chapter 7.

1.6 Contributions
The  paper  presents  a  survey  of  time  synchronization  protocols  in  wireless 
sensor networks, based on a palette of aspects such as synchronization accuracy, 
scope, delay, cost, energy efficiency and computational complexity. In addition, 
the study builds a framework for comparing state-of-art time synchronization 
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protocols. It should prove to be of assistance in choosing the most suitable pro-
tocol for an application. 

All the survey work, collect papers, sort out the classification and criteria, clas-
sify the protocols, survey and evaluate state-of-art time synchronization proto-
cols, analyze and compare the protocols, has been completed by the author. 
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2 Related Work
2.1 Definition of Clock

“Computer clock circuits consist of an oscillator and a counter. Based on the os-
cillator angular frequency, the counter increases its value to represent the local 
clock C(t) of a network node.”[3] In  an ideal environment,  the angular fre-

quency is constant. That is to say, the clock rate of  the change 
dC
dt  is equal 

to 1. Figure 1 describes fast, perfect and slow clocks.

Figure 1: Fast, perfect, and slow clocks.[2]

As a result of a  series of physical variations, such as temperature, humidity, 
pressure,  and vibration,  the angular  frequency of the clock changes  and the 
computer clock drifts.  The local clock C(t) of node  i can be related to real time 
t as follows[10], [21],[49]:

Ci(t) =ai*t+ bi                                          (1)            [3]

where ai and bi is are the clock drift and the offset of node i 's clock.  The clock 
drift represents the frequency of the clock, and the offset represents the differ-
ence between the value and the real time t. According to equation (1), it is pos-
sible to compare the local clocks of two nodes, node 1 and node 2, in a network 
as follows[10]:

C1(t) = a12*C2(t) + b12                                                   (2)            [3] 

where a12 is the relative drift and b12 is the relative offset between the clocks of 
node 1 and node 2. In an ideal environment, which is that two clocks are per-
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fectly synchronized, the relative drift is equal to 1. That is, the two clocks have 
the same rate(frequency). In addition, the relative offset is equal to 0, which 
means that the two clocks have the same value at that moment.

Based on the two equations, the clock drift and the offset of the nodes in the 
network can be used to synchronize its local time. Some protocols are designed 
to  adjust  the  clock  drifts  or  the  offsets  of  the  nodes  in  order  to  achieve 
instantaneous synchronization. 

2.2 Uncertainties of Time Synchronization Errors 
Assume there are two nodes, node 1 and node 2. Node 1 wants to be synchron-
ized to node 2. Node 1 sends a packet with its time stamp to node 2. If there is 
no delay in the message transmission, node 2 can immediately determine the 
difference between its clock and that of node 1. Unfortunately, in a real wireless 
sensor network, various non deterministic delays can affect the message trans-
mission, making time synchronization much more difficult. Generally, a series 
of  timing  message  transmissions  are  required  to  estimate  the  relative  clock 
drifts and offsets of nodes in WSNs[25]-[29], [51].

In general, the following components lead to time synchronization errors:

• Send Time: The total time of building the message at the application 
layer  and transferring it  to the network interface.  This time is  highly 
variable due  to the operating systems in use.  

• Access  Time:  The  waiting  time  required  to  access  the  channel  after 
reaching the Medium Access Control (MAC) layer. This is perhaps the 
most  significant  component  leading  to  packet  delay.  Moreover,  it  is 
highly dependent on the MAC protocol employed by the sensor node.    

• Transmission Time: The time when a packet is transmitted bit by bit at 
the physical (PHY) layer. This time can be estimated according to the 
packet size and the radio speed.

• Propagation Time: The actual time taken by the message to be trans-
mitted from the sender to the receiver in a wireless link.

• Reception Time: The time taken in receiving a message bit by bit at the 
PHY layer, which is the same as the transmission time.

• Receive Time:  The time spent in receiving the message, constructing 
the bits into a packet and sending the received packet to the application 
layer where it is decoded at the receiver. This time is also variable due to 
the operating systems in use.   
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2.3 Requirements on Time Synchronization Algorithm For 
Wireless Sensor Networks
The following requirements should be met when evaluating time synchroniza-
tion algorithms[30]-[33], [50]:

Accuracy: Precision of time synchronization technique which is highly depend-
ent on the application. It is an important measure of how well the time is main-
tained in the wireless sensor network is to the standard time[34].

Energy Efficiency: Every network node has limited energy resources because 
of the limiting size of power. Time synchronization protocols should consider 
this limitation. 

Scalability:  With sensor nodes becoming ever cheaper,  tens of thousands of 
sensors might  be deployed in the wireless sensor networks.  Thus,  time syn-
chronization protocol should work well with any number of nodes in the net-
work.

Complexity: The complexity of a synchronization protocol can make a protocol 
impractical for many applications due to the limited hardware capabilities and 
the severe energy constraints in wireless networks. 

Robustness: Wireless sensor network might be deployed in lossy and harsh en-
vironment, in other words, network nodes might die or go out of the network. 
Time synchronization protocols should have the ability to adapt to all kinds of 
environments and function well in all situations. 

