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Abstract 
The objective of this thesis introduces a designed Dynamic Reference 

Broadcasting Synchronization (DRBS) algorithm. As the requirements of 

the time synchronization algorithm, the DRBS mainly aims at achieving 

a large-scale, scalable and stable synchronization system. The algorithm 

would increase the accuracy of the synchronization by utilizing the 

MAC-layer time-stamping, and enhance the scalability by reference 

broadcasting. The basic idea comes from three existing algorithms, 

which have been mentioned in related work. The communication meth-

ods for the algorithm are mainly based on the advantages of the refer-

ence synchronization model and two-way message exchanging method. 

The synchronization method is also evaluated compared with the origi-

nal models. The scalability and the robustness have also been improved 

by this new algorithm with dynamic discovery and recovery mechanism. 

The algorithm has also been implemented by the Berkeley Micaz motes 

with the TinyOS environment, which are commonly used in wireless 

sensor network. The implementation testing results including single-hop 

and multi-hop will be also given in this thesis. The comparisons and 

analysis among four synchronizations (three basic models and the DRBS 

algorithm) will be demonstrated, including traffic, robustness and the 

synchronization accuracy.  

 

Keywords: Time Synchronization, TinyOS, Micaz, Wireless Sensor 

Network (WSN), distributed system. 
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1 Introduction 
Sensor network is a wireless networks which maintaining low-cost 

censors with the function of transmission and collecting environmental 

data. Nowadays, more wireless is highly required by the network sys-

tem. It is more distributed processing ability required by the sensor 

network.[16] The centralized system would lead to the sensor consumes 

much more energy because the long distance communication.  [16] 

The wireless sensor network (WSN) [15] plays a key role in the data 

collecting in the environment. The sensor network is mainly required to 

be fast and easy to control so that the network is widely used in differ-

ent areas. The applications for the wireless sensor are quite useful in 

many fields, such as in homes, buildings, industrial, transportation 

system, hospitals [20], environmental applications, battlefields [21], 

commercial and some other situations.[15] [17] Accordingly, the moni-

toring elements would include but not limited to the humidity, tempera-

ture, pressure, soil makeup, speed, direction, lighting condition, vehicu-

lar movement, etc. [17]  

Due to the requirements of the sensor network communication architec-

ture, time Synchronization is an absolutely significant issue for all these 

distributed system. The data link layer also plays a key role for the 

communication in a distributed Wireless sensor network system. The 

data link layer aims at providing the reliable point-to-point or the point-

to-multipoint connections in the whole communication network system. 

[18] In the data link layer, the media access control (MAC) protocol 

mainly achieves two goals. The first one is establishing the architecture 

of the network, since there is a great quantity of nodes in the communi-

cation area and the MAC scheme would create the communication links 

for the data transmission among the nodes. The second goal of the MAC 

protocol is sharing the communication resources among the sensor 

nodes. [18] Hybrid time division medium access (TDMA) / frequency 

division multiple access (FDMA) is a kind of scheduling algorithm 

mainly used as MAC protocol. The details of this MAC scheme could be 

found in [19]. TDMA would also be one of the best choices of the energy 

saving multiple access protocol for the wireless sensor network. The 

TDMA protocol would only schedule each activity in that definite 
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period. Each node would be assigned at least one slot in the time frame. 

To achieve a distributed system, the TDMA protocol could also have a 

global network frame so that each node should maintain a same-length 

time slot. During the idle times between each activity of the data collect-

ing, the nodes could turn off the radio interface so that the nodes would 

lie in a sleep mode to achieve the energy saving. Thus, the most signifi-

cant issue for the TDMA protocol is time synchronization. [21] The 

nodes with TDMA protocol have to be synchronized precisely so that 

the clock drifts between each node would be negligible compared with 

the length of the time slot. [21] Otherwise, the TDMA protocol could be 

hardly achieved by the wireless sensor network. 

Time synchronization also plays a critical role in any distributed system, 

especially in the sensor network system. Not only for the energy-

efficiency of the sensor network, but also the common view of the physi-

cal time. That is the basic requirement for the activities of the nodes in 

the physical world. [24] For instance, the precise time is required by the 

measuring the time-of-flight of the sound; [22] [24] or the integration of a 

time series of proximity detections into a velocity estimate, [31] or even for 

achieving an energy efficiency TDMA scheme. [25] Besides, the sensor 

network applications sometimes rely on the time synchronization as the 

distributed systems, such as for the authentication schemes and the 

cryptography, [26] [27] [28] or for database queries. [29] [31] 

The accurate synchronized time is highly required by many sensor 

network applications.  The synchronization problem is hard to be solved 

since the requirement diversity of these applications. Depending on the 

applications, the precision of the synchronization are probably required. 

Scalability would also be taken consideration mostly in a distributed 

system. The scope, energy consuming, stability, lifetime, and robustness 

would also be balanced in some certain circumstances. Generally, a 

more scalable and accurate time synchronization method is more and 

more significant for the wireless sensor network. 

1.1 Background and Problem Motivation 

The main delays for packet transmission are presented in both [2] and 

[12]. The decomposition of the packet delay from the sender to the 

receiver is basically shown from the FIgure1. 1. [2] The different boxes 

just give an intuition of the approximation of each time component. 

Besides, this decompensation simply illustrates the approximate latency 
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happens in the packet level instead of the bits level, since in most parts 

of transmission, the event happens in parallel.   

In this whole communication activity, the node that initiates the packet 

transmission is referred to as the sender, and the node that answers this 

packet is called the receiver. The whole activity delay could be simply 

divided into 6 sections. 

(1) Send time: When a node is preparing to send a packet, the sending 

task would be scheduled. The time spending on this part mainly for 

the packet constructing in the application layer. This kind of packet 

delay mainly happens from the application layer to reach the MAC 

layer, mainly caused by software conditions.   

(2) Access time: This delay occurs from the packet reaching the MAC 

layer until the packet can access the channel. This delay is mostly in-

fluenced by the condition of the channel, such as transmission con-

fliction may incur this kind of delay. The MAC protocol achieved by 

the node will highly influences this sort of delay. 

(3) Transmission time: This delay is the time that a packet transmitted 

into the radio waves bit by bit at the physical layer. The sending 

frame begins when the radio chip is signed. The delay is mainly in-

fluenced and could be calculated by the size of the packet and the 

speed of the radio. The responding time by the interrupts would also 

give subtle variation to the software implementation of the sender. 

(4) Propagation time: This delay is the actual time that spending for the 

transmission from the sender to the receiver over the wireless link. 

This delay could also be ignored compared with other latencies, 

since this delay is roughly less than 1μs in a range of 300 meters. [3] 

(5) Reception time: This delay is referred to as the time spending in the 

receiving packet bit by bit at the MAC layer. Similarly as transmission 

time, this delay is mainly influenced by the nature that could be esti-

mated by the radio speed and the packet length. This latency would 

be slightly smaller if the hardware based on RF transceiver would be 

taken by the sensor node. [32]  

(6) Receive time: Similar as the send time, this delay time is spent for 

constructing the bits into the packet and then transferred to the ap-
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plication layer where the packet is decoded. The receive time is 

mainly influenced by the delays by the operating system. 

As can been seen from the analysis above, the propagation time can be 

probably ignored since the tiny delay (less than 1 microsecond) com-

pared with other latency. The transmission and the reception time 

would be easier controlled because the matters of this latency are the 

size of the packet and the radio speed. How to decrease other time 

delays would be the key point of the time synchronization accuracy.   

MAC layer time stamping has been widely used as an effective method 

to decrease the mentioned time delay, so the time synchronization error 

is dramatically reduced during the message communication. [14] Both 

the sender side and the receiver side is added the time stamps in the 

MAC layer. This mechanism would efficiently avoid the uncertain 

latencies no matter the application layer or media access control. The 

uncertain latencies include the mentioned Send time, Access time and 

the Receive time. That is to say, more accurate time synchronization 

would be achieved by this mechanism.  

There are three methods are frequently used for synchronization in 

wireless sensor network. One is Timing-sync Protocol for Sensor Net-

works (TPSN) [2] which has been implemented on Berkeley Motes. The 

sender-receiver pair wise synchronization is performed after the crea-

tion of a hierarchical topology. Another one is called The Flooding Time 

Synchronization Protocol (FTSP) [3] which was implemented on the 

Mica2 platform. The broadcasting is used by a selected root node to its 

neighbours, and then the regression table is used for global time calcula-

tion. The last one is called Reference-Broadcast Synchronization (RBS) 

[1]. Different from other “sender-receiver” synchronization methods, the 

main property of RBS is that, the group of receivers is synchronized 

with one of them but not the reference. That is to say, half of the traffic 

overload is not used for synchronization, but for the communication, 

just like a kind of beacon packet.  

Based on the advantages above, I designed a new time synchronization 

algorithm called Dynamic Reference Broadcasting Synchronization 

(DRBS). This algorithm can dramatically reduce the traffic compared 

with the RBS and TPSN so that the scalability could be enhanced. It also 

improves the basic idea of RBS which uses reference to broadcast mes-

sages, and other receiving nodes synchronize with each other. Theoreti-
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cally, the synchronization accuracy would also be increased compared 

with the FTSP which is the flooding synchronization method. The scala-

bility and robustness will be improved compared with the RBS and the 

TPSN which has a weak dynamic recovering mechanism. 

The main drawbacks of the current synchronization algorithms are 

obvious. Take the RBS [1] as example, the traffic will increase exponen-

tially, since this algorithm needs O(n) message exchange between two 

different receivers for the synchronization, the algorithm is not applica-

ble for the large-scale wireless sensor network. Furthermore, the syn-

chronization time will grow depending on the quantity of nodes as well. 

Since this algorithm is designed for the pair-node basic synchronization 

method, the dynamical election of the reference has not been achieved. 

Network might not be so robustness in the case of the fact that reference 

stops working or in the harsh communication situation. 

In the case of TPSN [2], because the scheme requires a hierarchical 

topology and the topology discover stage, it is not so robustness that it 

is hard to manage the dynamic changing. Moreover, with the increasing 

the number of the motes, the traffic will be heavy, since the synchroniza-

tion can only be achieved by the message exchanging from a pair of 

nodes. The traffic load is still as heavy as O(n), even though the accuracy 

is two times better than the RBS reported by the authors of TPSN. This 

algorithm is also designed for pair-node time synchronization. It is hard 

for TPSN to achieve large-scale network synchronization. 

For the FTSP [3], the scalability is increased dramatically, since the 

flooding method has been used in the algorithm, the dynamic back up 

mechanism has been achieved as well. However, the synchronization 

accuracy which has been tested on my system is not so satisficed com-

pared with other algorithm. Besides, each synchronized node broadcasts 

the synchronization message periodically, so that the broadcasting gives 

rise to the heavy traffic in the network. 

All in all, the general idea of the DRBS is to establish a much more 

scalable and robustness distributed synchronization system with low 

traffic and comparatively high synchronization accuracy. That is where 

the DRBS motivation comes from. 
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FIgure1. 1 The decomposition of packet delay transmitted via wireless link 

1.2 Overall Aim 

The general aim of this project is to establish a scalable and robustness 

distributed synchronization system with comparatively high synchroni-

zation accuracy. Comparing with the existing synchronization algorithm, 

with the higher synchronization accuracy, the traffic overload is mostly 

heavy, as well as the scalability and robustness is hard to achieve. If the 

system maintains strong scalability and backup mechanism, the syn-

chronization accuracy would be comparatively decreased.   

