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Abstract: Solutions for indoor localization have become more critical with recent advancement in context and 
location-aware technologies. When wireless sensor network (WSN) used in complex indoor environment, great 
propagation loss will be caused and it is very difficult to estimate adaptively the location of target nodes when 
environment changed. In this paper, an indoor adaptive localization algorithm based on received signal strength 
indication (RSSI) for wireless sensor networks is proposed. The algorithm utilizes the RSSI of radio signals 
radiating from two other fixed nodes to generate the local parameters of signal propagation model for each fixed 
node, and the parameters are updated online according to environmental variation. According to the estimated 
parameters of the signal propagation model, iteration method is applied to estimate the position of target node. 
Through actual experimental tests, the validity of the proposed algorithm is demonstrated.  
Copyright © 2013 IFSA. 
 
Keywords: Indoor localization, Adaptive localization, Received signal strength indicator, Iteration method, 
Wireless sensor network. 
 

 
 
1. Introduction 
 

Wireless sensor network (WSN) is expected to 
serve as a key infrastructure to realize rich information 
services based on sensory data beyond conventional 
information technology, such as supervising system of 
human activity, visualization systems of physical 
status, positioning and navigation, content 
recommendation based on user’s location, automatic 
detection of emergency states, and so on [1]. WSN 
brings many challenging research subjects to the 

scientific and technical field. The network’s 
localization problem is one of them. Accurate and 
reliable location information can lead to better 
decision making [2]. In last years, many researchers 
have investigated various localization techniques, 
such as global positioning systems (GPS), radio 
frequency identification (RFID), and laser scanning 
[3-5]. Much of these researches pertain to location in 
outdoor environments, resulting in limited 
performance for indoor environments. So it is urgent 
and useful to develop the indoor localization system. 

Article number P_SI_371 
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In the field of WSN-based indoor localization, 
many location estimation methods have been 
proposed in the literature. There are three categories of 
location estimation algorithms [6]. The first is time 
based location estimation, e.g., time of arrival (TOA) 
[7, 8], and time difference of arrival (TDOA) [9]. The 
second is direction based location estimation, such as 
angle of arrival (AOA) [10] or direction of arrival 
(DOA) [11]. A third category of location method is 
received signal strength indication (RSSI) based 
location approach [6, 12-15].  

Of techniques that use radio-frequency to measure 
location, TOA techniques have shown great promise. 
Based on the signal traveling time between target node 
and fixed nodes in WSN, the distance between them is 
estimated by TOA (or TDOA) location method. The 
estimation result derived by this method has good 
accuracy. However, this performance requires a direct 
path between sensors, giving a limitation similar to 
line-of-sight requirements, and precise timing 
synchronization is needed. The signal direction of 
transmitted signal from a target node can be estimated 
by AOA method. This method doesn’t need timing 
synchronization. However, systems based on AOA or 
TOA techniques require specific hardware and this 
fact increases the cost and complexity of the 
localization systems. In the case of AOA the system 
uses directional antennas with beam forming in order 
to derive the direction information of target node. Due 
to limitation of the previously described approaches, 
recent research has investigated the use of RF 
technologies that measure the RSSI [16]. Such RF 
based technologies assume that there are some fixed 
nodes with known spatial location and act as beacon 
points to localize other nodes with unknown location. 
Compare with other location technique, the main 
drawback of RSS-based method has lower location 
accuracy [6]. Although this, RSSI-based location 
method is suitable used in WSN because some system 
constraints, such as miniature hardware size and lower 
battery power, should be considered for the practical 
application in WSN. 

It should be noted that there are still a number of 
challenges to be overcome in the field of RSSI-based 
indoor localization. The main difficulty lies in the fact 
that communication signals in an indoor environment 
face interference and attenuation from multi-path, 
reflection, channel fading, deflection, and diffraction 
[12]. In fact, it is quite difficult to establish a reliable 
signal propagation model in an indoor environment 
due to difficulties in reliably estimating the signal 
path-loss parameters.  

Recently, many RSSI-based indoor localization 
algorithms for WSN have been reported. The 
foundation of these algorithms is path loss regression 
model. It is calibrated using a set of RSSI values 
collected at various known sampled points to 
determine the relationship between RSSI values and 
the distance from the transmitting node to the 
receiving node. A regression equation model of this 
relationship is constructed and used to estimate the 
distances based on RSSI values and the target’s 

location. Based on the path loss, there are many 
algorithms for location estimation based on the RSSI 
value or calculated distances [17]. The two-step 
indoor location estimation method [6] was proposed. 
In the algorithm, least-squares approach had been 
applied to determine parameters of signal propagation 
model, and, minimum mean squares error (MMSE) 
method was applied to estimate the position of target 
node after considering the estimated parameters of the 
signal propagation model obtained in the first step. 
The literature [12] addresses a novel method for 
localizing a stationary object in an indoor office 
environment. The proposed method utilizes RSSI of 
radio signals radiating from fixed reference nodes and 
reference tags placed at known positions to generate a 
precise signal propagation model. In the proposed 
approach, the signal propagation model and model 
parameters were updated online in a closed-loop 
feedback correction manner. Paul et al. [13] evaluate 
the feasibility of building an indoor location tracking 
system that is cost effective for large scale 
deployments, can operate over existing Wi-Fi 
networks, and can provide flexibility to accommodate 
new sensor observations as they become available. 
The paper also propose a sigma-point Kalman 
smoother (SPKS)-based location and tracking 
algorithm as a superior alternative for indoor 
positioning. The proposed SPKS fuses a dynamic 
model of human walking with a number of low-cost 
sensor observations to track 2-D position and velocity. 
In the literature [14], narrowband measurements at 
five VHF (Very High Frequency) frequencies are used 
to evaluate the accuracy of RSSI-based location 
algorithms. Since shadow fading increases with 
frequency, location accuracy decreases with 
frequency. A satisfactory approximation of location 
accuracy in a given network is obtained by the error 
estimates that are based on linearization but modified 
when the receiver is close to one transmitter. In [15], a 
robust, easy to deploy and flexible indoor localization 
system based on ZigBee WSN was presented. The 
localization system consists of two phases: calibration 
and localization. Anytime a blind node needs to be 
located, the presented system performs calibration 
using a matrices system, so that the environment can 
be characterized, taking into account possible changes 
on it since the last request. Then, in the localization 
phase, the central server processes all the information 
and calculates the blind node’s position with the new 
iterative algorithm.  