Cost: With the advanced technologies, sensor network nodes are becoming ever 
smaller and cheaper. It is essential that the time synchronization protocol should 
not add costs or increase the number of network nodes. 

Scope:  A time synchronization protocol may provide a common time for all 
sensor nodes in the network or provide a common time for only some close 
nodes. 

Delay: Many applications, such as detecting forest fires, require an immediate 
response without any significant delay. The total time required to synchronize 
the whole network must be as low as possible in these kinds of applications.
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3 Methodology 
The methodology used in the survey can be described as follows:

Figure 2: Framework of this survey work.

This survey starts with a search for related papers in conference  proceedings, 
such  as  European  Conference  on  Wireless  Sensor  Networks(EWSN), 
ACM/IEEE International Conference on Information Processing in Sensor Net-
works(IPSN),  The  ACM  Conference  on  Embedded  Networked  Sensor 
Systems(SenSys) and The IEEE Conference on Computer Communications(In-
focom), as well as journals, such as Transactions on Sensor Networks (TOSN), 
Transactions on Wireless Communications and Transactions on Industrial In-
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formatics. After conducting this research about 50 papers concerning time syn-
chronization, or wireless sensor networks had been collected and intensively 
read 10 of the most suitable papers were chosen to be read in-depth. After read-
ing these papers and thus acquiring the related knowledge about time synchron-
ization in wireless sensor networks, a brief conclusion was made, which was 
followed by an in-depth analysis of several protocols. Thus, the classification of 
those protocols was made. Based on the theory, this survey analysed errors in 
time synchronization and compared some protocols. After that, the comparisons 
based on synchronization precision, accuracy, etc, were given. Finally, the con-
clusion of this survey was made. 
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4 Time Synchronization in Wireless 
Sensor Networks 

4.1 Synchronization Methods for Wireless Sensor Networks
Time synchronization aims at synchronizing the local time for the nodes in the 
network. Some protocols require all of nodes in the network to be synchronized, 
while others only require the synchronization of some nodes in the network.

4.1.1 Timing-Sync Protocol for Sensor Networks (TPSN) 
TPSN is proposed in [11] by Saurabh Ganeriwal, ect, is the classical  sender-re-
ceiver synchronization based on pair wise model. It was designed as a flexible 
extension of NTP for wireless sensor networks. It is described as follows: This 
synchronization consists of two phases: a level discovery phase and a synchron-
ization phase[17], [19], [60]-[62]. 

The  level discovery phase is the process of building a network topology, and in 
which each node is assigned a level. In the level discovery  phase, the first step 
is to select the root node as the master node. The master node can be connected 
to an external time as its reference, such as GPS. It  is assigned level 0. Then, 
the root node broadcasts the level discovery packets, which contain their  own 
level numbers and identities and all the neighboring nodes, which receive this 
packet  assign  themselves  level  1.  Nodes,  which  have  received  the  level 
discovery packets,  continue  to  send packets,  which  include  their  own level 
information until all nodes in the network are assigned a level. Figure 3 below 
describes the process of the level discovery phase.

Figure 3: The process of the level discovery phase in TPSN. [1]
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The synchronization phase is the process of  synchronizing all of the nodes in 
the network. In the  synchronization phase, after  all the nodes in the network 
have been assigned a level, the root node sends a time synchronization packet. 
A node  of  level  n  synchronizes  to  a  node  of  level  n-1  through  a  two-way 
message exchange. The node, called A,  of level n sends a packet with its local 
send time T1. The node, called B, of level n-1 receives the packet at time T2, 
which  can  be  calculated  as  in  the  following  equation  ,  where  d  is  the 
propagation delay and Δ is the relative clock drift between two nodes[20], [59].

T2=T1 +d+ Δ                               (3)                [3] [11]

Then, after a random time, node B responds back to node A through an acknow-
ledgment packet at time T3, which includes the values of T1, T2, T3, and its level 
information. Node A receives this packet at time T4 , which can be described as 
shown in Figure 4, and it can calculate d and Δ, which can be calculated as in 
the  below  equation  ,  and  synchronize  itself  to  node  B.  By the  end  of  the 
synchronization phase, all of nodes in the network become synchronized, and a 
whole network synchronization is achieved. 

Figure 4: Message exchange process of the level discovery phase in TPSN.[11]

Advantages: 

• TPSN is a multi-hop protocol. 

• It does not depend on transmission range.

• It has better precision than RBS, which will be explained in Chapter 5.
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Disadvantage:

• It is unable to efficiently handle dynamic topology protocols changes.

• It requires more energy. If the root nodes have died in the network, the 
whole synchronization method must be repeated. 

4.1.2 Reference Broadcast Synchronization (RBS)
The Reference Broadcast Synchronization (RBS) protocol is so named because 
it exploits the broadcast property of the wireless communication medium. RBS 
is introduced in [12] , which is a receiver with receiver synchronization, instead 
of a sender with receiver synchronization. It aims to provide synchronization 
amongst a set of nodes, which are located within the single-hop broadcast range 
of a  beacon sensor node[18], [58]. 