Based on these advantages of existing algorithms, a Dynamic Reference 

Broadcasting Synchronization algorithm is designed which includes the 

reference broadcasting, receiver-receiver synchronization, the reselec-

tion backup, and the MAC layer timestamps. For DRBS synchronization 

algorithm, the reference broadcasting synchronization mechanism can 

achieve a distributed synchronization system with decreasing of the 

traffic so that a high scalability would be achieved. Meanwhile, the 

MAC layer timestamps as FTSP employed can effectively increase the 

synchronization accuracy.  

The implementation of this algorithm has been successfully achieved on 

the Micaz platform [8]  which composed of CC2420as the radio chip and 

the ATmegal128L as the microcontroller. The TinyOS [7] system is used 

which is one of the most commonly used operating system in the wire-

less censor network. 

After the implementation, the synchronization testing will be given 

including single-hope synchronization and multi-hope synchronization 

as well. 

1.3 Scope 

The implementation focuses on the stability, traffic and synchronization 

error. Because of the restriction of the equipment and the environment, 
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the scalability of this algorithm cannot be tested. Further simulation that 

increasing the number of the notes would be needed to achieve a large-

scale sensor network. Besides, the consumption of energy for the im-

plementation has not been taken under consideration. This might be 

considered in the future research. 

1.4 Outline 

Chapter 2 basically describes three synchronization algorithms where 

our basic idea comes from. The descriptions include the general idea of 

the algorithms and the synchronization accuracy they achieved. Chapter 

3 is mainly about the methodology, which is the method used in the 

research and the testing. Chapter 4 demonstrates the implementation of 

the designed DRBS synchronization algorithm, including the software 

and hardware environment, the designed algorithm mechanism, and the 

designed testing groups with detailed parameters. Besides, the imple-

mentation of FTSP is also illustrated in this part, including the testing 

design as well as the testing results. The comparisons among models are 

also given in this part. The results part, Chapter 5, mainly focus on the 

implementation testing results of the DRBS synchronization algorithm, 

including single-hop synchronization testing results, as well as multi-

hop results. In the last chapter, the conclusion will be given, including 

the evaluation for the new designed synchronization algorithm com-

pared with general models. Some analysis of different synchronization 

algorithms will also be given. 

1.5 Contributions 

Based on the advantages of three model algorithms, Reference-

Broadcast Synchronization (RBS), Timing-sync Protocol for Sensor 

Networks (TPSN) and Flooding Time Synchronization Protocol (FTSP) 

respectively, my professor and I combined those advantages and de-

signed the algorithms together. I also finished the implementation on 

the MICAz motes. The testing for the FTSP is done by myself and im-

plemented with open source codes on TinyOS. Then I gave the compari-

sons among models. The testing results for RBS and TPSN are given by 

the author of the algorithms.   
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2 Related work 
In this chapter, I will give brief introduce to basic clock offset analysis 

and discuss three synchronization algorithms mentioned before, FTSP, 

TPSN and RBS. I will focus on the introduction of algorithms and the 

theory of the synchronization calculation based on the corresponding 

authors. The testing results comparisons will be given in the coming 

Chapter Implementation part.  

Because all of the implementations and the simulations are based on 

different hardware and environment, so the comparisons are theoretical-

ly based on the algorithms and the analysis, the testing results given by 

the authors would be shown in Table 2. 2 compared by the time syn-

chronization error (microsecond).  Because of the environment and the 

condition, the RBS scheme is implemented by two platforms, Berkeley 

Motes, and Compaq IPAQs running with Linux kernel v2.4 [1]. The 

TPSN algorithm is performed by the implementation by the authors. 

The FTSP is implemented by authors with MICA2 motes based on the 

TinyOS system. For FTSP, I will also give my own implementation 

testing results implemented on the TinyOS system with MICAz nodes 

(The same system as the DRBS). The comparisons might also need 

further testing with the same equipment and in the same environment.  

2.1 Introduction and Background 

Mostly, sender-receiver communication is a common way for synchro-

nization packet exchange between the reference node and the child node. 

So that the clock offset for the synchronization beacon between these 

two nodes would be the key point during the whole synchronization 

processing.  

Figure 2. 1 [1] shows the communication path from the sender 

timestamps the synchronization beacon massage at t1 to the receiver 

receives the beacon and timestamps at the t2. The latency of the path for 

the Δt could be decompensated as following:  

Δt= ttx_ts + tencoding + tprop + tdecoding + tint_handling + trx_ts  (1) 
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There are five factors contributing to theΔt in this decompensation [1]. 

(1) Timestamp insert/read time: At the sender side (tx_ts), this time starts 

from the insertion of timestamp into the packet until the packet starts 

to be transmitted by a radio chip signal. Similarly at the receiver side 

(rx_ts), this is the time between the packet reception and the 

timestamp reading. 

(2) Interrupt handling time: This latency refers to an interrupt taken by 

the CPU. This time might be longer depending on the interrupt ser-

vice or if a higher priority interrupts would come. 

(3) Encoding time: This time is from the encoding of the frame until 

transmitted to the radio waves. The radio chip starts to transmit the 

frame when it is signalled.  

(4) Propagation time: This is the time spending for the transmission in the 

radio waves actually from the sender to the receiver. This time could 

be ignored that it is almost less than 1 microsecond in the area of 300 

meters. [3] 

(5) Decoding time: Similar as the Encoding time, this is the time from the 

radio wave back to the frame bit by bit. The interrupt of the message 

reception would be signalled to the microcontroller.  

The details for the decompensation of the time synchronization commu-

nication processing are demonstrated in Figure 2. 2, and the total delay 

time between t1 and t2 is about 1201.01μs as tested by the author of [1]. 

All of other testing results and the introduction for the timestamping 

time, encoding, decoding time and the time delays happen in the com-

munication processing, could be found in [1].  

For trying to decrease the delay time in this communication processing 

descripted above, the MAC layer timestamp would be used in nowa-

days time synchronization methods. As shown from Figure 2. 2, during 

the communication processing, at the beginning, CC2420 sends a 12 

symbol with 4 bits each symbol, then a 4 byte preamble and 1 byte of 

Start of Frame Delimiter (SFD) is transmitted. [14] When the SFD frame 

has been received by the CC2420 radio chip, then the SFD pin goes high 

so that the microcontroller will be signalled. In another words, at the 

sender side, the MAC layer timestamp maintains the sending time of the 

12 symbol periods. If the radio channel is available, the timestamp will  
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be generated by the microcontroller by adding the current time and the 

constant delay time t, the delay time t would be the estimation duration 

time from the current time until the transmission of the last bit of the 

SFD. The back-off because of the accessed channel would make the 

microcontroller rewrite the timestamp if packet re-transmission is need-

ed. The MAC layer timestamp will be added to the packet before the 

transmission of the corresponding bytes [33]. It is also important that, 

the sending time (SFD time) is the estimated time from the sending 

timestamp added by the calculated transition time to the SFD time. The 

receiver would record the receiving time of the SFD bit completely 

arrived as the timestamp time. The MAC layer timestamp will also be 

authenticated due to the condition of the channel or the link quality. So, 

if the MAC layer timestamp will be achieved by the time synchroniza-

tion, the accuracy is highly increased. As descripted in the equation (1), 

the theoretical communication delay time would be reduced to the 

propagation delay time, since the timestamps are generated at the time 

of the SDF frame sending/receiving at both sides. More introductions for 

the packet frames and the packet sending/receiving processing can be 

found in [14]. 

There are there methods frequently used for synchronization in wireless 

sensor network. One is Timing-sync Protocol for Sensor Networks [2] 

which was tested on Berkeley Motes. The sender-receiver pair wise 

synchronization is performed after the creation of a hierarchical topolo-

gy. The drawbacks for this kind of algorithm are the large number of 

communication traffic, and energy consumption. The results present 

that the worst synchronization error is roughly 44 microseconds while 

the best synchronization error is 0 for one hop. Another one is called 

Flooding Time Synchronization Protocol [3] which was implemented on 

the Mica2 platform. The broadcasting is used by a selected root node to 

its neighbours, and then the regression table is used for global time 

calculation. The result shows that, synchronization accuracy can be 

achieved as high as one microsecond. The last one is called Reference-

Broadcast Synchronization. Different from other “sender-receiver” 

synchronization methods, the main property of the RBS is that, the 

group of receivers is synchronized with one of them but not the refer-

ence. Based on that, the sender’s nondeterminism does not affect the 

synchronization accuracy. 

Because of the inaccuracy of the oscillator, each clock of the nodes will 

drift away for several microseconds per second [1], and the relative drift 
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between the clocks is liner. The relative drift of the clocks will slightly 

fluctuate for as high as 40μs per 10s [1]. The different physical effects 

will also give influences on the clock drift, e.g. temperature, humidity, 

etc. In the separate testing, the reference node for the FTSP maintains a 

7.32MHz mica2 clock, which is different from the TPSN testing group. In 

this case, the comparisons mainly focus on the synchronization error 

measured by the clock ticks as unit, instead of the synchronization time 

(millisecond or microsecond). 

2.2 Reference-Broadcast Synchronization [4] 

Instead of general time synchronization method, Reference-Broadcast 

synchronization (RBS) uses “third party” for synchronization. In the 

RBS algorithm, the references send beacons to their neighbours. The 

references do not need to put an explicit timestamp in the packet, in-

stead, the receivers will be synchronized using the arrival time of the 

beacons as reference point. Since the propagation time is assumed the 

same, and the propagation time error could be decreased by calculation, 

thus the receivers can synchronize with each other by comparing the 

clocks which should be received at the same time. Since the arrival times 

are timestamped at an application physical layer, thus the error of 

receive time and transmission time cannot be ignored.  

The simple form of the RBS is that, the reference broadcasts a beacon to 

the receivers, then the receivers exchange the arrival time and estimate 

the relative offset. To increase the accuracy, each receiver calculates the 

average of the offsets implied by each arrival timestamps. The node i 

and node j can calculate their offset as follows: 

n: the number of receivers 

m: the number of broadcasting by reference 

Tp,q: p’s local clock time when receiving the broadcasting from q. 

Average offset should be (2):  

  

The simple form of RBS is shown in  
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Figure 2. 1 [12]. 

The author of RBS algorithm implemented RBS on the Mica platform 

with the 4MHz clock timer, so that a minimum granularity of 0.25μs 

could be achieved. The tested average synchronization error for the 

single-hop could be achieved as high as 29.1μs, which should be 116 

ticks. The maximum and minimum synchronization error can be 

achieved as 93μs and 0μs respectively.   

2.3 Timing-sync Protocol for Sensor Networks [4] 

Timing-sync Protocol for Sensor Networks (TPSN) is a network-wide 

time synchronization protocol for wireless sensor network. The protocol 

works in two stages, one is the “Level Discovery Phase” and the other is 

called the “Synchronization Phase”. The level discovery phase aims at 

network deployment. The first node is set as level 0 which is also re-

ferred as “root node”. The root node will broadcast a “Level Discovery 

packet” to all other neighbours for the topology initialization, so that the 

level will be set as 1, 2 … n. The broadcasting will go through the whole 

network and this phase will be completed when each node has been set.  