In this paper, we investigate the most important 
problems, estimating the signal path-loss parameters 
in an indoor environment to establish a reliable signal 
propagation model, and propose a RSSI-based 
adaptive localization algorithm for indoor WSN. The 
algorithm utilizes the RSSI of radio signals radiating 
from two other fixed nodes to generate the local 
parameters of signal propagation model for each fixed 
node, and the parameter set of the fixed node is built, 
and the parameters can be updated online according to 
environmental variation. In localization phase, each 
fixed node searches the most suitable parameters of 
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the signal propagation model from its parameter set 
according to RSSI value that it has received from the 
target node, and iteration method is applied to estimate 
the position of target node. The performance of the 
proposed algorithm is compared with others. The 
superior accuracy of our approach over a number of 
trials is demonstrated. 

The remainder of this paper is organized as 
follows. Section 2 gives signal propagation model, 
and Section 3 analyzes the problems of localization 
with the signal propagation model. Section 4 describes 
the indoor adaptive localization algorithm based on 
RSSI for WSN. Experimental results are given in 
Section 5, and finally conclusions in Section 6. 

 
 

2. Signal Propagation Model 
 

In RSSI-based indoor localization algorithms, the 
receiver computes the signal propagation loss based 
on RSSI from the sender and finally computes the 
precise location by converting the signal propagation 
loss into distance with the help of both theoretical and 
empirical models. As a result, it is necessary to 
understand the relationship between RSSI and 
distance. The following signal propagation model has 
been widely used for this relationship  
 

 
v

d

d
ndPdP  )log(10)()(

0
0

, (1) 

 
where d  is the distance between fixed node and target 
node, and 

0d  is the distance between target node and 

reference point. In general, 
0d  is assumed to be 1 m. 

)(dP  represents the signal-strength measured at 

distance d , and )( 0dP  is the signal power received 

at reference point. n  is the path-loss parameter, and 
),0(~ 2

vNv   is Gaussian random variable 

representing lognormal shadowing effects in indoor 
multipath environments. 
 
 
3. Problem Analysis 
 

RSSI based traditional approaches aim to calculate 
the unknown distance d  using the measurement 

)(dP  and parameters n  and )( 0dP  modeled in 

advance. Thus, in traditional approaches, the distance 
d  is calculated as 
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In actual applications, however, the calculated 

parameters n  and )( 0dP  don’t match the actual 

situation because they are environmental- dependent 
in the presence of signal interference, deflection, and 
variation of the power radiating from the transmitter 

[12]. So the traditional approaches may not be 
efficient and potentially result in numerous errors.  

Let us suppose that the calculated model 
parameters n  and )( 0dP  have error n  and 

)( 0dP . Then the actual model parameters are  
 

 












)()()( 000 dPdPdP

nnn . (3) 

 
Thus, it change formula (1) to 
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In such case, if the fixed parameters n  and 
)( 0dP  are used without modification, the distance d  

will be evaluated as 
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Therefore, if parameter variations are not 
considered, then distance errors will certainly exist 
according to formula (6). 
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From formula (6), it can be seen that there is a big 
error of the calculated distance between a receiving 
node and a transmitting node according to the model. 
So it is necessary to constantly update the parameters 
of the model with the changes of environment, in 
order to calculate more accurate distance and to locate 
a more precise position. 
 
 
4. Adaptive Localization Algorithm 
 

Recently, RSSI-based localizations have attracted 
considerable attention due to their simplicity and low 
cost [18], as well as their lower sensitivity to 
bandwidth and occurrences of undetected-direct paths 
[19]. This paper presents an adaptive localization 
algorithm that is suitable for indoor WSN and it is also 
based on RSSI. There are the fixed nodes, a master 
node which is connected to computer, and the target 
nodes to be located in the algorithm. The fixed nodes 
receive and send radio signals, and compute the 
parameter set of the signal propagation model based 
on RSSI. The master node receives the information 
sent by fixed nodes, and transmits them to computer 
for estimating the location of target node. 
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4.1. The Parameter Set of Signal Propagation 
Model 

 
Assuming there are N fixed nodes whose position 

coordinates are ),( ii yx , Ni ,,1   and 2N . 

Before target nodes are located, it is necessary to first 
establish a set of parameters of the signal transmission 
model. Initially, the fixed node 

is  transmits the radio 

signal with the strength of 
iP , and receives the signal 

of the fixed node 
js  ( Nj ,,1  and ij  ) with 

the strength of )( ijij dP  where 
ijd  is the distance 

between the fixed node 
is  and 

js , and 

 
 22 )()( jijiij yyxxd  . (7) 

 
Thus, formula (1) can be changed as 

 
 

i
ij

iijiji v
d

d
ndPdP  )log(10)()(

0
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In the above formula, the unknown parameters are 

)( 0dPi
 and 

in . The problem is to estimate )( 0dPi
 

and 
in , according to the measurement )( ijij dP  and 

the known distance 
ijd . The parameter 

0d  is 1 meter, 

so the two unknown parameters )( 0dPi
 and 

in  can 

be calculated if getting two sets of known data 
)( ijij dP  and 

ijd . Thus, each fixed node will calculate 

a set of signal transmission model parameters 
corresponding to the two nodes, according to the data 
obtained from other two fixed nodes. The used 
equations are as follows: 
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where 
jkin 

 and )( 0dP jki
 are the signal model 

parameters n  and )( 0dP  of the fixed node 
is  that 

are calculated according to 
ijd , 

ikd , )( ijij dP  and 

)( ikik dP , respectively. 

Here, let us suppose that 
iv  can be ignored. 

Therefore, )( 0dPi
 and 

in  can be calculated as 
 

























ikij

ijijikikij
ijijjki

ikij

ijijikik
jki

dd

dPdPd
dPdP

dd

dPdP
n

loglog

))()((log
)()(

)log(log10

)()(

0

(10)

 

Then, in addition to formula (10), each fixed node 
begins to compute the parameters of the signal 
propagation model, and to establish its parameter set 
that is defined as follows: 

 

},,,1,,,1
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kjiNkNj
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Ni ,,1    
(11) 

 
where 

PSis 
 represents the parameter set of the fixed 

node 
is . Here, the parameter set can be updated 

according to environmental variation. 
 