Sensor nodes periodically broadcast beacons by using the network’s physical 
layer broadcast and other neighbor nodes use the arrival time of those beacons 
as a point of reference to compare their clocks and thus the relative time offsets 
between them is calculated by exchanging the local timestamps. Thus, the re-
ceivers synchronize with each others. 

This algorithm successfully removes all possible sources of error, namely the 
send time and the access time, at the receiver. The only sources of error in this 
algorithm are due to the uncertainties in relation to the propagation and receive 
times. While error  due to propagation time can be ignored because the radio 
range is short and the beacon message is broadcast to the neighboring nodes at 
this time. Thus, the only source of error in this algorithm comes from the re-
ceive time. This algorithm can provide highly accurate results if the message re-
ception by each receiver is tight or if each receiver is able to record the time at 
which the packet was received, according to its local clock as soon as the mes-
sage is received. Also, the precision of RBS increases with the increased num-
ber of beacon messages used for the synchronization. [22], [23], [63]. 

Figures 5 and 6 compare the time critical path of traditional protocols(above), 
based on sender with receiver synchronization and with receiver with receiver 
synchronization in RBS(below).
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Figure 5:  The time critical path of traditional protocols. [2]

Figure 6:  The time critical path of traditional protocols. [2]

Advantages:

• RBS eliminates the largest sources of error (send time and access time) 
from the critical path.

• “Clock offset and skew are estimated independently of each other; in ad-
dition, clock correction does not interfere with either estimation because 
local clocks are never modified.” [2]

• RBS saves energy on expensive clock updates.

• It is the best for single hop networks
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• RBS provides multi-hop support by using nodes belonging to multiple 
neighborhoods as gateways.

• RBS can be applied in both wired and wireless networks.

Disadvantages:

• RBS cannot be applied in point-to-point networks, and it depends on the 
transmission range.

• The reference node cannot be synchronized in this algorithm. 

• The number of message exchanges for RBS is very large. For a single-
hop network which contains n receive nodes, RBS requires n2 message 
exchanges. 

• The convergence time, the time required to synchronize the whole net-
work, is high because of the number of message exchanges.

4.1.3 Delay Measurement Time Synchronization Protocol (DMTS)
DMTS is proposed in [13] by Ping S. In DMTS, a leader is selected as the time 
master among a set of communicating nodes. Then, the leader broadcasts its 
local time value to the other nodes. All the receiver devices compare their local 
time values relative to the leader’s time and  measure the time delay, and set 
their time as received based on the master time plus the measured time transfer 
delay.  As a result, all the nodes which have received the time synchronization 
message can be synchronized with the leader. [57]

DMTS can also be extended to a multi-hop sensor network as follows. If a node 
knows that it has child/children nodes, it broadcasts a time value after it adjusts 
its local time. A leader is selected as the time master by using a leader selection 
algorithm. To solve the problem that, in the majority of networks, the nodes 
have no idea about their child/children nodes, the time source level is used to 
identify the distance from the time master to other nodes. The time master is 
time source level 0.  The node that has synchronized with the time master is 
time source level 1. Also, a node that has synchronized with a time source level 
n node will have a time source level n+1. It is also the case that not only the 
root node but also the nodes that have been synchronized directly or indirectly 
with the master will periodically broadcast their local time value. When receiv-
ing a time signal, a node will check its own time source level. If the signal is  
from a lower time source level than itself, it accepts the time value. Otherwise, 
it  immediately discards the signal. This algorithm guarantees that the master 
time will be propagated  to all nodes in the network, and the number of broad-
casts is equal to the number of nodes. Since a node always selects the node, 
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which is closest to the time leader, as its parent,  DMTS also guarantees the 
shortest path to the time master, or the least number of hops in the network[39]-
[41]. 

This algorithm is quite energy efficient, since only one time signal is required to 
synchronize all the nodes within the time master’s transmission range. Also, it 
is  computationally  lightweight  because  there  are  no  complex  operations  in-
volved.

Advantages:

• Its energy efficiency is quite high.

• Its computational complexity is low.

Disadvantages:

• The synchronization accuracy is traded off against the low computation-
al complexity and high energy efficiency.

4.1.4 Flooding  Time  synchronization Protocol  (FTSP)
Flooding  Time  Synchronization Protocol  (FTSP) is  introduced in [14] by 
Branislav Kusy, which  aims  at  providing  network-wide  internal synchroniza-
tion.  In FTSP, the node  with  the  lowest  ID number is elected/re-elected as 
the root node and serves as the source of  reference time. The root node period-
ically  broadcasts  the network with a synchronization message which contains 
its local time value. Nodes, which have received the message, record the incom-
ing  time-stamp and  its  time  of  arrival,  then  broadcast  the  message  to  their 
neighboring nodes after  updating the time-stamp. Nodes perform linear regres-
sion on the incoming  time stamp and  time of arrival pairs to estimate the clock 
offset and the drift from the root node.[56], [64]

The goal of the FTSP is to achieve a network wide synchronization with errors 
within the microsecond range. 