The second stage is called “Synchronization Phase”. FTSP is a kind of 

sender-receiver message exchange synchronization protocol between 

the pair nodes. In this stage, the node with level n is synchronized to the 

node with level n-1, so that every node can be synchronized to the root 

node with level 0. The whole network-wide time synchronization can be 

achieved by this way.  

The two-way message exchange between nodes A and B is shown in 

Figure 2. 2.[2]. A sends the “synchronization_pulse” packet including 

the node level and the time value at T1 (by local clock), then node B 

receives this packet at T2 (by local clock), T2 = T1 + d + Δ.  After that, 

node B sends answering message at T3, the packet is received at T4 by 

node A, T4 = T3 + d –Δ. Where d is the propagation delay time andΔis 

the relative clock drift during this period. During this short period, the 

clock drift is regarded as constant, and the propagation delay time is less 

than 1 microsecond in the range which is less than 300m [3].  

Thus, the sender (node A in the figure) can calculate the propagation 

time and the relative drift as follows: 
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Δ= ; d= ; 

So, the sender (node A) can correct its clock using the value Δand 

synchronize to the receiver (node B). 

The TPSN algorithm has also been implemented by the author. TPSN is 

a kind of prototype system. It improves the performance of the RBS [5] 

which is implemented on an IPAQ-motenic testbed. The system is built 

on Berkeley MICA Motes [6] for the TPSN implementation.  

The MICA Motes run with open source Tiny OS Operating system [7]. 

In the implementation, the timestamping at the MAC layer is used, so 

that the uncertainty [2] at the sender side can be reduced. For this mote, 

the maximum frequency of the crystal oscillator is 4Mhz [2], so that one 

tick can achieve minimum 0.25μs. Timer 1 (16 bit timer) is used by 

TinyOS for the clock with the frequency 4MHz.  

In the one-hop tests, two motes are used (sender A and receiver B).They 

are started randomly to guarantee that they are totally unsynchronized. 

The timer 1 (16 bit timer) is used for providing the clock, and the sender 

will exchange the message every 10s according to the local clock.  

The results are summarized after 200 individual runs. The average error 

is about 16.9μs (≈67ticks) the worst case error is roughly 44μs (≈

176ticks), and the best case error is 0. 

In the multi-hop tests, the same testing parameters were used. The 

results can be seen in the Table 2. 1 from the illusions parts this chapter. 

 

2.4 Flooding Time Synchronization Protocol [3] 

The Flooding Time Synchronization Protocol (FTSP) [3] is a network-

wide time synchronization protocol for wireless sensor network.  It is a 

kind of sender-receiver synchronization. The sender node which is also 

called root node can synchronize with multiple receivers, and the MAC 

layer time-stamping is also used in FTSP. Generally, wireless sensor 

network operate in the areas are larger than the node’s broadcast range, 

so that the multi-hop synchronization is provided by the FTSP.  
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Broadcasting is utilized in FTSP to synchronize multiple receivers to the 

global time by the sender. In the first stage, the (re)selected root node or 

the synchronized node broadcasts synchronization messages [3] which 

contain the global time stamp provided by the sender at the transmission 

time. The receivers get the local time at the time of the message reception, 

and then the synchronization point (global time by the sender, local time 

by the receiver) can be provided to the multiple receivers. Therefore, the 

clock offset can be calculated by the synchronization point of the receiv-

er.   

Because the frequency of the Mica2 which is used in the testing will drift 

up to 40μs per second, the re-synchronization is needed for about one 

second to keep the accuracy in one-microsecond. Because the resyn-

chronization can increase energy-consumption and the bandwidth 

overhead, so, FTSP calculates the drift between the receiver’s clock and 

the sender’s global clock.  Since the offset between the two clocks goes 

linearly in the short period (the clocks work well). Therefore, FTSP 

utilizes the liner regression to find line L [3] and analyse the offset, the 

clock drift can be compensated by the liner regression as described in [5]. 

The data point (time, offset) is collected by the receivers, and the regres-

sion line L is established, so that the error is offset-L (time). [3] 

FTSP is also implemented on the Berkeley Mica2 mote [8], which is one 

of the most widely used platforms in WSN. The Berkeley Mica2 motes 

run with open source Tiny OS Operating system [7]. The Mica2 mote 

has a 7.32MHz processor, 4kB RAM and 128kB flash memory. 

The implementation [3] was tested as single hop testing by two nodes. 

The sender (mote A) sends synchronization message to the receiver 

(mote B) with the period T. The receiver utilizes the liner regression to 

estimate the skew and the offset of its local clock. 

In the experiment, the reference node is used. The reference node utiliz-

es the 7.32MHz Mica2 clock to broadcast query message to two different 

motes with the period t. These motes will time-stamp the query messag-

es using their local clock at the arrival time, then give time-stamp feed-

back to the base station. Thus, the offsets can be examined. 

There are two groups of the testing for single-hop synchronization. As 

the report, in group (a), T=30s, t=18s, and the length of the experiment is 

18hours. The average absolute error and the maximum absolute error 
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are 1.48μs and 6.48μs respectively.  In group (b), T=300s, t=93s, and the 

length of the experiment is 8 hours. The average absolute error and the 

maximum absolute error are 2.24μs and 8.64μs. 

The multi-hop experiment [3] was implemented by 60 Mica2 motes in a 

5x12 grid so that each node can only communicate with its neighbours. 

In this case, there are at least 5 motes for each hop. In the experiment, 

the re-synchronization period is 30 seconds for all nodes. One other 

reference node broadcasts the query message for querying synchronized 

global time and the base station node collects all the responds from 

these nodes. After the synchronization has been done, the maximal 

minimum distance is 6. The experiment is roughly 50 minutes, and the 

average and maximum error is 3μs and 14μs respectively. For each hop, 

the average and maximum error is approximately 0.5μs and 2.3μs. 

 

2.5 Illustrations 

 

Figure 2. 1: The communication path in time synchronization 
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Figure 2. 2: Decompensation of communication processing in time synchronization 

 

 

Figure 2. 3: Reference broadcasting and time exchanging by receivers  
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Figure 2. 4: Two-way message exchange between node A and B  

 

Table 2. 1:  Synchronization error for TPSN (μs) [2] 

 1 hop 2 hops 3 hops 4 hops 5 hops 

Average  17.61 20.91 23.23 21.436 22.66 

Worst 

case  

45.2 51.6 66.8 64 73.6 

Best case 0 0 2.8 0 0 

 

Table 2. 2: The comparisons statistic of synchronization error 

 RBS TPSN FTSP 

Hop(s) 1 1 1 

Average error (ticks) 29.1μs (116) 16.9μs (67) 1.48μs 

MAX error (ticks) 93μs (372) 44μs (176) 6.48μs 

min error (ticks) 0μs (0) 0μs (0) 0 
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3 Methodology  
Synchronization accuracy and scalability are the two most significant 

elements of the time synchronization method. Based on the time syn-

chronization algorithms mentioned before, the advantages of the RBS 

and TPSN algorithms are the theoretically high synchronization accura-

cy. However, the RBS and TPSN are designed for one-pair node syn-

chronization, and the two-way communication requires comparatively 

high traffic, so that it is hard to achieve the multi-hop and large-scale 

synchronization.  Furthermore, these algorithms are static for one-pair 

node synchronization with each other, and there is no recover or backup 

mechanism for these methods, that the robustness is not so strong 

enough to make the system stable and large-scale. Furthermore, the 

MAC layer timestamp method has not been employed by the RBS and 

TPSN at the beginning so that the tested synchronization accuracy is not 

as high as the tested FTSP from the results reported by the author.   

The advantage for the FTSP is the strong stability and the scalability, 

since the flooding communication and the dynamic electing mechanism 

are achieved by FTSP algorithm, so that the traffic for one single-hop 

distance is only one packet transmission. Because of the flooding com-

munication method, the theoretical synchronization accuracy would be 

the main drawbacks of FTSP algorithm. However, the MAC layer 

timestamps are also achieved by FTSP, thus the synchronization accura-

cy would be comparatively higher from the results reported by the 

author.   

Based on the advantages and disadvantages of the mentioned time 

synchronization algorithms, we combined the ideas of the methods 

above and designed the new algorithm with dynamic reference broad-

casting, two-way message exchanging communication and MAC layer 

timestamp, so that the synchronization accuracy would be theoretically 

as high as RBS and TPSN. Meanwhile, the communication payload is 

comparatively low because of the reference broadcasting, and only 2 

packets need to be transmitted in a synchronization round with distance 

of one-hop. The traffic is only 2 times heavier than the payload of FTSP 

in the same situation.  
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All in all, the scalability is improved compared with the RBS and the 

TPSN algorithm without sacrificing synchronization accuracy. The 

communication payload is just 2 times heavier than the flooding broad-

casting method FTSP. The new algorithm also achieved dynamic refer-

ence electing and the recover methods, so that the robustness and the 

stability could be improved compared with the static RBS and TPSN.  

For the design of algorithm, the state chart of the algorithm can be 

indicated from the following implementation section. The state chart 

generally presents the basic processing for the algorithm by each state, 

as well as the conversion between different states. For more information 

of design would be found in the coming section. 

For the part of the algorithm implementation, I choose Berkeley Micaz 

motes, which is used for the WSN testing. The operating system is 

TinyOS version 2.1.0. The details of the hardware and software will be 

introduced in the Chapter “Implementation”. 

To achieve the test of synchronization, the testing node maintaining the 

7.37MHz Micaz clock periodically broadcasts the query message to the 

other motes. Each synchronized mote time-stamps the query message 

with the local arrival time, then reports the timestamps to the base 

station. The test includes two groups, the single-hop and the 3-hop test. 

More details for the design of test and the parameters will be shown in 

the synchronization testing part in Chapter “Implementation”. The 

testing location is the lab with a full-time interference by Wi-Fi. The 

topologies are defined and undefined respectively. The testing could be 

repeated by others with the same criteria. For the comparisons, to make 

it simple, the synchronization error (difference between the global time 

and the local time in real-time) synchronized by DRBS algorithm is 

measured both by the clock ticks and millisecond, since the clock accu-

racy for DRBS test is 1 MHz, which is different from the clock tested in 

RBS and TPSN algorithm.  

In the other FTSP implementation testing group, the open source has 

been implemented by the same Micaz node and in the same environ-

ment as the DRBS testing group, so that the synchronization error is 

measured by both clock ticks and millisecond for the comparisons. The 

results of test will be shown in the Chapter “Implementation”. Compari-

sons will be given in the results part. 
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4 Implementation 
Based on the three synchronization algorithms introduced in “Related 

work”, a Dynamic Reference Broadcasting Synchronization (DRBS) 

algorithm is designed with the functions of reference broadcasting, 

receiver-receiver synchronization, dynamic reference electing and the 

reselection backup. This algorithm improves the RBS and TPSN scheme, 

using a dynamic reference declaration and two kinds of calculation 

methods including “sender-receiver” and “receiver-receiver” synchroni-

zation respectively. There are three different roles in this system, “refer-

ence”, “sink (could be called synchronized node as well)” and “terminal 

(which means has not been synchronized)”. 