 
4.2. RSSI-Based Localization Algorithm 
 

Based on the estimated parameter set of signal 
propagation model derived in above step, the location 
of target node is estimated. As with the literature [6], 
assuming the sampling duration time for power signal 
is T (ms), and the number of sampling point in this 
duration is M. The sample period between each 
sampling point is Ts. Let the location of target node at 
mTs is (Xm, Ym), and the distance between target 
node and i-th fixed node is 
 

 

MmNi

YyXxd mimi
m
it

,,1,,,1

)()( 22

 

  (12) 

 
In localization phase, a target node sends the radio 

signal at mTs. After the fixed nodes have received the 
signal of the target node with the strength of 

)( m
it

m
it dP , they begin to search the most suitable 

parameters of the signal propagation model from their 
parameter set. The fixed nodes search signal strengths 
of the two closest to the signal strength )( m

it
m

it dP , and 

the corresponding parameters 
jkin 

 and )( 0dP jki
 

are the most suitable parameters for the target node at 
mTs. Then, each fixed node sends the data containing 
its selected parameters and received signal strength 

)( m
it

m
it dP  to the master node. The master node 

receives the information sent by fixed nodes, and 
transmits them to computer for estimating the location 
of target node.  

In order to clearly explain the localization process 
of target nodes, we define 
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where )( 0dP m

it
 represents the most suitable 

)( 0dP jki
 value of the fixed node 

is  for the m-th 

target node. Thus, formula (1) can be changed as 
 

 )log(10)( m
it

m
it

m
it

m
it dnPAf   (14) 

 
where )( m

it Af  represents the function of vector mA , 

and m
itn  is the most suitable 

jkin 
 value of the fixed 

node 
is  for the m-th target node.  
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According to N equations shown in formula (14), 
the vector form is expressed as 
 

 )( mm AFP   (15) 
 
where  
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  (16) 

 
)( mAF  is a vector that the elements are 

non-linear functions. Using the first-order Taylor 
series expansion at the formula (17), )( mAF  can be 

expressed as the formula (18). 
 

 Tmmmm YXAA ][ 000   (17) 

 
 )()()( 00

mmmmm AAJAFAF  , (18) 

 
where mA0

 is a random initial estimated vector of 
mA . The initial estimated location must fall into the 

cover region of WSN. mJ  is a Jacobian matrix. 
Combining formula (15) and (18), we can obtain the 
following relationship: 
 

 mmmmmm AJAJAFP  00 )( . (19) 
 

Let  
 

 mmmmm AJAFPU 00 )(  . (20) 
 

Then, the location of target node can be  
calculated as 

 
 mTmmTmm UJJJA )())(( 1 . (21) 

 
In order to obtain optimum solution of estimated 

location, the iteration method is used. In the iteration 
algorithm, the present location estimated vector can be 
the initial estimated vector for next iteration. The 
formula is 

 
 m

h
m
h

m
h

mm
h

m
h AJAFPAJ  )(1

 

,2,1,0h ., 
(22) 

 
where m

hA  and m
hJ  are the coordinate vector of target 

nodes and Jacobian matrix at h-th iteration 
respectively. The error function of the iteration 
algorithm is shown in formula (23). 

 
 2

11
m
h

m
h

m
h AAe  

 (23) 

 
When the value of the error function satisfies 

certain conditions, the iteration process is over. The 
conditions can be decided by the accuracy of 

localization systems that use the paper’s localization 
algorithm. 

 
 

5. Experimental Results 
 

In our experiments, WSN is deployed to evaluate 
the performance of our proposed method. We set the 
experiment carried out on the Imote2 platform, which 
is developed by US-based CrossBow Inc. For the 
software platform, we choose TinyOS as the operating 
system, which is specially designed for WSN. The 
experimental environment selected is a 20×20 meters 
indoor space. There are 16 fixed nodes and a master 
node distributed in this region. According to the 
proposed localization algorithm, the master node 
transmits the information sent by fixed nodes to 
computer for estimating the location of target node.  

The localization algorithm uses the iterative 
method, and the iteration termination conditions vary 
depending on the application scenario. In the 
experiment, the condition that forces the iterative 
computation procedure to be stopped is 
 
 05.01 

m
k

m
k ee . (24) 

 
When the absolute value of the error function 

difference between two consecutive iterations is less 
than 0.05, the iteration is over. At this time, the 
obtained vector m

hA 1
 is the coordinates of the target 

node. 
It is very important to analyze the localization 

error of the algorithm. We randomly deploy 16 target 
nodes. Performing our proposed algorithm and the 
method proposed in [6] that is used here as a 
benchmark for a comparative experimental study, the 
estimated x and y value results are shown in Fig. 1 and 
Fig. 2 respectively, and the distance estimation error is 
given in Fig. 3. In the Fig. 1 and Fig. 2, the squares are 
the actual x and y values of target nodes, and the 
asterisks are the calculated x and y values from the 
proposed method, and the plus signs are calculated x 
and y values from the method proposed in [6]. From 
the Fig. 1 and Fig. 2, it can be seen that the coordinates 
of target nodes evaluated by our proposed adaptive 
localization algorithm are more accurate than that 
evaluated by the method proposed in literature [6] 
both the abscissa and the ordinate. 

Fig. 3 shows that the minimum distance between 
real location and estimated location of target nodes is 
about 0.02 m, and the maximum distance is not more 
than 0.35 m. Compare with the algorithms of 
references [6], our proposed algorithm can achieve the 
better performance. The reasons are that the average 
values of the parameters of signal propagation model 
calculated from all fixed nodes are used by the 
literature [6] in estimating the location of target nodes. 
However, we adopt the most suitable parameters of 
signal propagation model for target nodes in the 
proposed algorithm. Thus, no matter what location the 
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target node is in, the proposed algorithm is able to use 
the model parameters of the closest to actual situation 
to estimate the location of target nodes. 
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Fig. 1. The real location and estimated location  
of target nodes. 
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Fig. 2. The real location and estimated location  
of target nodes. 
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Fig. 3. The distance between real location and estimated 
location of target nodes. 

 

6. Conclusions 
 

In the paper, a RSSI-based adaptive localization 
algorithm for indoor WSN is proposed. In the 
algorithm, each fixed node calculates the local 
parameters of signal propagation model and sets up its 
parameter set, according to RSSI of radio signals 
radiating from two other fixed nodes, and the 
parameters can be updated online according to 
environmental variation. In localization phase, each 
fixed node searches the most suitable parameters of 
the signal propagation model from its parameter set 
according to RSSI value that it has received from the 
target node, and iteration method is applied to estimate 
the position of target node. The performance of the 
proposed algorithm is compared with others. The 
experimental results show that the proposed approach 
can achieve high location estimation accuracy. 
 