FTSP synchronizes the time of a sender to multiple receivers by using a single 
radio message time-stamped at both the sender and the receiver. The broadcast 
message contains the time stamp of the sender, which is the estimated global 
time at the transmission of a given byte. “The receivers obtain the correspond-
ing  local  time  from their  respective  local  clocks  at  message  reception.”[14] 
Thus, one broadcast message provides a synchronization point, which is a glob-
al-local time pair, to each of the receivers. The difference between the global 
time and local time of a synchronization point is used to estimate the clock off-
set of the receiver. 
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As is known, MAC layer time-stamping can eliminate many sources of errors. 
However, the only partial solution is accurate time synchronization at discrete 
points in time. It is inevitable that in order to achieve high  accuracy between 
synchronization points and to keep the communication overheads low that there 
is compensation for the clock drift of the nodes. Multiple time-stamps with lin-
ear regression are used to estimate clock skew and offset in FTSP. 

As is  the case for DMTS, FTSP also provides multi-hop synchronization.  A 
single node is elected as the root of the network, dynamically, which maintains 
the global time. Then, all of other nodes synchronize their clocks to the root. 
The nodes form an ad-hoc structure instead of a fixed spanning-tree based ap-
proach to transfer the global time from the root node to all the nodes in the net-
work. This structure strengthens the robustness of the algorithm against dynam-
ic topology changes and saves on the initial  phase of establishing the span-
ning-tree.

Actually, FTSP is an improvement of DMTS, and the specific differences 
between them can be listed as follow: 

1. FTSP reduces  the  uncertainties  of  the  delay,  which  is  divided  into 
transmit  interrupt  processing  delay,  coding  delay,  propagation  delay, 
decoding delay, byte alignment delay and receive interrupt processing 
delay.

2. Similar  to  RBS,  FTSP can  calculate  the  initial  phase  difference  and 
frequency difference between the sender  and the receiver by sending 
multiple  signal  packages  and  the  minimum variance  linear  fit  at  the 
receive nodes.

3. According  to  the  principle  of  the  nodes'  clock  oscillator  frequency 
stability within a certain time frame, FTSP understands that the clock 
drift between nodes has a linear relationship with time. 

4. Nodes  send  synchronization  message,  periodically,  by  using  a  linear 
regression method to  ensure that  the  receiver  nodes  obtain  sufficient 
data pairs to form the construction of the regression line.

5. FTSP proposes a more comprehensive election strategy for the root node 
against   the topology changes when nodes fail  or a  new node joins, 
resulting in an improvement in the fault tolerance and robustness of the 
system.

Advantages:

• Synchronization  precision of FTSP is high, which can be applied in 
military and other occasions requiring high synchronization accuracy.

• FTSP provides multi-hop synchronization.

• Its robustness against node failures and topology changes is strong.
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• This algorithm can adapt to the root node failure.

Disadvantage:

• It requires an initiation period due to linear regression.

4.1.5 Time Diffusion  Protocol  (TDP)
Time-Diffusion  Synchronization  Protocol  (TDP)[15]  enables  all  the  sensor 
nodes in the network to have a local time throughout the network, within a cer-
tain tolerance. As a result of clock drift, the algorithms in the protocol have to 
be applied periodically. Hence,the protocol operates in two alternating phases, 
namely,  active and inactive phases.  The TDP consists  of several algorithms, 
which will be described in the following paragraphs:

In the active phase, there are multiple cycles, and each cycle lasts for a duration 
τ. In each cycle, some of the nodes in the network are elected as the masters by 
an Election/Reelection Procedure (ERP), which consists of  the  False Ticker 
Isolation  Algorithm (FIA) and Load Distribution Algorithm (LDA). [52]-[54]

The goals of the ERP are described as follows:

• To remove outlier nodes, whose clock variance is above some threshold 
function, called the Allen variance. The variance is determined by the 
exchanging messages and deviations between pairs of neighbor nodes 
using the Peer Evaluation Procedure.

• To achieve load distribution among the nodes in the network. This is 
achieved by taking turns on being the master nodes. TDP does not de-
pend on any particular nodes to be the master nodes, so the workload in 
the network can be spread to all the sensor nodes.

At the end of the ERP, the elected  master nodes start the Peer Evaluation Pro-
cedure (PEP)  while other nodes do nothing. The PEP helps to remove the false 
tickers from becoming neither a master node nor a diffused leader node in the 
network[55]. 

After the procedure PEP, the master nodes start the Time-diffusion Procedure 
(TP), where they diffuse the timing messages every δ second for the duration of 
τ seconds. The diffusion of timing messages assists in the converging of the loc-
al time and in arriving at a common notion of the network-wide time in each 
cycle. Then these messages create an effective tree propagation structure for 
each diffusion in the network. The non-leaf nodes, receiving the timing mes-
sages in the tree structure, self-determine to become a diffused leader node. The 
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diffused leaders are also elected by the ERP. Actually, a node which is not qual-
ified to be a diffused leader node will not propagate the diffusion message. Fur-
thermore, all the neighboring nodes in the network adjust their local clocks by 
using two algorithms, which are the Time Adjustment Algorithm (TAA) and the 
Clock Discipline Algorithm (CDA), after waiting for δ seconds.  