Compared with the TPSN and FTSP, the traffic will be decreased dra-

matically, since the synchronized node does not broadcast synchroniza-

tion message until an unsynchronized node asks this node to do so. The 

details of the designed algorithm will be introduced in the following 

parts. 

The algorithm will be also implemented by the Berkeley Micaz motes, 

which composes of CC2420 radio chip [2] and ATmegal128L microcon-

troller. It has 4KB size of RAM, 128KB size of program flash memory, 

and the speed of 250kbps high data transfer rate with 100 meters maxi-

mum range. The Micaz motes run with open source Tiny OS Operating 

system [2] which maintains a 1 kHz clock for the timers during the 

implementation. 

After the implementation, the synchronization testing will be given 

including single-hope synchronization and multi-hope synchronization 

as well. The testing results will be shown in the next chapter. 

As reported by the authors of the three mentioned synchronization 

algorithms, the FTSP maintains the lowest synchronization error (com-

pared as microsecond). For further comparisons, I also implemented the 

FTSP algorithm using open source code. I choose the Berkeley Micaz 

motes which are the same equipment as tested in the DRBS implementa-

tion. Because of the equipment restrictions, the Micaz motes run with 

open source TinyOS operating system maintaining a 1 KHz frequency’s 
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timer during this implementation. The results will be tested as “ticks” as 

well as “millisecond”. 

The implementation and testing details will be given in the next part of 

this chapter.  

4.1 Software, Hardware and the Environment 

Micaz mote (Figure 4. 1) is one of the most widely used Berkeley WSN 

platforms. Micaz composes of the CC2420 radio chip [7] and ATmeg-

al128L microcontroller. The main applications of the motes are research, 

monitoring, security, acoustic, video, other high speed sensor data, and 

large-scale sensor networks. There are five major modules for the gen-

eral mote: processing module, RF communication module, I/O modules, 

storage module and power management module. Micaz [9] is a 2.4GHz 

mote module for low-power wireless sensor network. It has a 4KB of 

RAM space, 128KB of program flash memory, and speed of 250kbps 

high data transfer rate with 100 meters maximum range. Micaz is pow-

ered by two AA batteries or connected to a PC as base station. The main 

controller of the Micaz mote is Atmel ATmega128L 8-bit microcontroller 

with the frequency of 7.37MHz. The controller has two 8-bit timers and 

two 16-bit timers with compare modes. The operating voltages designed 

for the controller is between 2.7V and 5.5V. More details and infor-

mation can be found in [10]. The radio chip of the Micaz mote is CC2420 

which is 2.4 GHz IEEE 802.15.4 compliant RF transceiver with MAC 

support and the baseband modem. More details and information can be 

found in [11]. 

The Micaz mote can also be regarded as a base station when it is con-

nected to the PC or gateway board via the USB cable. The MIB510 and 

MIB520 [9] provide a serial port or USB interface for communication 

between the PC and the motes. 

The Micaz Motes run the open source Tiny OS Operating system [7]. 

The main functions of TinyOS are task scheduling, timers and counters, 

radio communication, serial communication, error detections, ADC, 

power management, I/O, sensing, etc.,  

Three kinds of basic time precisions are used, microsecond, 30μs (32 

kHz) and millisecond. [7] Micaz utilizes a 16-bit timer1, which is driven 

by the external 32 kHz oscillator.  
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In the case of the implementation of FTSP, the millisecond (frequency of 

1 KHz) was used for the testing. The implementation programing and 

testing programming are from the open source code by the author. The 

testing includes single-hop and multi-hop group, which will be shown 

in the next section. 

For the implementation of DRBS, the millisecond (frequency of 1 KHz) 

Micaz clock of the timer was used for the timestamp and testing, so that 

granularity could be achieved as high as 0.98ms (1024 ticks takes 1000 

milliseconds). The implementation details and the test design will be 

shown in the next section. 

Both the FTSP and the DRBS are implemented with the same equipment 

(Micaz Berkeley motes running TinyOS operating system), and tested 

with the same testing node under the same environment that located in 

the same room with the WiFi interferences.  

 

Figure 4. 1: Micaz Berkely Mote used in the implementation 

4.2 FTSP Model Implementation 

In the single-hop FTSP experiment, the reference node (is also called 

base station) maintains the 7.37MHz Micaz clock and periodically 

broadcasts the query message to the other two motes. The two motes 

time-stamped the query message with the local arrival time synchro-

nized by the FTSP synchronization algorithm, the time-stamp could be 

predicted when the first bit of SFD [14] received. Then the receivers 

report back the timestamps to the base station respectively. The propa-

gation time is the exact time. It starts from the packet-sent time at the 
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sender side to the arrival time at the receiver side during the communi-

cation. Since the propagation delay is roughly less than 1μs [3], thus the 

delay could be ignored compared with other kind of latencies. The 

query message is sent with the period of 2 seconds, and the duration of 

the testing is around 2 hours. 

I assume mote A maintains the global time and sends the synchroniza-

tion message to mote B. The synchronization message is sent about 

every 10 seconds which is also the re-synchronization period in the 

whole test. Mote B collects 8 past data points to calculate the skew and 

offset using the liner regression as descripted in the introduction of 

FTSP algorithm. The time synchronization accuracy is the difference 

between the global time generated by mote A and the estimated global 

time by mote B. The duration of the testing is around 2 hours. Figure 4. 

2 shows the topology achieved in this single-hop FTSP test. 

 

Figure 4. 2: The topology for FTSP single-hop testing 

 

In the single-hop FTSP experiment, the time synchronization error is the 

difference between the global time given by mote A and the estimated 

global time by mote B. Since the frequency of timer is 1 kHz, thus the 
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accuracy is about 0.98ms for every tick. The duration of the test is about 

2 hours with the Wi-Fi interference in the lab.  

The minimum single-hop synchronization error (difference between the 

global time and the local time) is 0 ticks (calculated by the clock tick) 

while the maximum synchronization error is 3 ticks which is about 

2.93ms (the duration for 3 clock ticks). The average single-hop synchro-

nization error is around 0.85 ticks which is roughly 0.83ms (duration for 

0.85 clock ticks). The following figure Figure 4. 3 basically shows the 

FTSP single-hop synchronization error by ticks between the two nodes 

(A and B). Figure 4. 4 illustrates the distribution of the synchronization 

error. Mostly the 1-tick error happens as high as around 780 times, 

followed by the 0-tick error with the amount of as high as 350 times. 

Then the error is 2-tick and the -1-tick, the amounts are approximately 

150 and 50 times. 

 

 

Figure 4. 3: FTSP Single-hop synchronization error between two nodes 
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Figure 4. 4: Distribution of the FTSP single-hop synchronization error 

 

In the 3-hop FTSP experiment, 6 Micaz motes are used. One of them is 

the reference node, which aims at broadcasting query messages intro-

duced in the previous section. Another kind of mote is called the base 

station, which responds for receiving the timestamp reports by the other 

motes. To make the test easy to control and analyses, communication 

between different nodes would be achieved one by one, message would 

be processed from one node to the other one, unicast communication is 

chosen instead of broadcasting. Thus for every synchronization hop, the 

sender sends the synchronization message to the next definite mote. 

After receiving the packet, the receiver synchronizes its local clock to the 

sender’s clock, FTSP synchronized algorithm is utilized.  Take a scenario  

as example, the synchronization packet is sent from source mote A to 

sink mote D via the path A->B->C->D. After receiving the synchroniza-

tion packet from A, mote B synchronizes its local clock to mote A, then 

mote B unicasts the synchronization packet to mote C which will be 

synchronized in the next hop.  Similarly, mote D synchronizes its clock 

to mote C using FTSP synchronization algorithm. Finally, 3-hop syn-

chronization is achieved by mote D to mote A via 3-hop communication. 

The topology achieved in the 3-hop synchronization test is shown in 

Figure 4. 5. 
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Figure 4. 5: The topology for FTSP 3-hop testing 

 

The reference Micaz node broadcasts the query message every 2 seconds 

to different sensor mote to ask for their local time. After receiving the 

query message, each node would transact the local packet-arriving time 

to the global time using the FTSP synchronization method, and then the 

feedback is given by these nodes. The base station collects the reports 

from all of the motes and keeps the recorded time. The 3-hop time 

synchronization error is regarded as the difference between the global 

time by mote A and the estimated global time by mote D. Since all of the 

motes are not located in a large range area (several meters away be-

tween different nodes), so that the reference mote and the base station 

can communicate directly with each mote. Since the communication 

distance is several meters which are far less than 300 meters, thus the 

propagation delay time can be ignored. The experiment duration time is 

about 2 hours. 

For the 3-hop FTSP experiment, it is similar as the single-hop FTSP 

experiment, the duration is about two hours in the same lab room as the 

single-hop testing environment. The interference is Wi-Fi with 2.4GHz 
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band. Figure 4. 6 demonstrates the 3-hop synchronization error by ticks 

between the global time node A and the 3-hop synchronized node D. 

The minimum synchronization error is 0 ticks while the maximum 

synchronization error is 6-ticks time which is about 5.86ms. The average 

synchronization error is around 2.7 ticks which is roughly 2.64ms.  

Figure 4. 7 shows the distribution of the synchronization error. As this 

diagram shows, the 3-tick error mostly happens around 550 times dur-

ing the testing, followed by the 2-tick error which also occurs almost 450 

times. Then is the 4-tick error and the 1-tick error, the amounts are 

roughly 180 and 80 times. The 5-tick error and the 6-tick error happens 

occasionally, however, these can hardly be ignored during the long-time 

testing and the using. Figure 4. 8 also illustrates the percent of the dis-

tribution of the 3-hop synchronization error. Similarly, the first place is 

dramatically occupied by the 3-tick error, the percent is about 44. Fol-

lowed by the 3-tick error which with 36%. The 4-tick error and the 1-tick 

error also occupy the 3rd place and 4th place respectively, the percent is 

about 14 and 5 accordingly. It should be noticed, the 5-tick error hap-

pens with the probability of 2%. The last one is the 6-tick error which 

only happens less than 1% during the testing. 

 

 

 

Figure 4. 6: FTSP 3-hop synchronization error between node A and D 
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Figure 4. 7: Distribution of the FTSP 3-hop synchronization error (by ticks) 

 

 

Figure 4. 8: Distribution of the FTSP 3-hop synchronization error (by percent) 
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4.3 DRBS Algorithm Design 

(1) Some Variables and Elements defined in the algorithm 

All of the sensor nodes in the network are marked with a unique node ID 

to distinguish the different mote and different packet source. For each 

synchronized node, they would be set with the synchronization level to 

record the distance from the node with global time to the current syn-

chronized node. With one-hop distance increasing, the synchronization 

level would be added by 1. Based on these, lower synchronization level 

node maintains a shorter distance to the node with the global time. 

After the first time of the synchronization, each node records that time 

as synchronization time. Similar with synchronization level, the shorter 

synchronization time maintains, the nearer distance to the node with the 

global time, so that the synchronization accuracy is higher for the node 

with lower synchronization level/the shorter synchronization time. 