 
Acknowledgements 
 
This work was supported in part by Major Program of 
National Natural Science Foundation of China under 
Grant No. 61131004, and National Natural Science 
Foundation of China under Grant No. 51108060. 
 
 
References 
 
[1]. T. Ikeda, Y. Inoue, A. Sashima, K. Yamamoto,  

T. Yamashita, K. Kurumatani, ComPass system: an 
low power wireless sensor network system and its 
application to indoor positioning, in Proceedings of 
the 5th Conference on Soft Computing as 
Transdisciplinary Science and Technology, 
Cergy-Pontoise, France, 28-31 October 2008,  
pp. 656-662.  

[2]. M. J. Skibniewski, W. S. Jang, Localization 
Technique for Automated Tracking of Construction 
Materials Utilizing Combined RF and Ultrasound 
Sensor Interfaces, in ASCE International Workshop 
on Computing in Civil Engineering, Pittsburgh, PA, 
24-27 July 2007, pp. 1-8. 

[3]. L. E. Miller, P. F. Wilson, N. P. Bryner, M. H. Francis, 
J. R. Guerrieri, D. W. Stroup, L. K. Berndt, 
RFID-Assisted Indoor Localization and 
Communication for First Responders, in International 
Symposium on Advanced Radio Technologies 2006, 
Boulder, CO, 6-10 November 2006, pp. 1-9. 

[4]. J. Song, C. T. Haas, C. H. Caldas, Tracking the 
location of materials on construction job sites, Journal 
of Construction Engineering and Management,  
Vol. 132, Issue 9, 2006, pp. 911-918. 

[5]. E. Ergen, B. Akinci, R. Sacks, Tracking and locating 
components in a precast storage yard utilizing radio 
frequency identification technology and GPS, 
Automation in Construction, Vol. 16, Issue 3, 2007, 
pp. 354-367. 

[6]. Y. Y. Cheng, Y. Y. Lin, A New Received Signal 
Strength Based Location Estimation Scheme for 
Wireless Sensor Network, IEEE Transactions on 
Consumer Electronics, Vol. 55, Issue 3, 2009,  
pp. 1295-1299. 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 1-7 

 7

[7]. N. Alsindi, X. Li, K. Pahlavan, Analysis of Time of 
Arrival Estimation Using Wideband Measurements of 
Indoor Radio Propagations, IEEE Transactions on 
Instrumentation and Measurement, Vol. 56, Issue 5, 
2007, pp. 1537-1545. 

[8]. N. A. Alsindi, B. Alavi, K. Pahlavan, Measurement 
and Modeling of Ultrawideband TOA-Based Ranging 
in Indoor Multipath Environments, IEEE 
Transactions on Vehicular Technology, Vol. 58, Issue 
3, 2009, pp. 1046-1058. 

[9]. M. Bocquet, C. Loyez, A. B. Delaï, Using Enhanced- 
TDOA Measurement for Indoor Positioning, IEEE 
Microwave and Wireless Components Letters,  
Vol. 15, Issue 10, 2005, pp. 612-614. 

[10]. R. Peng and M. L. Sichitiu, Angle of Arrival 
Localization for Wireless Sensor Networks, in 
Proceedings of the 3rd Annual IEEE Communications 
Society on Sensor and Ad Hoc Communications and 
Networks, Reston, VA, 28-28 September 2006,  
pp. 374-382. 

[11]. C. J. Lam, A. C. Singer, Bayesian Beamforming for 
DOA Uncertainty: Theory and Implementation, IEEE 
Transactions on Signal Processing, Vol. 54, Issue 11, 
2006, pp. 4435-4445. 

[12]. H. S. Ahn, W. Yu, Environmental-Adaptive 
RSSI-Based Indoor Localization, IEEE Transactions 
on Automation Science and Engineering, Vol. 6,  
Issue 4, 2009, pp. 626-633. 

[13]. A. S. Paul, E. A. Wan, RSSI-Based Indoor 
Localization and Tracking Using Sigma-Point Kalman 
Smoothers, IEEE Journal of Selected Topics in Signal 
Processing, Vol. 3, Issue 5, 2009, pp. 860-873. 

[14]. H. Laitinen, S. Juurakko, T. Lahti, R. Korhonen,  
J. Lahteenmaki, Experimental Evaluation of Location 
Methods Based on Signal-Strength Measurements, 
IEEE Transactions on Vehicular Technology, Vol. 56, 
Issue 1, 2007, pp. 287-296. 

[15]. J. Larranaga, L. Muguira, J. Lopez-Garde, J. Vazquez, 
An Environment Adaptive ZigBee-based Indoor 
Positioning Algorithm, in Proceedings of the 
International Conference on Indoor Positioning and 
Indoor Navigation, Zürich, Switzerland,  
15-17 September 2010, pp. 15-17. 

[16]. X. Shen, W. Chen, M. Lu, Wireless sensor networks 
for resources tracking at building construction sites, 
Tsinghua Science & Technology, Vol. 13, Issue S1, 
2008, pp. 78-83. 

[17]. X. W. Luo, W. J. O’Brien, C. L. Julien, Comparative 
evaluation of Received Signal-Strength Index (RSSI) 
based indoor localization techniques for construction 
jobsites, Advanced Engineering Informatics, Vol. 25, 
Issue 2, 2011, pp. 355-363. 

[18]. M. Zhang, S. Zhang, J. Cao, H. Mei, A novel indoor 
localization method based on received signal strength 
using discrete Fourier transform, in Proceedings of the 
1st International Conference on Communications and 
Networking, Beijing, China, 25-27 October 2006,  
pp. 1-5. 

[19]. A. Hatami, K. Pahlavan, Performance comparison of 
rss and toa indoor geolocation based on uwb 
measurement of channel characteristics, in 
Proceedings of the IEEE 17th International 
Symposium on Personal, Indoor and Mobile Radio 
Communications, Helsinki, Finland, 11-14 September 
2006, pp. 1-6. 