Also,  the master nodes can be coordinated to  a precise external time server 
which broadcasts a reference time periodically. If no time servers are available, 
the TDP still works well by using a time, which is independent of the time used 
by the Internet, such as the Universal Coordinated Time (UCT). 

The TDP can be described in these two cases, with precise time servers and 
without precise time servers, in the following paragraphs.

• With precise time servers : The main goal of the TDP is to enable all the 
sensor nodes in the network to have a equilibrium time. The sinks can 
act as the precise time servers for the sensor nodes in the sensor field. 
They broadcast a reference time to all of the master nodes in the sensor 
networks. After that, the master nodes use the received reference time to 
synchronize with their neighboring nodes. In fact, the equilibrium time, 
that  all  the  sensor  nodes  in  the  network  have,  is  the  reference  time 
broadcast by the sinks.

• Without precise time servers: If no time servers are coordinated with the 
TDP, this means that the line-of-sight or connection to all the master 
nodes from the time servers may be impossible or, that, the sensor net-
work may be deployed in such areas not able to be readily accessed over 
a  long period of  time by the time servers,  such as  caves  and ocean. 
However, the autonomous nature of TDP allows the sensor nodes in the 
network to reach an equilibrium time that is independent of the time 
used by the Internet, for example Universal Coordinated Time.

The TDP can be used in interactive sensing and monitoring because it allows 
the sinks to send a start time to the sensor nodes in the network. 

One of the benefits of TDP is that the performance of voice and video applica-
tions can be improved when multiple sources are sending data back to the sink 
through flooding or directed diffusion. 

Advantages:

• “The protocol is tolerant of message losses.”[2]

• It can be allowed to choose different values of τ for different kinds of 
sensor networks, depending on the purpose of the different applications.
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• The TDP does not depend on a stationary level-by-level transmission 
structure. This non-dependence provides flexibility and fault tolerance 
of message losses.

• The TDP can be applied for both static and mobile sensor nodes.

• The protocol achieves all the sensor nodes in the network to possess an 
equilibrium time and involves all the sensor nodes in the synchroniza-
tion process.

• The  majority  of  time  synchronization  protocols  require  precise  time 
servers and are unable to function well without time servers. While, the 
TDP protocol can still work well even without precise time servers.

Disadvantages:

• In each active phase, there are multiple cycles, and each cycle has mul-
tiple rounds. Additionally, in each round, a diffusion message broadcast 
is initiated by multiple master nodes. Thus the complexity of the TDPs 
is quite high.

• It appears that it is possible for a clock to run backward. If a clock value 
is suddenly adjusted to a lower clock value, this may occur.

4.1.6 Tiny-Sync and Mini-Sync 
Tiny-Sync[38]  and  Mini-Sync  are  two  lightweight  time  synchronization 
algorithms for wireless sensor networks,  proposed in [10].  The algorithms are 
based on an assumption: the frequency of the clock in the sensor networks is 
constant and has a linear correlation. That is to say, for clock T1, T2:

T1(t) = a12T2(t) + b12                      (6)                [2]

where a12 is relative clock drift, and b12 is relative clock offset.

These  two simple algorithms  aim at  synchronizing a pair of wireless nodes 
after which these  two  algorithms are extended to synchronize the whole net-
work nodes.

The algorithms use  a  traditional  two-way message  exchange to  collect  data 
points,  which aims to estimate the relative clock drift and the relative clock 
offset.

At first, node 1 sends a probe packet with the local timestamps To. After receiv-
ing the probe packet, node 2 sends a packet which contains the local timestamps 
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Tb immediately. Finally,  when receiving the packet, node 1  records the local 
time Tr. 

Figure 7  shows the previously described process. 

Figure 7: Message exchange of Tiny-Sync and Mini-Sync. [3] [10]

Based on equation (6)  above and taking the order of transferred messages into 
account, the following relationships can be obtained[3] [10]: 

To  <  a12Tb + b12                             (7)

Tr   >  a12Tb + b12                             (8)

The three time stamps consisting of  (To, Tb, Tr) are called a data point. The 
algorithms collect data points, and use linear programming to estimate a12 and 
b12. They then synchronize nodes. 

With the increase in the number of data points, the accuracy of the algorithms is 
improved continuously. 

Estimating the values of a12  and b12 requires both a large storage and heavy 
computation. Regular data and message packets in the network can also be used 
to collect data points, which reduces the overhead.  

As shown in Figure 8, each data point corresponds to the two constraints (Tb,To) 
(Tb , Tr). It should be noted that the straight lines that corresponded to a12 and b12 

must be  between all the data points, the two steepest and most slow dotted lines 
in the figure provide the upper and lower bounds for a12 and b12. In addition, the 
smaller the interval between the upper and lower bounds is, the greater is the 
accuracy. By solving the linear programming problem under the constraint of 
all data points,  the optimal solution can be obtained. However, this method is 
too complex for it to be achieved in wireless sensor networks which have 
limited computing resources.