There are three kinds of message used in DRBS algorithm. The first is 

called requiring message. This message is broadcasted by the unsynchro-

nized nodes to find that if there are synchronized nodes in its sub-

network. Other synchronized nodes give answer to this requiring message 

with their information. The second message is called reference message, it 

is broadcasted by the reference to start processing of time synchroniza-

tion. This message would contain the data of current sending node 

without timestamp data, just like a beacon message to ask for the syn-

chronization message from the corresponding nodes. The third message is 

called synchronization message, this message aims at achieving the time 

synchronization processing. This message contains the receiving 

timestamp at the arriving time of the reference message, as well as the 

sending timestamp of the synchronization message sent. These two 

timestamps would be used for the further calculations. 

(2) The  sink selection - Terminal node priority 

According to the theory and the test results, the synchronization accura-

cy of the “receiver-receiver” synchronization is several times better than 

the “sender-receiver” synchronization accuracy. In another words, the 

accuracy between the Sink node (receiving reference message then sending 

synchronization message) and the Terminal node (receiving reference mes-

sage and synchronization message for synchronization) is much better than 

the accuracy between the Reference node (sending reference message and 



Design and Implementation of 

Dynamic Reference Broadcasting 

Synchronization Algorithm  

Luyuan Zou 

Implementation 

 

 

2015-06-26 

 

36 

receiving synchronization message for synchronization) and the Sink node 

(receiving reference message then sending synchronization message). Based 

on this, the synchronization level of the Reference node is set higher one 

level in the algorithm so that the other unsynchronized nodes would 

select the Terminal nodes as the Sink rather than selecting the Reference 

nod. In other words, the synchronization level set by the Reference node is 

added by one more compared with the synchronized Terminal node in 

the same synchronization sub-network.  

(3) The Functions of each Node 

There are three kinds of node plays different roles in this time synchro-

nization system. I assume that there is one and only one node maintains 

a global time, others would be synchronized to this global time only. In 

terms of the application, global time is maintained by a node with per-

manent power or it is directly connected with the computer so that it 

will not collapse during the processing. This node maintaining the 

global time is referred to as the Default Sink node. The location of the 

Default Sink would be totally random so that the distributed dynamic 

network is achieved. 

All other nodes without synchronization in this network are called the 

Terminal node, the topology of the network is totally random, since all 

the terminal nodes will be synchronized in the future no matter where 

the Default Sink node is.  

After the synchronization of each Terminal node, the synchronization level 

is appointed according to the hop-distance from the current node to the 

Default Sink node. The synchronization level set by the Default Sink node is 

1, and with one-hop distance increasing from the Default Sink node, the 

synchronization level is added by 1. The Terminal node would also be able 

to send the synchronization message to other unsynchronized Terminal 

nodes in the future. In other words, the synchronized Terminal node 

could become the Sink node if it is chosen by another Terminal node and 

it will be asked for the further synchronization information. All of the 

unsynchronized Terminal nodes have a dynamic mechanism to select 

their Sink nodes for synchronization. The Sink node selection would be 

totally distributed, and the priorities are based on the lower synchroniza-

tion level and (greater than) the earliest synchronized time as priorities. 

The location and the ID of each node would have no influence on the 

sink election. 
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One of the most special and significant role in the synchronization 

system is Reference node, which is the key point of this algorithm. Each 

Terminal node would be able to declare itself to become a Reference node 

no matter where they are. At the beginning, the unsynchronized Termi-

nal node waits for a period and then send requiring message to others, 

only the synchronized node (Default Sink node, at the very beginning) 

have the rights to answer this requiring message. After a waiting period, 

the unsynchronized Terminal node would select its Sink node from the 

answering list based on the sink node rules of election. Then this node 

would declare itself as reference node then start to broadcast the reference 

message. The selected Sink node ID would be included in the reference 

message, so that the synchronized node would notice it has been selected 

as Sink node and gives the corresponding synchronization message in 

the future.  In each sub-network, only one pair of Reference and Sink 

node sends corresponding reference and synchronization message, since 

once one of the nodes has sent the requiring message or reference message, 

other nodes restart their timer and delay the waiting period. 

(4) Some Specific Periods  

After the configuration, each unsynchronized Terminal node would 

start a reference waiting / synchronization waiting period. This period is 

totally random so that each node will wait for a different period of 

time. During this period, the node waits for the reference message and 

the synchronization message to synchronize. Only if the reference mes-

sage and the synchronization message come from the same sub-

network, (come from a pair of Reference node and corresponding Sink 

node) the synchronization stage will start.  If the node has not been 

synchronized in this period, it starts to send the requiring message to 

ask the synchronized nodes. After the requiring message has been sent, 

the stage will change into a responds waiting state for a period. Thus 

the information from replied message is collected for further sink 

node selection. After sending the reference message from the reference 

node, the node will start a reference resending period for resending the 

reference message. This frequency could be defined according to the 

accuracy of the synchronization or the requirements. After synchro-

nization processing by each node, the node would start another tim-

er for the resynchronization period. This comparatively long period 

and the corresponding timer will be restart after each synchroniza-

tion round. Mostly, this period is set as 3 or 4 times of reference 
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resending period so that the node can receive 3 or 4 reference message 

in case of the bad packet or the bad channel quality. Once this period 

is expired, the configuration of this node will be deleted and restart 

the time synchronization processing as initial state. 

(5) MAC layer timestamp 

In terms of improving the time synchronization accuracy, the MAC 

layer timestamp is employed by this algorithm. At the sender side, the 

MAC layer timestamp is added into the packet before the transmission 

of the SFD frame, while when the SFD has been received by the radio 

chip, the microcontroller will also be signaled and record the arriving 

time as the receiving time stamp. This receiving timestamp will also be 

authenticated that it is reliable depending on the link quality and the 

signal strength.  

The time delay between the two timestamps during the communication 

activity is regarded as Δt. Thus, the decompensation ofΔt will be  

theoretically reduced approximately to tpropagation which has been intro-

duced in the related work chapter. With the MAC layer timestamp 

recorded both by the sender and the receiver, the time latency caused by 

the software is totally decreased.  

Since this algorithm was implemented on the Micaz node with the 

frequency of 1 KHz timer clock, so that the communication delay be-

tween the nodes can be negligible compared with the 1 clock-tick time.  

(6) Reference Broadcasting 

The basic idea of the new algorithm comes from the mentioned algo-

rithms in the related work chapter. The sender-receiver communication 

method is often used between the different nodes as the normal way of 

the packet exchanging. The sender-receiver communication method 

would be widely used between the different nodes. However, the draw-

back of this method is the limitation for scalability. In a distributed 

wireless sensor network, the two-way message exchanging communica-

tion usually leads to a high traffic and more energy consumption. From 

this point of view, the DRBS utilizes a reference broadcasting mecha-

nism so that the traffic overload is reduced compared by the sender-

receiver communication method. The reference node broadcasts the 

reference message to start a new round of time synchronization processing. 
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In the same sub-network, other nodes receive this packet at the very first 

time (if the channel condition is good enough), because the propagation 

delay should be less than 1 microsecond and ignorable. 

This reference message is only broadcasted by the declared reference node 

periodically. The message is sent as a beacon without the timestamp 

data. After this message is received by others, the corresponding Sink 

node (which the node ID has been associated) would give feedback to 

the corresponding reference message by broadcasting the synchronization 

message. 

(7) Two Methods for Synchronization Calculation 

There are two groups of nodes in the network should achieve synchro-

nization. One is the pair Reference node and Sink node, the other is the 

group of Terminal nodes and the Sink node. In the group of Reference 

nodes and Sink node, the “sender-receiving” communication mode is 

utilized. After the reference message broadcasting, the Reference node will 

timestamp the packet sending time as the t1; the arriving time of reference 

message received by the Sink node will be recorded as t2; the sending 

timestamp of the synchronization message given by the Sink node would 

be regarded as t3; the receiving timestamp of the synchronization message 

by the reference node would be recorded as t4. Thus, the sender (reference 

node) can calculate the propagation time d and the relative drift Δ as 

follows: 

Δ= ; d= ; (1) 

For the pair Terminal node and Sink node, the arriving time of the refer-

ence message is basically the same since the nodes would receive the 

reference message at almost the same time (with the same propagation 

delay). The arriving time of the reference message is recorded as t2 by the 

Sink node with its local time, while this time would also be stamped as t3 

at the Terminal node side by its local time. In this group, the “sender-

sender” communication method would be utilized in DRBS as shown in 

Figure 4. 9, thus, the relative drift Δ between the Sink node and the 

Terminal node is equal to t2 – t3. (2)  The calculation of these two methods 

is done by the corresponding nodes depending on their roles in the 

network. 
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Figure 4. 9: Sender-Sender communication method used in the DRBS 

 

(8) The Improvement of Average  Clock Offset  

To decrease the maximum synchronization error influenced by the 

“sender-receiver” synchronization methods, and for the more central-

ized synchronization error distribution, the average clock offset method 

is also achieved by the algorithm. This average method is only used in 

the “sender-receiver” synchronization part, since the “receiver-receiver” 

synchronization maintains a much higher accuracy than the previous 

one. 

I select 6 pairs of clock drifts’ data to do an average calculation for the 

final clock drift data. Neighbour data will be calculated at the beginning, 

and then the subtotal of each average would be calculated twice, the 

processing is shown in Figure 4. 10. For the sake of the synchronization 

between the Reference node and the Sink node, which utilizes the “send-

er-receiver” synchronization method, in the single-hop test group, the 

average synchronization error before the improvement is about 3.92 

ticks (≈3.83ms), while after the improvement, the average synchroniza-

tion error is decreased to roughly 1.09 ticks (≈1.06ms) which is de-

creased by approximately 72% lhan the previous one. Similarly, the 

Maximum synchronization error also drops from 8 ticks (before the 
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improvement) to as low as 5 ticks (after the improvement), which is 

decreased by 37.5%.  Table 4. 1 shows the “sender-receiver” synchroni-

zation error comparisons before/after the average offset improvement. 

 

Figure 4. 10: The Offset Average for “Sender-Receiver” Synchronization 

 

 

Table 4. 1: The synchronization error before/after the average improvement 

 Before improvement After improvement 

Hop(s) distance 1 1 

Average error (ticks) 3.92 (3.83ms) 1.09 (1.06ms) 

Max error (ticks) 8 (7.81ms) 5 (4.88ms) 

Min error (ticks) 0 0 

 

(9) The Dynamically Recovered Mechanism 

To achieve the scalability and robustness required in the wireless dis-

tributed network, the dynamic election of reference and backup mecha-

nism is basically demanded. Firstly, the unsynchronized nodes utilize 

the “requiring-answering” mechanism. If the node has not been syn-

chronized in a certain period, the requiring program will be triggered. If 

there are no synchronized nodes give responds, the waiting period will 

be restart and the waiting time will be doubled since the synchronized 
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nodes are probably not in its communication range. The unsynchronized 

node will keep requiring until it is synchronized successfully. 

Secondly, if the synchronized node has not been resynchronized during 

a certain period, (resynchronization period) this node will delete its time 

synchronization data and restart the synchronization program so that it 

will become to an unsynchronized terminal node. In this way the missing 

or leaving Sink node cannot damage to the whole network, and the new 

Sink node in this area will be selected so that the system will recover 

from the Sink node leaving or missing. 

(10) The State Conversions for DRBS Design 

The state conversion chart of the Terminal nodes in DRBS algorithm 

would be illustrated by Figure 4. 11. This diagram basically shows the 

conversions between different states as well as the basic functions, 

utilized timers or the triggers of the conversions.  