___________________ 
 

2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 

 

http://www.sensorsportal.com/HTML/Membership_Form.htm


Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 8-14 

 8 

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

© 2013 by IFSA
http://www.sensorsportal.com   

 
 
 
 
 

An Optimized Multi-hop Routing Algorithm Based on Clonal 
Selection Strategy for Energy-efficient Management  

in Wireless Sensor Networks 
 

Wanneng Shu, Jiangqing Wang 
College of Computer Science, South-Central University for Nationalities, Wuhan 430074, China 

Tel.: 0086-27-67840219 
E-mail: shuwanneng@yahoo.com.cn 

 
 

Received: 15 April 2013   /Accepted: 20 June 2013   /Published: 28 June 2013 
 
 
Abstract: Wireless sensor network consisting of nodes with limited battery power and wireless communications 
are deployed to collect useful information from the field. Gathering sensed information in an energy efficient 
manner is critical to operate the sensor network for a long period of time. In this paper, we have developed 
algorithm to dynamically adapt the network topology within the cluster to reduce the energy consumed for 
communication, thus extending the life of the network while achieving acceptable performance for data 
transmission. Experimental results show that based on the proposed algorithm, the estimated lifetime of a battery 
powered sensor node can be increased significantly. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks, Power-efficient gathering in sensor information system, Base station, 
Cluster, Optimized clonal multi-hop routing algorithm. 
 

 
 
1. Introduction 
 

As world business becomes more mobile and 
computational applications become widely distributed, 
wireless networks bridge the gap by making distance 
and movement seamless. Wireless networks require 
innovative medium access techniques to share the 
limited broadcast bandwidth in a fair and efficient 
manner as computing and communications devices 
continue to proliferate [1, 2]. Typically, a wireless 
sensor node consists of sensing, computing, 
communication, actuation, and power components [3]. 
In wireless sensor network (WSNs), hundreds or 
thousands of small nodes that communicate through 
wireless channels for information sharing and 
cooperative processing are deployed randomly in the 
field.  

A key feature of any wireless sensing node is to 
minimize the power consumed by the system. In 

wireless sensor network, sensors nodes are energy 
constrained and have a finite lifetime [4]. However, 
more data must be exchanged among nodes, which will 
result in energy consumption in communication. In 
order to further increase the applicability in real world 
applications, minimizing energy consumption and 
energy-efficient management are the most critical 
issues [5, 6]. Therefore, more research efforts are 
needed to investigate the scheme to jointly optimize 
the energy consumption on computation and 
communication, among which is mainly a multi-hop 
routing scheme, which transmits the data detected by a 
sensor to the destination via multiple node paths. Each 
node has a routing table that covers its communication 
range, and adjacent nodes determine which node the 
data should be forwarded to by considering the amount 
of remaining energy and the distance to the base 
station. 

Article number P_SI_372 
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Among the various techniques proposed for 
improving energy-efficiency, multi-hop routing 
protocol has been realized as an effective approach [7]. 
The purpose of this paper is to develop a new 
multi-hop routing protocol which performs cluster 
management in an energy-efficient management. We 
have developed a novel optimized clonal multi-hop 
routing algorithm (OCMRA) based on clonal selection 
strategy to dynamically adapt the network topology 
within the cluster to reduce the energy consumed for 
communication, thus extending the life of the network 
while achieving acceptable performance for data 
transmission. This proposed protocol improves on 
existing sensor PEGASIS (Power-Efficient Gathering 
in Sensor Information System) protocols [12] by not 
only creating additional opportunities to place the 
sensor platforms into lower power-saving modes, but 
also minimize power mode transition costs. We 
compare the proposed routing algorithm OCMRA with 
different well-known approaches used in the WSNs. 
Experimental results show that OCMRA protocols 
extend network lifetimes by reducing the activity of the 
highest energy-demanding component of the sensor 
platform.  

The rest of this paper is organized as follows. A 
brief overview of the related works is presented in 
Section 2. A novel energy-efficient optimal model for 
wireless sensor network is presented in Section 3. 
Section 4 presents the OCMRA protocols designed to 
optimize energy efficiency. Experiments are given in 
Section 5. Finally, Section 6 summarizes the 
anticipated results and discusses some future research 
directions. 

 
 

2. Related Works 
 
WSNs can be deployed on a global scale for 

environmental monitoring and habitat study, over a 
battle field for military surveillance and 
reconnaissance [8]. With the progression of computer 
networks extending boundaries and joining distant 
locations, wireless sensor networks have been 
attracting more and more attention. There are many 
studies that focus on optimizing energy consumption in 
wireless sensor networks.  

The Low-energy adaptive clustering hierarchy 
(LEACH) protocol presented in [9] is an elegant 
solution where clusters are formed to fuse data before 
transmitting to the base station (BS). LEACH is a 
cluster-based protocol that uses a passive mechanism 
to randomly select a cluster head node, which uses the 
random rotation method for electing the CH. LEACH 
assumes that all nodes are homogeneous and are 
deployed at the same time with equal energy. Its basic 
idea is energy-saving data aggregation/fusion to reduce 
the amount of data messages sent back to the base 
station, localized coordination for cluster setup and 
operation, and randomized rotation of the local base 
station or cluster head nodes. The cluster head gathers 
the cluster membership requests and builds a schedule 
for each node to send its data up to the cluster head to 

be aggregated and forwarded to the network sink. The 
LEACH-C [10] approach consumes less energy than 
the conventional LEACH algorithm does. However, 
the problem with the LEACH-C algorithm is about its 
inability of using a self-organizing approach as against 
its allowing a base station to intervene in the cluster 
selection process, which forces all nodes into 
communicating with a base station in every round and 
consume a lot of energy compared to other nodes. 

Power aware clustered time division multiple 
access (PACT) is a novel protocol with a clustered 
multi-hop topology [11]. PACT utilizes the concept of 
passive clustering where nodes are allowed to take 
turns as the communication backbone. PACT uses a 
passive cluster head election scheme. These cluster 
heads then form the communication system backbone 
nodes. PACT classifies nodes into four status 
categories: cluster head, gateway, and ordinary and 
low energy state node. In order to reduce energy 
consumption within a cluster, the role between cluster 
heads and gateway nodes is rotated. Furthermore, the 
duty cycle of each node is adapted to the traffic 
conditions in the network where the radios are turned 
off during inactive periods. PEGASIS [12] is a novel 
improved protocol where only one node is chosen a 
head node which sends the fused data to the BS per 
round. PEGASIS protocol requires formation of chain 
which is achieved in two steps: first, chain construction 
and gathering data. Leader of each round is selected 
randomly. Second, randomly selecting head node also 
provides benefit as it is more likely for nodes to die at 
random locations thus providing robust network. When 
a node dies chain is reconstructed to bypass the dead 
node [12]. Energy-aware routing has received attention 
in the recent few years, motivated by advances in 
wireless mobile devices. Since the overhead of 
maintaining the routing table for wireless mobile 
networks is very high, the stability of a route becomes 
of a major concern [13]. 