It is possible to determine, by means of observation, that it is unnecessary to 
collect all the data points in the calculation realting to the upper and lower 
bounds. In fact, the upper and lower bounds are determined only by the first and 
third data points, as shown in Figure 8. 
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Figure 8: The linear dependence and the constraints imposed on a12 and b12

by three data-points. [3] [10]

Tiny-Sync  only  saves  four  constraint  points  in  determining  the  optimal 
boundary,  which  reduces  the  computational  complexity  of  the  algorithm. 
However, this  method does not always provide the optimal upper and lower 
bounds, as, in some cases,  the algorithm may discard the point which gives the 
optimal upper and lower bounds.

Mini-Sync  is  an  extension  of  Tiny-Sync.  It  prevents  the  algorithm  from 
discarding the data  points  which may be able  to  provide smaller  upper  and 
lower bounds in the future. It also discards those points until it can be sure that 
those points are useless. Thus, its accuracy is higher.

The two algorithms, Tiny-Sync and Mini-Sync, are very much in line with the 
requirements  of  the  wireless  sensor  networks,  which  are  that  the  required 
storage  space  and  computing  resources  are  small  and  that  the  requirements 
relating to the bandwidth are very small.

Advantages:

• The storage space and computing resources required are  minimal.

• The requirements on bandwidth are very low.
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• They are very suitable for sensor networks which are highly constrained 
in power and bandwidth.

• These two protocols are tolerant of message loss.

Disadvantages:

• The assumptions of this algorithm are difficult to achieve on a low cost 
sensor network nodes.

• They are not applicable to mobile sensor networks, because their sensor 
networks are logically organized as a hierarchical structure.

• The convergence time, which is the time used to achieve time synchron-
ization of the whole network, is quite high.

4.2 Classification of Synchronization Protocols
Wireless sensor networks can be applied to a large number of applications, from 
simple  fire  monitoring  in  the  forests  to  safety  critical  applications.  As  the 
majority of networks are quite closely coupled to the application, the protocols 
used for time synchronization may differ in some aspects and resemble each 
other in some other aspects. This work classifies time synchronization protocols 
into these three kinds[24].

4.2.1 MAC-layer Based Approach vs. Standard Approach 

“The Media Access Control (MAC) layer is a part of the Data Link Layer of the 
Open System Interconnection (OSI) model.”[2] This layer is responsible for the 
functions which are described as follows:

• To provide reliability to the layers above it with respect to the connec-
tions which are established by the physical layer.

• To prevent collisions in the transmission, so that the message transmis-
sion between one sender and the receiver nodes does not interfere with 
transmission by other sensor nodes.
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Figure 9: MAC-layer Based Approach vs. Standard Approach. 

MAC layer based approach is based on MAC layer, and Standard approach is 
based on application layer.

MAC protocols effectively use the MAC layer to achieve a better energy effi-
ciency which is crucial in wireless sensor networks[5]-[7].

4.2.2 Sender-to-receiver vs. Receiver-to-receiver Synchronization 
Most existing protocols synchronize a sender with a receiver by transmitting the 
packet with local clock values as the timestamps. As a result, these methods are 
quite vulnerable to message delay. Some methods, such as RBS, achieves time 
synchronization among the receivers by using the time at which each receiver 
node receives the same message from a sender. Such a method can reduce the 
time critical path, which is the path of the message which is of assistance in de-
termining uncertain errors in the protocol[8], [35]-[37].

Sender-to-receiver synchronization. 

This is a traditional approach. It is usually performed in three steps as follows:

1. A sender node sends a message packet with its local clock value as a 
timestamp periodically to the receiver nodes.

2. Then the receiver nodes synchronize themselves with the sender node 
by using the timestamps received from the sender, immediately or after 
some time.

3. The message delay between the sender node and the receiver nodes can 
be  calculated by measuring the total round-trip time, which is from the 
time a receiver node requests a timestamp to the time it actually receives 
the response.

However, the disadvantages of this method are obvious. There is a variance in 
message delay between the sender node and the receiver node, which is due to 
the delay in the network and the workload in every node. Most approaches cal-
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culate  the average message delay after  performing experiments many times, 
during which they lose the accuracy of the time synchronization, and also, add 
an overhead to the network. In addition, consideration must also be given to the 
optimization of the time taken by the sender node to prepare and transmit the 
message as well as the time which is taken by the receiver nodes to process the 
message.

Receiver-to-receiver synchronization.

This  method utilizes  the  physical  broadcast  medium so  that  if  two receiver 
nodes receive the same message within a single-hop transmission, then they re-
ceive it almost at the same time. Instead of exchanging with a sender node, re-
ceiver nodes exchange the timestamps when they receive the same message 
from a same sender node and calculate their clock offset based on the difference 
in the reception time. The advantage of this method is in the reduction of the 
variance in the message delay. This method is only vulnerable to the propaga-
tion delay to the different receiver nodes and the differences in the receive time.