All the initialized nodes start from Reference_waiting (1) and synchroniza-

tion_waiting (2) state. If the node synchronized during these waiting 

states, then it will change into the synchronization state and wait to be 

synchronized by the reference and sink nodes. If the node has not been 

synchronized during these waiting states, then it will transform into the 

requiring_sending state and start to broadcast the requiring message. After 

selecting the Sink node, the reference would change into the resynchroni-

zation_waiting state and broadcast the reference message periodically. The 

counter of the reference sending can be changed. When the counter 

expired, the Reference node will be altered to the Terminal node, so that 

the topology will be updated periodically. All of the state details of the 

Terminal node can be found in the diagram below.  

The state conversion of the Sink node can be seen in Figure 4. 12, one of 

the main functions of this node is broadcasting the synchronization mes-

sage, the other is answering the requiring message to the unsynchro-

nized nodes.  
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Figure 4. 11: The state conversion of DRBS as Terminal node 
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Figure 4. 12: The state conversion of DRBS as Sink node 
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(11) The Conversion of Roles in DRBS 

The conversions of different roles in the algorithm can be seen in Figure 

4. 13. Accordingly, there are 4 roles in this algorithm, including Terminal, 

Reference, Sink/Reference, and Sink.  

Generally, all the unsynchronized Terminal nodes can declare them-

selves as Reference nodes only if the node has connected successfully 

with a synchronized node (as Sink node) in its communicational range. 

The Reference node could also become the Sink node if another unsyn-

chronized node selects this node as the Sink node. This selection will be 

notified using reference message from the corresponding Reference node.   

Similarly, the synchronized Terminal nodes can change into the Sink 

nodes only if selected by another unsynchronized nodes as descripted 

before. 

 

 

 



Design and Implementation of 

Dynamic Reference Broadcasting 

Synchronization Algorithm  

Luyuan Zou 

Implementation 

 

 

2015-06-26 

 

46 

 

Figure 4. 13: Roles Conversion among Terminal, Sink and Reference node 

 

 

 



Design and Implementation of 

Dynamic Reference Broadcasting 

Synchronization Algorithm  

Luyuan Zou 

Implementation 

 

 

2015-06-26 

 

47 

4.4 DRBS Implementation  

Similar as FTSP implementation, DRBS is implemented with the same 

Micaz Berkeley motes running the TinyOS operating system, which has 

been introduced in section 4.1. The implementation has been tested in 

the same environment with the WiFi interference, so that the testing 

results will be more comparable in future analysis. 

The millisecond (frequency is 1 KHz) Micaz clock of the timer was used 

for the timestamp and testing, so that granularity is as high as 0.98ms 

(the time for each clock tick). The reference and synchronization waiting 

state period (after the nodes have been set up) is from 15s to 45s ran-

domly so that the nodes will send requiring message at different time. The 

reference_sending period is about 30s, which means that the nodes are 

resynchronized every 30 seconds. The resynchronization waiting period is 

set 500s which means the node will be reset and restart the synchroniza-

tion if it has not been synchronized within 500s. 

A testing node also joins this network and broadcasts the testing message 

every 20 seconds. Each node will respond to this testing message with the 

MAC layer timestamp of the message arriving time. Because of the 

negligible propagation delay, the testing message should be received at 

the same time by the tested nodes, so that the difference of the reported 

arriving time is regarded as the synchronization error between the 

global time and the synchronized time. 

The testing was divided into two parts, one is single-hop testing, and the 

other is multi-hop testing. All of the testing is in the same environment 

with the same equipment. Resynchronization period, testing period and 

other parameters (not including the parameters mentioned in the testing 

below) are the same. The different testing topologies will be demon-

strated in the next section.   
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4.5 DRBS Single-Hop Synchronization Testing 

(1) Group 1.1, testing with 4 nodes  

The single-hop time synchronization has been tested using the DRBS 

time synchronization algorithm. In this group, there are 4 nodes which 

play 4 different roles in the testing, including a Testing node broadcast-

ing the testing message, a Default Sink node maintaining a global time, a 

Reference node selected randomly from the Terminal node, a Terminal 

node, which will be synchronized in the testing. The topology is shown 

in Figure 4. 14. In the diagram, Reference node C and Terminal node B are 

synchronized to Sink node A with the DRBS algorithm. The Reference 

node is randomly selected according to the shorter waiting time before 

the requiring message sending. The synchronization level of the Default Sink 

node is set 1, and other nodes are set 2 after synchronization. The dura-

tion of the testing is approximately 14 hours with about 2400 testing 

rounds. Because of the packet collision, some packets might be dropped 

during the collection of the testing packets. The amount of available data 

groups for the testing is about 2300 which means the received testing 

clock time must be both from the Sink node and the synchronized Ter-

minal node in the same synchronization round. The testing results and 

the analysis are reported in Chapter 5.1. 
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Figure 4. 14: Topology for the Single-hop Testing (Group 1.1) 

(2) Group 1.2, testing with 12 nodes  

For the sake of the stability achieved in sub-network, a 12-node testing is 

also tested in a small range (one-hop distance range) with a longer 

testing duration. The Default Sink node is defined and the Reference node 

is generated randomly. The duration of resynchronization period is 30 

seconds which is the same as Group 1.1. The duration of the testing is 

about 22 hours, which is 2 times longer than Group 1.1. The available 

testing data is about 3600 rounds. The topology pf this testing is shown 

in Figure 4. 15, node 30 is the Default Sink node with the global time, and 

node 17 is selected as Reference node. Node 35 is the Testing node broad-

casting the testing message. The testing results can be found in Chapter 

5.1.   
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Figure 4. 15: Topology for the Single-hop Testing (Group 1.2) 

 

4.6 DRBS Multi-Hop Synchronization Testing 

Group 2. 3-hop testing 

The 3-hop testing has been tested with the MICAZ nodes. For the pur-

pose of the testing, the Testing node broadcasts the testing message has to 

communicate with every node in the network so that the testing re-

sponding messages will be received from each node. Based on that, all of 

the nodes are located in the one-hop distance range and the Testing node 

is placed in the centre. Since the distance between each node is less than 

one-hop distance, the topology of one Reference node and other Terminal 

nodes would be random. It means one-hop communication topology 

will be achieved by nodes rather than 3-hop communication. Based on 

that, I define the node to communicate with specific node (according to 

their unique node id) to achieve the 3-hop communication topology. 

Thus the nodes would synchronize with each other to achieve 3-hop 

distance synchronization.  

Since the Terminal node is selected as Sink node as priority, thus in each 

hop (sub-network), the Terminal node is selected as Sink node. The basic 

topology is shown in Figure 4. 16. As shown from this diagram, node 30 

is the Default Sink node, which maintains a global time. Node 35 is the 

Testing node which broadcasts the testing message every 20 seconds. 
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Node 31, 32 and 14 are the Reference nodes with synchronization level of 3, 

4 and 5. Accordingly, the Terminal node with node ID 17 is selected as 

the Sink node by node 32 and 16. Similarly, node 16 is selected by node 

14 and 15 as the Sink node. Generally, node 30, 32 and 17 are in the same 

synchronization sub-network, while node 17, 32 and 16 are sharing the 

same communication range and node 16, 14 and 15 are located in the 

same circle. The furthest synchronization hop is 3 (hop distance from 

node 30 to node 15). Thus, Terminal node 15 (level 4) will be synchro-

nized to the Default Sink node 30 (level 1), via the Terminal node 17 (level 

2) and the Terminal node 16 (level 3). 

The resynchronization period is 30 seconds, and the duration of this 

testing is about 16 hours. The available data is roughly 2000 pairs. The 

available data means the data pair that testing message comes from both 

the Sink node and the tested node at the same testing round (the mes-

sage with global time and the message of local time). The testing results 

are shown in Chapter 5.2.  

 

Figure 4. 16: Topology for the 3-hop Testing (Group 2) 
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5 Results 
All testing groups are tested in the same environment.  Since two syn-

chronization methods are utilized in the DRBS including the “sender-

receiver” and the “receiver-receiver” methods, thus the testing report 

contains both the synchronization error between the Reference node and 

the Sink node, as well as between the Terminal node and the Sink node. 

The average calculation of the clock offset is utilized in the “sender-

receiver” methods. The average error is decreased. 

The testing duration is slightly different, which descripted in the previ-

ous chapter. The resynchronization period for different groups is exactly 

the same as 30 seconds and the testing period is also the same as 20 

seconds. 

The unit of each synchronization error is “clock tick(s)” for further 

comparisons with RBS and TPSN, which maintains a different clock 

frequency. The frequency of the clock is 1 KHz that introduced in the 

previous chapter. Thus the synchronization error is 0.98 milliseconds for 

each one clock tick. The x-axis for each diagram of results is the quantity 

of testing rounds including the quantity of available testing data pairs 

(the testing message received both from the Sink node and the synchro-

nized node in the same testing round) as well as the unavailable testing 

pairs (because of the lost packet or interference). However, the unavail-

able testing data pairs have been dropped from the testing results so 

that they will not influence the synchronization accuracy testing. The y-

axis in the chart is the quantity of clock ticks that measured by two 

tested nodes with their local clock. It means the difference of clock tick(s) 

between the global time and the synchronized time (regarded as the 

synchronization error). The testing reports are given below. 

 

5.1 DRBS Single-Hop Synchronization Testing 

(1) Group 1.1, test of 4 nodes 

Figure 5. 1 illustrates the synchronization error between the synchro-

nized Reference node and the Sink node maintaining the global time. As 

can be seen from the diagram, the maximum error and the minimum 
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error are 5 ticks (≈4.88ms) and 0 respectively. The average synchroniza-

tion error is about 1.09 ticks (≈1.06ms) while the absolute synchroniza-

tion error (calculated by absolute value of ticks) is roughly 1.04 ticks (≈

1.02ms). 

Figure 5. 2 demonstrates the synchronization error between the syn-

chronized Terminal node (the time after synchronization) and the Sink 

node (maintaining the Global time). As can be seen from the picture, the 

maximum error and the minimum error is 4 ticks (≈3.91ms) and 0 

respectively. However, the average synchronization error is as low as 

0.3 ticks (≈0.29ms) which is roughly 2/3 less than the synchronization 

error tested from the Reference node. The absolute average error is about 

0.51 ticks (≈0.50ms), which is about 2 times better than the Reference 

node. 

The 1-hop synchronization error distribution of the Reference node is also 

shown in Figure 5. 3. As can be seen from the diagram, the 1-tick error 

hits the highest ratio, which is about 48% (1100 rounds of all 2300 

rounds). Followed by the 0-tick error and 2-tick error, which is about 600 

(26%) and 400 (17%) rounds respectively. The worst case is the 5-tick 

error, which occasionally happens that less than 10 times (less than 

0.4%). 

Similarly, the 1-hop synchronization error distribution of the Terminal 

node is also demonstrated in Figure 5. 4.  Compared by the Reference 

node, the error of the Terminal node is mostly 0 ticks (best case), 1320 

rounds of 2300 rounds (≈57%). Then is the 1-tick error and -1-tick error, 

which is about 550 rounds and 200 rounds respectively. The worst case 

is the 4-tick error, this frequency is as low as 0.2% that happening sever-

al times.  