Al-Karaki et al. [14] is to find the tradeoff between 
computational accuracy and energy requirement of the 
algorithm on a single node. The purpose is to maximize 
the computational quality for a given energy 
constraint. Raghunathan et al. [15] is to break down the 
algorithm into multiple tasks and distribute the tasks 
among a group of nodes, so that the energy 
consumption will be balanced among multiple nodes, 
and the overall lifetime will be prolonged. Wang and 
Chandrakasan [16] also investigate the energy 
efficiency by parallelizing computation among nodes. 
Shin et al. [17] proposed an optimizing algorithm for 
cluster formation in wireless sensor networks. 
However, they used only location data of all the sensor 
nodes and did not take into account an energy 
consumption model. Dhar et al. [18] proposed a 
distributed clustering approach using a gateway node 
which is intersection between clusters in wireless 
sensor networks. Gateway nodes are selected through 
potential CHs. Soro et al. [19] put forward a very 
efficient self-organizing CH election approach based 
on node density and residual energy to improve the 
lifetime of a network. 
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3. Energy-efficient Optimal Model 
 

As mentioned before, one of the main features of 
WSNs is a high energy restriction, which is due to the 
limited battery of the sensor node, and in many cases 
due to the impossibility of battery replacement [20]. In 
this paper, many factors that influence the energy 
consumption in WSNs are analyzed. To estimate the 
lifetime of sensor node, the energy consumption model 
should consider the node basic operations: 
transmission, reception, sensing, and processing. 

Define that the size of the monitoring area is rA , 

the working sensor set is 1 2{ , ,..., }nN n n n and the 

sensing radius set is 1 2{ , ,..., }nR r r r , where ir  is 

the sensing radius of node in . The radius of nodes is 
η in the distribution area of WSN, and the total of 
clusters is K . 

The radius of each cluster R  is shown as the 
following: 

 

R η/ K
 

(1) 

 
The number of packets that entered into the i rings 

is referred to as 
 

2 2 2

1

( )
i

i k k k
k

n r N r


  
 

(2) 

 

The energy consumption with transmission ( elecE ) 

and energy reception ( ampE ) are treated separately. 

The energy consumption ME is given Equation (3): 
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In which, k  is bits, and n  is the average number 

of nodes in the Link on the cluster radius R . 
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value. 
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(5) 

The energy consumption W was measured in 

ampE  and elecE . To account for energy conservation, 

delay optimization and other performance metrics, we 
define the following the total energy consumption cost 
function.  

2 2 2 2
2

1

[ (2 ) ]
N

total i elec amp
i

E E E r m p R nr  
 

         （ ）
  

1  provide forwarding services
=

0 otherwisei


  

(6) 

 
 

4. Optimized Clonal Multi-hop Routing 
Algorithm 

 
The main idea in OCMRA is for each node to 

receive from and transmit to close neighbors and take 
turns being the leader for transmission to the BS. This 
algorithm will distribute the energy load evenly among 
the sensor nodes in the network. We could have 
constructed a loop to ensure that all nodes have close 
neighbors is difficult as this problem is similar to the 
traveling salesman problem [21]. So, we adopt the 
clonal selection algorithm (CSA) to constructing the 
chain works well and this is done before the first round 
of communication. To construct the chain, we start 
with the furthest node from the BS. We begin with this 
node in order to make sure that nodes farther from the 
BS have close neighbors.  

The structure of our algorithm is described as 
follows: 

Step 1 (Initialization): Random deployment of the 
N homogeneous sensors in a given space and with the 
same energy level. Each chromosome (antibody) uses 
binary encoding and has size L equal to the number of 
sensor nodes in the network. 

One problem solution is encoded to one sequence 
code, namely individual [22]. Encoding is a key step to 
use evolutionary algorithm. The aim is to represent a 
solution by a sequence code, which is an individual in 
population-based algorithms [23]. Each position of the 
chromosome represents a gene: if a chromosome 
position is set to 1, this implies that the node 
corresponding to this position is turned on in this 
chromosome. The population size is N , and the 
chromosome length is L . 

Step 2 (Clone): Clone the chromosomes with the 
best values of the fitness function, and the clonal size is 
proportional to their affinity. 

Clone is the process of antibody proliferation. A 
new population is generated by selecting the best 
antibodies from the population. 

Step 3 (Crossover): Perform the crossover operator 
for the population (Fig. 1). 

Step 4 (Mutation): We generate randomly an 
integer i  for each position ( j ) and then swap the 

elements at positions i  and j  in the chromosome 
(Fig. 2). 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 8-14 

 11

 

 
Fig. 1. Crossover operator. 

 
 

 

 
Fig. 2. Mutation operator. 

 
 

Mutation operators change the value of a gene to 
keep the solution's diversity. Mutation prevents the 
search process from falling into local maxima [24]. By 
the above way an initial population including a number 
of individuals (antibodies) can be generated. Then 
those nodes will be organized to form a chain, which 
can either be accomplished by the sensor nodes 
themselves using a CSA algorithm starting from some 
node. Alternatively, the BS can compute this chain and 
broadcast it to all the sensor nodes. 

Step 5 (Data transmission): Data transmission from 
the simple sensors to the CHs: consumed energy is 
calculated using the Eqs. (3) and (6). When the CH is 
chosen according to the first criterion (maximum 
energy), the same CHs are reelected after each 
transmission.  

Each node will fuse its neighbor’s data with its own 
to generate a single packet of the same length and then 
transmit that to its other neighbor [25]. For gathering 
data in each round, each node receives data from one 
neighbor, fuses with its own data, and transmits to the 
other neighbor on the chain. 

Step 6 (End): Return to the step (2) until the death 
of all the sensors in the WSNs. 

 
 

5. Experimental Validation 
 
In this section, the effectiveness of the routing 

approach is validated through simulation. In the 
experiments the cluster consists of 100 randomly 
placed nodes in a 500×500 meter square area. We 
assume that all nodes have location information about 

all other nodes. Packet lengths are 10 Kbit for data 
packets and 2 Kbit for routing and refresh packets. 
Each node is assumed to have an initial energy of  
0.5-2 joules and a buffer for up to 15 packets [26]. In 
these experiments, the proposed approach was 
compared with other routing approaches. The 
performance comparisons between OCMRA, 
PEGASIA and PACT are shown in Figs. 3-10. 