4.2.3 Master-to-slave vs. Peer-to-peer Synchronization 
Master-to-slave  synchronization.

A master-to-slave protocol selects one node as the master and the other nodes in 
the  network  as  slaves.  The  slave  nodes  regard  the  local  clock value  of  the 
master as the reference time and synchronize with the master. 

Peer-to-peer  synchronization.

Most protocols, such as RBS, are based on a peer-to-peer structure. In a peer-to-
peer structure, any node can directly communicate with every other nodes in the 
network.  This  removes  the  effect  of  the  master  node  failure,  which  could 
prevent  the  achievement  of  time  synchronization.  However,  it  is  also  more 
difficult to control a peer-to-peer synchronization.

Table 2 classifies the various  protocols for  time synchronization in  wireless 
sensor networks based on the analysis in this section.
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Table 2: Classification of Synchronization Protocols
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5 Analysis
Error Analysis Based on Theory 
Based on node message transmission process, equation (9), (10) and (11) can be 
obtained as follows:

where t is real time which is measured by an ideal clock; T is the time measured 
by  local  nodes'  clocks;  S  stands  for  the  total  send  time,  access  time  and 
transmission time; P means the propagation time between two nodes; R is the 
time which is taken to receive a packet, that is reception time and receive time; 

is the clock drift between two nodes at time t.

where is the relative clock drift between node  A and node B from t1 to 
t4.

As mentioned in Chapter 4, the clock drift of TPSN is:

  (13)                   

From equation (10), (11) and (13), its clock drift can be described as follows:

  (14)

Finally, the expression for error in TPSN can be described as follows:

  (15)
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While, for RBS:

 

And the clock drift of RBS can be developed as follows:

So, the expression for error in RBS can be described as follows:

where

Let 

where , , stand for the uncertainty in the sender, the uncertainty 
in propagation time and the uncertainty in the receiver. So, their  expressions 
for error can be developed:

Now, contrast TPSN and RBS based on those equations above:

1. The uncertainty in the sender, 

From  the  equations  (23)  and  (24),  the  uncertainty  in  the  sender  is 
different in TPSN and RBS. RBS does not have this  uncertainty error in 
the sender, that is to say,  RBS removes the uncertainty in the sender 
completely. That is because the RBS protocol is a receiver-to-receiver 
synchronization, which is also the reason why the receiver-to-receiver 
synchronization  performs  much  better  than  the  sender-to-receiver 
synchronization.

2. The uncertainty in propagation time, 

As can be seen from the equations (23) and (24), both TPSN and RBS 
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are  affected  by  the  variations  in  propagation  time.  In  addition,  the 
uncertainty in the propagation time of TPSN is half that of RBS and thus 
the  result  can  be  obtained  that,  although  in  the  same  variation  in 
propagation time, TPSN performs better by a factor of 2 as compared to 
RBS.

3. The uncertainty in the receiver,

For  the  same  reception  time,  TPSN's  synchronization  error  in  the 
receiver is half that of RBS, which can be observed from equations (23) 
and (24). That is to say, in a similar system, TPSN performs better than 
RBS by a factor of 2. 

4. Clock drift, 

As can be seen from the last term in equations (23) and (24), the clock 
drift  of  TPSN  is  half  that  of  RBS.  In  other  words,  with  the  same 
variation in clock drift, TPSN performs better by a factor of 2 than RBS.

As can be seen from the analysis above, TPSN provides a performance which is 
twice as good for almost  all  the sources of error  than RBS. However,  RBS 
completely removes the uncertainty in  the sender  as  a  source of error,while 
TPSN does not.
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6 Comparison of protocols
This work compares and evaluates the various state-of-art time synchronization 
protocols in wireless sensor networks. Before these protocols are evaluated, the 
criteria, which will be used in next comparisons, must be defined in detail. This 
work divides the evaluation criteria into five aspects including synchronization 
precision, computational complexity, scalability, and energy efficiency. 

Synchronization Precision.

Every sensor node has a physical clock  which  consists of hardware oscillator 
circuits.  However, the frequency of  the  physical clocks  is different from one 
node to another within a specified range. That is to say, the clocks on different 
nodes in wireless sensor networks operate at different rates. Thus, the clock val-
ues,  which are  used for  time  synchronization in wireless  sensor  networks, are 
not the physical clock readings. It is the case that network nodes usually utilize 
a logical notion of clocks and it is possible for logical clocks  to be modified 
both by software and hardware. Thus, there are two ways to define synchroniza-
tion precision.

• Absolute precision. The maximum error between a node’s logical clock 
and an external clock, such as UCT.

• Relative  precision.  The maximum deviation  among  the  logical  clock 
readings of the nodes in the wireless sensor networks.

The notion of relative precision above  is  generally used in  this discussions. 
Generally,  for a  synchronization  protocol,  high  synchronization  precision  is 
clearly a desirable feature. However, in the protocols studied in this work, there 
is  higher synchronization precision more  messages exchanged among nodes, 
more  storage requirements  for the protocol,  and the protocols are more com-
plex.