All in all, the single-hop synchronization error of the Terminal node is 

approximately 3 times better than the Reference node. The 0-tick error is 

also achieved by both the Terminal node and the Reference node. 0-tick 

error proportion of the Terminal node would achieve as high as 57%, 

which is roughly 2 times better than the Reference node (26% of 0-tick). 

Based on the above, the mechanism of selecting Terminal node as syn-

chronization Sink node is employed by the algorithm. 
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Figure 5. 1: 1-hop error of synchronization from Reference node 

 

 

Figure 5. 2: 1-hop error of synchronization from Terminal node 
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Figure 5. 3: 1-hop error of synchronization distribution of Reference node 
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Figure 5. 4: 1-hop error of synchronization distribution of Terminal node 

 

(2) Group 1.2, test of 12 nodes  

For the stability of the algorithm, a large-scale one-hop test is also im-

plemented. The duration of the test is almost 2 times longer than previ-

ous testing and the tested synchronized nodes are 5 times more than the 

previous group (10 nodes and 2 nodes respectively). Each node has been 

synchronized during the testing period stably. The average synchroniza-

tion error for each Terminal node is mostly similar that no larger/smaller 

than 0.5 ticks (≈0.49ms).  The testing results of some representative 

nodes are given in Table 5. 1.   
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As can be seen in the table, the average synchronization error of the 

Terminal node is -0.05 ticks, -0.2 ticks and 0.04 ticks respectively, which is 

83%, 35% and 87% better than previous testing. The average error of the 

Reference node is 3.22 ticks (≈3.14ms) which is 2 ticks (≈1.95ms) worse 

than previous testing results. The best result of all Terminal nodes is 

given from the Terminal 3. The average error of Terminal 3 is 0.04 ticks 

(≈0.04ms), the maximum and minimum is 1 tick (≈0.98ms) and 0 ticks. 

The other results of test are shown in the table below. 

 

Table 5. 1: 1-hop synchronization error of 4 nodes 

Role ABS Average error Average error MAX error min error 

Reference 3.22 ticks 3.22 ticks 5 ticks 1 tick 

Terminal 1 0.36ticks -0.05 ticks 1 tick 0 

Terminal 2 0.39ticks -0.2 ticks 2 ticks 0 

Terminal 3 0.34 ticks 0.04 ticks 1 tick 0 

 

From the results of two groups above, the lowest synchronization error 

from the testing is selected and concluded in Table 5. 2. To make the 

comparisons simple, the weighted average synchronization error is also 

calculated that combined with the Reference and Terminal from the whole 

network. I assume that there are n nodes in a network (one-hop distance 

synchronization range), thus there will be n-2 Terminal node as well as 1 

Reference node in this network. Based on the two accuracy results in the 

Table 5. 2, the one-hop synchronization weighted average error is 

calculated according to 10 Terminal nodes with the accuracy of 0.04 ticks, 

as well as one Reference node with the accuracy of 1.04 ticks, so that the 

average accuracy is as low as 0.13 ticks, which is equals about 0.13ms. 
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Table 5. 2: The best case of single-hop testing results 

Role ABS Average error Average error MAX error min error 

Reference 1.09 ticks (1.06ms) 1.04 ticks 

(1.02ms) 

5 ticks 

(4.88ms) 

0  

Terminal  0.34ticks (0.33ms) 0.04 ticks 

(0.04ms) 

1 tick 

(0.98ms) 

0 

 

For a sensor network with n nodes (1 Reference and n-2 Terminal), the 

relationship between the weighted average synchronization error and 

the quantity of the node is shown as Figure 5. 5. The x-axis is the num-

ber of nodes in the network, and the y-axis illustrates the weighted 

average synchronization error measured by the ticks.  

 

 

Figure 5. 5: Weighted average synchronization error (ticks) for one-hop DRBS 

 

5.2 DRBS Multi-Hop Synchronization Testing 

Group 2. 3-hop testing 

Figure 5. 6 demonstrates the synchronization error between the syn-

chronized Reference node and the Sink node as the global time. The 

maximum error and the minimum error are 7 ticks (≈6.84ms) and 1 tick 
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(≈0.98ms) respectively. The average synchronization error and absolute 

average error is about 4.82 ticks (≈4.71ms). 

 

 

 

Figure 5. 6: 3-hop error of synchronization error for the Reference node 

 

Figure 5. 7 shows the synchronization error between the synchronized 

Terminal node (the local time after synchronization) and the Sink node 

(maintaining the global time). As can be seen from the picture, the 

maximum error and the minimum error is 4 ticks (≈3.91ms) and 0 tick 

respectively, which is similar as the results of the single-hop testing. The 

3-hop average synchronization error is roughly -0.17 ticks (≈-0.17ms) 

which is about 28 times better than the Reference synchronization accura-

cy. The absolute average error is around 0.66 ticks (≈0.64ms) that just 

0.11-ticks (≈0.11ms) worse than the single-hop accuracy. 
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Figure 5. 7: 3-hop error of synchronization for the Terminal node 

 

The 3-hop synchronization error distribution of the Reference node is 

illustrated in Figure 5. 8. As can be seen from the chart, the 5-tick errors 

occupy the highest which is about 37.5% (750 rounds of all 2000 rounds). 

Then followed by the 4-tick errors and 6-tick errors, which is about 600 

(30%) and 450 (22.5%) times respectively. The best case is the 1-tick error 

which happens around 0.5%, while the worst case is the 7-tick error, 

which is as low as 3% (60 rounds). 
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Figure 5. 8: 3-hop error distribution of synchronization for the Reference node 

 

The error distribution of 3-hop testing for the Terminal node is also 

shown in Figure 5. 9. Similar with the single-hop errors, the error of the 

3-hop is mostly 0 ticks (best case) which occupies 780 rounds of 2000 

rounds (39%). The -1-tick error and 1-tick error happens roughly 550 

rounds and 300 rounds respectively. The worst case is the 4-tick error, 

which is as low as 0.5% and happening less than 10 times during the 

testing. 
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Figure 5. 9: 3-hop error distribution of synchronization for the Terminal node 

 

All in all, the 3-hop synchronization error for the Terminal node is simi-

lar with the single-hop. The 0-tick accuracy is achieved by both the 

single-hop and the 3-hop synchronization with the highest proportion 

(57% and 39% respectively). The worst situation of single-hop and 3-hop 

are the 4-tick (≈3.91ms) error, which the ration is less than 1%. As 

shown from the results, the synchronization of the Terminal node main-

tains high accuracy including the single-hop and 3-hop group. The 

conclusion of test results for both Reference and Terminal nodes are 

shown in Table 5. 3. 
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Table 5. 3: 3-hop synchronization error conclusion 

Role ABS Average error Average error MAX error min error 

Reference 4.82 ticks (≈4.71ms) 4.82 ticks (≈

4.71ms) 

7 ticks (≈

6.84ms) 

1 tick (≈

0.98ms)  

Terminal  0.66 ticks (≈0.64ms) -0.17 ticks       

(≈-0.17ms) 

4 tick (≈

3.91ms) 

0 

 

To make the comparisons simple, the weighted average error (combined 

with Reference and Terminal) is also calculated for the 3-hop DRBS syn-

chronization testing. In a range of one-hop distance, there are n nodes 

assumed in the sub-network including 1 Reference node and n-2 Terminal 

nodes (synchronized to the Default Sink node). In this 3-node testing for 

3-hop, the weighted average error is calculated by the Reference with the 

error of 4.82 ticks (≈4.71ms) and one Terminal node with the error of -

0.17 ticks (≈-0.17ms), so that the weighted average error is calculated as 

low as 2.32 ticks (≈2.26ms). 

In a synchronized sensor network with n-nodes, the relationship be-

tween the weighted average synchronization error and the node quanti-

ty is shown in Figure 5. 10. The x-axis is the number of nodes in the 

network, and the y-axis demonstrates the weighted average synchroni-

zation error measured by the clock ticks. As can be seen from the line 

chart, the average synchronization accuracy for the whole network 

dramatically increases according to the growing number of nodes.  
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Figure 5. 10: Weighted average synchronization error (ticks) for 3-hop DRBS 

 

5.3 Evaluation and Analysis 

For a synchronization method, there are three significant aspects to 

evaluate the performance and the practicability, synchronization accura-

cy, the traffic and the robustness. Achieving higher accuracy with lower 

traffic is the key point of the time synchronization. For DRBS algorithm, 

only the Reference node and the Sink node broadcast the corresponding 

packet while the synchronized node does not need to send any packets, 

so that the traffic is decreased and the scalability will be achieved. For 

each one-hop distance synchronization round, only 2 constant packets 

are needed to be transmitted. 

The comparisons and evaluations between DRBS and the other three 

algorithms will be shown in this section. The analysis of the advantages 

and disadvantage will also be given. 

(1) Comparisons of synchronization accuracy 

Compared with the FTSP synchronization method, which is a scalable 

and robust synchronization algorithm, the DRBS maintains higher 

synchronization accuracy with the same large-scale network scalability. 

The results of testing are shown in Table 5. 4. The synchronization error 

is measured by ticks and millisecond. The DRBS testing results are the 

weighted average synchronization error from the testing mentioned 

before. For the single-hop testing, 12 nodes joined the testing and the 
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weighted average synchronization error is 0.13 ticks (≈0.13ms), which is 

about 7 times better than the tested FTSP.  For the DRBS 3-hop testing, 

the joined number of nodes is 3, so that the weighted average synchro-

nization error is 2.32 ticks (≈2.26ms), which is 0.4ms better than the 

FTSP. Since the 3-node situation is the worst case in the network, thus 

for the 3-hop testing, DRBS would be at least 1.2 times better than FTSP. 

It is also need to mention that, with the increasing number of joined 

nodes, the average synchronization error of DRBS will decrease. Thus 

the DRBS is more accurate than FTSP especially in a large-scale network. 

The single-hop and 3-hop minimum error for DRBS is given by the 

Terminal node, which is same as FTSP. The single-hop and 3-hop maxi-

mum error from Reference is 4.88ms and 6.84ms respectively. The worst-

case error (by the Reference node) is about 2ms worse than FTSP.  

Compared by the FTSP, the advantage of DRBS is the higher synchroni-

zation accuracy for large-scale censor network. However, the drawback 

is the lower synchronization accuracy from the Reference node. Since the 

algorithm selects the Terminal node as the Sink node in each sub-

network, thus in each sub-network, there is only one node maintaining 

comparatively lower accuracy of synchronized time. With the increasing 

number of nodes n, the synchronization average accuracy will be in-

creased in whole network. If it is not necessary to make each node keep 

an exact synchronized time, the DRBS will fulfill this requirement as a 

large-scale synchronization method with comparatively higher syn-

chronization accuracy. 
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Table 5. 4: Synchronization accuracy comparisons for joined nodes 

 FTSP                  

(average error) 

DRBS                   

(weighted average error) 

Hop(s) 1 3 1 3 

Average error (ticks) 0.85 2.7 0.13 2.32 

Average error (ms) 0.83 2.64 0.13 2.26 

MAX error (ms) 2.93 5.86 4.88       

(Reference) 

6.84    

(Reference) 

min error (ms) 0 0 0 0 

 

DRBS utilizes both the “sender-receiver” and “receiver-receiver” syn-

chronization method. The synchronization between Reference node and 

the Sink node mainly uses the “sender-receiver” synchronization mech-

anism, which is based on the two-way message exchange communica-

tion method. Similarly, TPSN also utilizes the two-way message ex-

change method like the communication between Reference and Sink node 

in DRBS. The clock offset calculation in the synchronization stage is also 

the same as the Reference node in DRBS, so that the idea of synchroniza-

tion stage for TPSN and DRBS Reference node is basically same. Theoret-

ically, the accuracy of DRBS is similar as TPSN with the MAC layer 

timestamp. 