Table 1 lists the results of the experiments 
involving varying the amount of initial energy to 
measure a sensor network’s lifetime. The lifetime was 
measured by the round index at which the first or the 
last node died. When initial energy is equal 0.5 J/node, 
OCMRA’s lifetime measured when the first node died 
was about 1.27 times longer than PEGASIS ’s, and 
1.37 times that of PACT’s. When initial energy is equal 
1 J/node, OCMRA’s lifetime measured when the first 
node died was about 1.3 times longer than PEGASIS’s, 
and 1.36 times that of PACT’s. When initial energy is 
equal 1.5 J/node, OCMRA’s lifetime measured when 
the first node died was about 1.36 times longer than 
PEGASIS ’s, and 1.45 times that of PACT’s. When 
initial energy is equal 2 J/node, OCMRA’s lifetime 
measured when the first node died was about  
1.09 times longer than PEGASIS’s, and 1.28 times that 
of PACT’s. It was observed that the performance of 
lifetime was highly dependent on the initial energy. 
Measurements based on when the final node died 
showed similar results. OCMRA showed the best 
performance among the three algorithms in every case. 

 
 

Table 1. Results of a sensor network’s lifetime comparison 
of OCMRA with other two algorithms. 

 

Energy 
(J/node) 

Algorithm 

Round 
number 
at which 
the first 

node dies 

Round 
number 
at which 
the last 

node dies 
OCMRA 245 489 
PEGASIS 173 385 0.5 
PACT 168 356 
OCMRA 475 889 
PEGASIS 356 685 1 
PACT 368 652 
OCMRA 895 1428 
PEGASIS 668 1052 1.5 
PACT 525 985 
OCMRA 1395 2428 
PEGASIS 1225 2235 2 
PACT 1084 1896 

 
 

Fig. 3 shows the number of nodes alive of the three 
protocols. OCMRA’s lifetime measured when the first 
node died was about 1.22 times longer than 
PEGASIS’s, and 1.34 times better than PACT’s. In the 
first 1250 rounds, the entire nodes were alive for 
OCMRA and PEGASIS protocols, but only three 
quarters of nodes were alive for the PACT protocol. In 
the 1700th round, most of the nodes died in the PACT 
algorithm and half of nodes were alive for PEGASIS. 
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Most of the nodes in the OCMRA algorithm prolonged 
the lifetime of networks in the same condition. Based 
on the proposed algorithm, the estimated lifetime of a 
battery powered sensor node can be significantly 
increased.  

The simulation results for the network lifetime 
performance metric while varying the unicast packet 
rate directly follow from the comparison with the sleep 
percentage metric. Fig. 4 is the WSN energy/Bit 
comparison of OCMRA with other two algorithms. 
The PEGASIS and PACT protocols are unable to 
leverage increased network energy capacity obtained 
with the increasing cluster size to gain network 
lifetime. The PEGASIS and PACT protocols do not 
obtain any energy savings with the increase in nodes 
because all nodes incur the same message overhearing 
energy costs. For all algorithms the lifetime of a sensor 
network gradually increased as node density increased. 
However, the inclination of OCMRA was sharper than 
that of PEGASIS and PACT protocols. 
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Fig. 3. Number of nodes alive comparison of OCMRA  
with other two algorithms. 

 
 

 
 

Fig. 4. WSNs energy/Bit comparison of OCMRA  
with other two algorithms. 

 
A typical application in a sensor web is gathering of 

sensed data at a distant BS [27]. Each sensor node has 

power control and the ability to transmit data to any 
other sensor node or directly to the BS. In each round 
of this data-gathering application, all data from all 
nodes need to be collected and transmitted to the BS. 
Fig. 5 is the lifetime comparison of OCMRA with 
other two algorithms. Fig. 6 is the number of data 
received at the BS. Fig. 7 is the running time 
comparison of OCMRA with other two algorithms. 
Fig. 8 is number of covers comparison of OCMRA 
with other two algorithms. Fig. 9 is the best value of 
energy comparison of OCMRA with other two 
algorithms. Fig. 10 is the running time comparison of 
OCMRA with other two algorithms when different 
generations. Measurements based on when the last 
node died showed similar results. OCMRA showed the 
best performance among the three protocols in every 
case. Because any node within the vicinity of the 
source node which receives correctly the original data 
packet with the sending timer information 
automatically becomes a cooperative transmitting 
node. This experiment also showed that performance 
of OCMRA was not affected by the size of the 
network. 
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Fig. 5. Lifetime comparison of OCMRA with other  
two algorithms. 
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Fig. 6. Number of data received at the BS comparison  
of OCMRA with other two algorithms. 
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Fig. 7. Running time comparison of OCMRA  
with other two algorithms. 

 

 
Fig. 8. Number of covers comparison of OCMRA  

with other two algorithms. 
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Fig. 9. Best value of energy comparison  
of OCMRA with other two algorithms. 

 
Fig. 10. Running time comparison of OCMRA with other two 

algorithms when different generations. 
 

 
6. Conclusions and Future Work 

 
Wireless sensor networks may consist of several to 

thousands of homogeneous or heterogeneous sensors 
that share the need to organize for data collaboration or 
network data collection sink routing. As technology 
makes the hardware smaller, WSNs research continues 
developing innovative, energy-saving techniques at all 
network protocol layers in order to engineer sensor 
platforms which can operate unattended for months or 
even years. In order to further increase the applicability 
in real world applications, minimizing energy 
consumption is one of the most critical issues in WSN, 
this paper presents an overview of research trends and 
challenges in the design and implementation of WSNs. 
Our focus is to improve the energy-efficiency of the 
systems by assuming that all such techniques are 
available.  

WSNs are becoming an increasingly vital 
technology that will be used in a variety of applications 
such as medical, military applications, environmental 
monitoring, chemical/biological detection, precision 
agriculture, etc. The era of WSNs is highly anticipated 
in the near future. Future work is being performed on 

systems that exploit piezoelectric materials to harvest 
ambient strain energy for energy storage in capacitors. 
As new standards-based networks are released and low 
power systems are continually developed, we will start 
to see the widespread deployment of wireless sensor 
networks. 
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Abstract: At the present stage wireless sensor network exists some deficiencies such as finite energy, limited 
communication capability, multi-hop routing and dynamic topology. In addition too many nodes which are 
distributed intensively influence also performance of wireless sensor network. Besides distributed optimization 
problem always impact to efficiency of the network. For data processing and routing selection of wireless sensor 
network, a new routing algorithm based on mobile agent and ant colony optimization is proposed in the paper. 
The ant colony algorithm is improved and optimized in the paper. The algorithm can balance between routing 
efficiency and node loading .So on the one part the computing capability of sensor node and efficiency of data 
processing are improved. On the other part redundant data and communication consumption are reduced so that 
life expectancy of sensor is extended. Simulation experiments show that the new routing algorithm could solve 
the problems of wireless sensor network, and it has good practice application effect. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Routing algorithm, Mobile agent, Ant colony optimization. 
 