Accuracy. 

Accuracy is an important measure with regards to how well the time is  main-
tained in the wireless sensor network to the standard time. That is to say,  it is a 
measure of  how much  precision of  time  synchronization  there is.  A time syn-
chronization protocol,  which has high accuracy, guarantees  its  high precision, 
which has different meanings in different cases as there are two ways to define 
synchronization precision.
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• In the case of absolute precision, it means that the synchronized time in 
the sensor network does not deviate from the external standard clock 
such as UCT. 

• In the case of relative precision, this means that the maximum deviation 
for the clock of any node in the set is small when a set of synchronized 
nodes in the network is considered.

Computational Complexity.

The complexity of a synchronization protocol can make a protocol impractical 
for many applications due to the  limited hardware capabilities and because of 
several energy constraints in wireless networks. 

The computational complexity of a protocol, such as in relation to the memory 
requirements, and the message complexity, such as the number of messages ex-
changed during time synchronization, must be given due consideration. 

In this evaluations, both a protocol’s memory requirements and the number of 
nodes being synchronized are considered.  

Scalability.

The scope of a sensor network is the geographic span of the nodes that are syn-
chronized.  Generally, the scope of a  sensor  network can be expanded by in-
creasing the number of sensor nodes in the network. The sensors are becoming 
ever more cheap, and the wireless sensor networks are becoming larger. A wire-
less sensor network consists of  tens of thousands of  sensor  nodes.  Therefore, 
time synchronization protocols must have sufficiently strong scalability in rela-
tion to the network size.

Energy Efficiency.

Energy efficiency is an important requirement in most wireless sensor networks 
and it varies depending on the application. For example, in some case, the re-
quirement  on energy efficiency in sensor networks is quite strict,  which limits 
the energy for time synchronization and some other tasks. The main reason for 
the energy constraint  is  the size of  the  batteries  in  the  sensor  nodes,  which 
greatly limits the amount of energy that can be used and stored. An important 
trade off for wireless sensor networks must be considered, which is in relation 
to the division of the energy between the computing and communicating. 

Table  3 below  compares the various protocols in terms of the  above aspects. 
The data of precision comes from [13], [14], [38]. All of them are implemented 
on the Mica nodes.
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Table 3: Comparisons for various time synchronization protocols.

According to Table 3, readers are able to choose the most suitable protocol for 
different conditions. 

For example, the precision of FTSP is the highest, so it can be widely used rela-
tion to the military. In addition, RBS, with its high accuracy, good scalability 
and high energy efficiency can be applied in some cases which require high ac-
curacy and limited power.
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7 Conclusions and Outlook
In recent years, due to their wide applicability in a diverse range of application 
areas, more and more attention has been focused on wireless sensor networks. 
The main challenge from the many difficulties involved in designing and build-
ing such networks is in providing time synchronization among the sensor nodes 
in the networks.  It is  necessary for a large number of sensor applications  to 
provide a common time axis, because the data must be fused in order to make 
coherent inferences based on the sensed environment.

Those traditional time synchronization protocols for wired networks are unable 
to be used in wireless sensor networks, because  time synchronization protocols 
for  wireless sensor networks  require the ability to handle sensors' mobility, the 
ability  to  adapt  the environments  dynamically, and scalability.  Because of  the 
limited battery power,  sensors in wireless networks  are heavily resource con-
strained. Additionally, they are required to be operated  in very tough and unre-
liable environments. As a result, several time synchronization protocols in wire-
less sensor networks have been developed during recent years.

This thesis presents a survey and analysis of various state-of-art time synchron-
ization protocols in wireless sensor networks based on a variety of aspects such 
as  synchronization precision,  computational complexity and energy efficiency. 
The design considerations presented in this survey should be of significant as-
sistance to designers building a successful time synchronization protocol for a 
given application. Finally, this survey should provide a suitable benchmark for 
designers to compare their results with  various existing time synchronization 
protocols which are widely used in wireless sensor networks.

Time synchronization is an important part of a wireless sensor network, whose 
characteristics directly determine or affect the quality and features of the applic-
ation. Improving the synchronization accuracy, reducing synchronization power 
consumption, and improving the scalability and robustness of wireless sensor 
network are the future research directions for time synchronization. With the 
extensive application of large scale wireless sensor networks, time synchroniza-
tion technology can be developed in relation to the following aspects:

1. Variable topology which results in  the nodes' mobility. Currently, most 
wireless sensor networks' topologies are fixed without taking the nodes' 
mobility into account, while the nodes moving themselves can also take 
the time message to another place.

2. Depending on the condition of the nodes' hardware , time synchroniza-
tion algorithms should minimize energy consumption under the condi-
tion which involve meeting the demands of the applications in order to 
achieve optimal efficiency.

33



Time Synchronization in Wireless Sensor Networks: A Survey
Ying Yang 2012-05-28

Time synchronization is an important supporting technology for wireless sensor 
networks, and researchers are still required to continue to explore and discover.
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