The TPSN and RBS testing results are shown in the Table 2. 2. Based on 

the results reported by the author of TPSN and RBS, the synchronization 

accuracy by TPSN is 2 times better than the RBS. Based on this, the 

synchronization accuracy of DRBS is not worse than RBS. Theoretically, 

the accuracy of DRBS is higher than the RBS.  

 

(2) Comparisons of communication payload 

Another crucial element for time synchronization evaluation is the 

traffic during the synchronization. Theoretically, the less communication 

message sent, the more scalability is achieved, since the heavy commu-
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nication traffic would consume more resources, such as the battery and 

processing time. Sometimes it is more important for a distributed large-

scale network to reduce the communication packets than increasing the 

synchronization accuracy. 

In this section, the traffic is analyzed for each algorithm. To make com-

parisons simple, the communication payload is calculated in a sub-

network, which means all of the nodes are in one-hop distance range 

and the nodes communicate with each other directly. In each sub-

network, the quantity of the nodes is assumed as n, including all roles 

playing in the synchronization program. Simply, in each sub-network, 

the only sink node (maintain the global time) is appointed. Thus other 

nodes would only need to synchronize with the sink node instead of 

synchronizing with each other. Based on the above, the topology and 

the situation are simple and practical so that it is easy to compare with 

other algorithms. All the communication packets are represented in the 

quantity n, and all packets are counted in a synchronization round. 

Take the DRBS as example, the Reference node broadcasts a reference 

message as beacon at the beginning, then the Sink node broadcasts the 

synchronization message to each node. Thus, synchronization to the Sink 

node will be achieved in this round. Basically, there are 2 packets trans-

mitted in each one-hop distance synchronization round, which are the 

reference message and synchronization message respectively. 

Based on the description from the author of FTSP, the flooding method 

is utilized in the communication processing. The synchronized node 

would broadcast the synchronization message periodically so that the 

liner-regression calculation will be done by each node. During the 

synchronization processing, for the one-hop distance synchronization 

round, only 1 synchronization message would be needed. In other 

words, the traffic for DRBS would be 2 times heavier than the traffic for 

FTSP in the same situation, while the accuracy would be higher than 

FTSP. 

The RBS utilizes reference broadcasting method to achieve synchroniza-

tion. The simplest situation is that reference broadcasts the beacon at the 

beginning, and then followed by packet exchanging from two nodes. 

Based on this, for a one-hop distance synchronization round, in an n 

node network, the communication payload would be as heavy as 2(n-1) 

+ 1. In this case, the traffic is heavier than the DRBS, which is just 2 
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constant packets. Moreover, the RBS is designed for one-pair synchroni-

zation, and not suitable for large-scale distributed network synchroniza-

tion. Based on the above, the DRBS improves the scalability with theo-

retical the same synchronization accuracy. 

The last one is TPSN. I just bypass the “Level Discovery Phase” de-

scripted in chapter 2, and focus on the communication in the synchroni-

zation phase. Since each node gives “two-way message exchange” to the 

sink node, and there are n-1 nodes that need to synchronize to the sink 

node, thus the quantity of packet communication is 2(n-1) in a synchro-

nization round (All nodes synchronize to one sink node). Similarly, 

TPSN is also designed for the one-pair node synchronization and not 

suitable for a large-scale distributed network, so the DRBS also main-

tains the advanced scalability compare to the TPSN.  

Comparing with DRBS, one-hop distance synchronization traffic com-

parisons are shown in Table 5. 5. As can be seen form the table, the 

communication complexity level of DRBS is almost 0 (constant traffic 

payload) that only 2 constant messages need to be broadcasted in a 

whole synchronization round, while FTSP requires 1 packet, which the 

complexity level is as low as 0. Comparatively, the traffic of RBS is as 

high as 2n-1 packets which maintaining the heaviest communication 

payload in the group. Moreover, RBS is static one-pair node synchroni-

zation, thus scalability is also harder to achieve. Similarly, the synchro-

nization accuracy of TPSN is 2 times better than the RBS theoretically, 

while the communication traffic of TPSN is as heavy as 2(n-1) packets, 

which is the same complexity level as RBS. If the amount of nodes 

increases, the system would have to afford at least (n-1) times heavier 

payload than DRBS in each sub-network.  
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Table 5. 5: comparisons for the traffic with single-hop distance (one round) 

 DRBS FTSP RBS TPSN 

Node Quantity n n n n 

Roles 1 Reference, 

1 Sink, 

Terminals 

1 Sink, 

Terminals 

1 Reference, 

1 Sink, 

Terminals 

1 Sink, 

Terminals 

Traffic  2 1 2(n-1)+1 2(n-1) 

Scalability compared Higher Lower Lower 

 

(3) Comparisons of robustness 

In terms of robustness, DRBS maintains a dynamic Reference node elect-

ing and recovery mechanism, so that the topology will be updated 

according to the node joining or leaving. FTSP also has a sink node 

electing system, and the flooding synchronization method will make the 

network update dynamically, while the DRBS and TPSN are more static. 

The pair-node synchronizations are hard to achieve the recovery for the 

topology changing. Comparing to the DRBS, the overall comparisons for 

four different algorithms are shown from Table 5. 6.  
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Table 5. 6: Overall comparisons 

 DRBS FTSP RBS TPSN 

Node Quantity n n n n 

Communica-

tion methods 

Two-way 

message; 

Broadcasting 

Flooding Broadcasting Two-way 

message 

Traffic  2 1 2(n-1)+1 2(n-1) 

Accuracy Exponential 

Higher with 

increased n 

compared 

Theoreti-

cally 

Lower 

Theoretically 

High             

(with MAC 

timestamp) 

Theoretically 

High             

(with MAC 

timestamp) 

Scalability compared Higher Lower;        

pair-node 

synchroniza-

tion 

Lower;        

pair-node 

synchroniza-

tion 

Robustness Dynamic; 

Recovery 

Dynamic; 

Recovery 

Static;    No 

Recovery 

Static;    No 

Recovery 
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6 Conclusions 
The DRBS time synchronization algorithm has been implemented on 

Micaz nodes successfully. The testing includes single-hop and 3-hop 

with the synchronization error ticks as results. All the groups of the 

testing were achieved with the same conditions in the lab with the Wi-Fi 

interference. The testing is repeatable and general in normal situation, 

thus the testing of other kinds of topologies or further requirements will 

be also achievable. 

Within the long duration of testing, the algorithm works well without 

bad synchronization results (better than a theoretical or normal result), 

thus the stability is satisfied at least in a period of several days. The 

success of the multi-hop testing also indicates that the algorithm will 

work in a more complex network, especially with a dynamic backup 

and recovery mechanism. However, because of the limitation of the 

equipment and the testing nodes has to join the whole network to com-

municate with each tested node, thus the small-scale topology and the 

short-range network is a restriction for this testing.  

The DRBS is based on the advantages of FTSP, TPSN and RBS with the 

elements of MAC layer timestamp, communication of two-way message 

exchanging and reference broadcasting. Compared with tested FTSP, 

DRBS is more accurate than FTSP while the traffic is just 2 times more 

than FTSP in the same situation. As reported by the author for FTSP, the 

synchronization accuracy of FTSP is higher than the tested TPSN and 

RBS, thus the synchronization accuracy of DRBS is also comparatively 

higher than the designed RBS and TPSN. Compared with RBS and 

TPSN, DRBS will reduce the traffic from almost 2n packets transmission 

to 2 constant packets in one synchronization round. Moreover, DRBS is 

also more scalable compared to two pair-node synchronization methods 

(RBS and TPSN).  

Based on the DRBS testing results, the Reference node maintains a com-

paratively higher accuracy than the Terminal node, thus the average 

synchronization accuracy will be increased with the growing number of 

joined nodes. Theoretically, the accuracy of the “sender-receiver” syn-

chronization method is 2 times better than the “receiver-receiver” meth-

ods. However, practically, the sending SFD time in the MAC timestamp 
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is the estimated time from the timestamp added to the exact SFD send-

ing time, because the sending time has to be added into the packet 

before transmission. The receiving timestamp is the exact time of the 

SFD arriving. Based on this, the two estimated SFD sending times will 

influence the accuracy, so that the “sender-receiver” synchronization 

method will lose accuracy compared to the “receiver-receiver” method, 

which utilizing the receiving time.  

All in all, DRBS is a scalable synchronization method with comparative-

ly higher synchronization accuracy. The dramatic advantage of DRBS is 

the light communication payload without sacrificing the synchroniza-

tion accuracy compared to RBS and TPSN. Moreover, DRBS is more 

suitable for large-scale network synchronization, since the average 

accuracy will be exponentially increased with the growing number of 

nodes in the whole network. A drawback of DRBS is that, in each sub-

network, there must be one randomly selected Reference node maintain-

ing comparatively lower synchronization accuracy.  

Because the time synchronization method with higher accuracy and 

more scalability, so the wireless sensor network will maintain a more 

accurate real-time system and a more stable working platform. This 

could decrease the risk of wireless sensor network operations and re-

duce the failure probability of whole system. All applications that re-

quired achieving a precise time would benefit from the accurate, scala-

ble synchronization method. 
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7 Future Research 
Because of the limitations and the restrictions of the equipment and the 

environment, only about 20 nodes and 3-hop testing was implemented. 

For future research, large-scale simulation with hundreds of nodes will 

be also needed, so that scalability and robustness will be tested further.  

Because of the restrictions of the testing, the 3-hop topology was defined 

in a 1-hop range so that the testing node would be able to communicate 

with each tested node. However, the large-scale testing with random 

topology still needs to be done. 

In terms of robustness and stability, harsh environment will be also 

taken into consideration. During the testing, all scenarios are the same 

with slight Wi-Fi interference. Based on this, it is also necessary to know 

the working stability in other harsh situations, such us strong interfer-

ence, weak signals, poor link quality, lost packets, interference by obsta-

cles, etc. 

Furthermore, even though the recovery system is designed in the algo-

rithm, if the system works in a large topology, it is hard to ignore the 

cost by the recovery. Since each node would take some time to detect 

the losing from the synchronization system, it also takes some time for 

the sink node to do election, so the whole system would take much 

more time to recover from failure. How much time and energy is re-

quired, how much loss would be suffered, what other matters will 

influence the system, are all need to be considered for the application. 

Last but not least, more testing in all kinds of situation is always re-

quired for stability, even though the algorithm was implemented and 

worked well during my testing.  
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Appendix A: Documentation of 

Program Code 
Some program codes are shown as follows. 

1. The methods used in the programing 
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2. Some events for timer fired 
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3. Sending message sending methods 
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4. Two synchronization methods 

 

 

 

 

 

 

 

 