 
 
1. Introduction 
 

As a new mode for collecting information and 
processing information, wireless sensor network has 
become the research focus. It has broad application 
prospects as integrated intelligent information system 
which can integrate several functions such as 
information acquisition, information processing and 
information transmission. In practice, the sensor 
network is required to process data as much as 
possible by lowest energy consumption rate on 
condition of limited energy capacity. Even 
requirement of network dynamic performance that is 
caused by node moving should also be detected. 
Therefore developing communication protocol and 
routing algorithm for wireless sensor network is 
viewed as urgent task. 

MinChen (reference [1]) proposed MADD 
(Mobile Agent based-directed diffusion) algorithm. 
The idea of the algorithm is that mobile agent is 
introduced for cooperating with DD algorithm for 
performing data collection of sensor network node 
and routing algorithm. But the limitation of the 
algorithm is not suitable for big-scale network 
structure. When the network scale becomes large, the 
efficiency is reduced much. LongGan proposed 
(reference [2]) an routing policy algorithm based on 
CE. The algorithm can make mobile agent data fuse. 
Mobile agent data of the same type is merged .So the 
amount of the type data is reduced. Redundant data in 
the transmission is effectively reduced. Simulation 
shows that by comparing with without using mobile 
agent data fusion algorithm, redundant data in sensor 
network is obviously reduced and survival time of 
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network is greatly improved. But the flaw of the 
algorithm is that traditional routing algorithm may 
lower routing efficiency. Mobile agent routing 
algorithm based on genetic algorithm was proposed 
in reference [3]. According to global information of 
network and genetic algorithm, initial migration rout 
is firstly obtained. Based on the initial rout, mobile 
agent starts migrating in WSN and performing tasks 
in corresponding processing node. When the network 
topology is changed because of failure of the sensor 
node or other reasons, the processing node can re-
calculate a new route and collect data information. 
then the data is delivered to the mobile agent again 
while the mobile agent can continues to access 
remaining nodes in the WSN, .After completing task 
in the subsequent processing nodes, mobile agent 
returns original processing node. In the method, 
position of the sensor node is assumed to be fixed or 
is set intentionally. So it is much different with the 
deployment of senor nodes in the real world. 
Furthermore frequent change of network topology 
because failure of sensor node or other reason is often 
occurred will lead to extremely frequent calculating 
route. The result will reduce the whole network 
performance. 

In recent years mobile agent technology is applied 
into data processing and routing of wireless sensor 
network. According to calculated route, mobile agent 
can collect data on sensor node in turn. Afterwards 
data fusion and processing can be completed. Hence 
the problem caused by tradition C/S model such as 
network congestion, overloaded node is solved well. 
From the above a new routing algorithm which 
combines mobile agent technology with ant colony 
optimization is proposed in the paper. 

 
 

2. Idea of Mobile Agent Routing 
 
In Mobile agent is special code which can be 

executed automatically. What is more, the tasks 
which are assigned by processing node are saved in 
the code. Firstly the mobile agent is constructed in 
processing node. Then it is distributed into sensor 
network. The code can move from one sensor node to 
another sensor node automatically .Data in the node 
is handled automatically. The combination of mobile 
agent technology and wireless sensor network has 
following advantages: 

(1) Network bandwidth is extended so that data 
traffic on the network is balanced. 

(2) Mobile agent can run asynchronously as 
independent unit. 

(3) Network energy consumption can be reduced 
and balanced. 

(4) Better stability. 
In traditional distributed wireless sensor network, 

data transmission adopts C/S mode: The terminal 
node sends collected data to father processing node 
where data is handled. So the process causes the 
worst situation: the large amounts of data are moving 
on the network and energy is consumed seriously. 

The aim of mobile agent is to reside data on the 
sensor node. Then the special code (agent,  
1. Computing Engine) that represents user 
requirements is broadcasted for collecting node data 
on assigned area. Eventually all information are 
returned into user. When the agent is moving among 
nodes, reduplicate inductive data adjacent nodes can 
be fused according to certain percentage. In such a 
way the amount of data transmission are reduced at a 
certain extent. More the amount of accessed node is 
in the assigned area, higher accuracy of result which 
is obtained from data fusion is. So a suitable access 
path is very key for mobile agent. The path can not 
only balance signal strength into required level but 
also reduce total of energy consumption and cost of 
path loss. 

The main aim of mobile agent routing algorithm 
is to choose a suitable access path. The path can 
achieve not only accuracy of data acquisition and 
fusion but also minimize energy consumption and 
path loss at process of data acquisition and fusion. 
 
 
3. Improved Ant Colony Algorithm 
 

Although ant colony algorithm has many 
advantages such as strong search capability, good 
adaptability and robustness, some flaws of the 
algorithm such as slow convergence, weak global 
search capability can result in some problem like 
stagnation, small-scale optimization. 

(1) For selecting suitable next hop node j , the 

sensor node i  need not only consider the distance 

with node j  but also consider residual energy of 

node j  and energy consumption from node i  to 

node j . State transition rule: 
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     ,  ,  ij i remain j remain ij consume kE E E i j j J t      

(2)  
 
In (2) equation,   indicates expectation for K-ant 

searching next hop node; i remainE   and j remainE   

represent residual energy of current node and residual 

energy of next hop node ; ij consumeE  means energy 

consumption from node i  to node j  

After k is introduce into probability transfer 

equation, distance between two sensor nodes is no 
longer viewed as main heuristic factor in new 
improved routing algorithm . Residual energy which 
indicates that ant searches shortest path under limited 
energy consumption as extra factor is added into 
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algorithm. So the algorithm selects a balance point 
between converged optimal solution and node energy 
consumption so that congestion which is caused by 
converging to the optimal solution fully can be 
avoided. In additions energy consumption of the 
whole network can also reach to the average level. 
Life cycle of the network is maximized. 

(2) In the ant algorithm the higher pheromone is, 
the faster the pheromone volatilizes. In contrast the 
less pheromone is, the slower the pheromone 
volatilizes. Local update rules which are added to 
improved algorithm can avoid extreme conditions 
such as unlimited growth of pheromone on some 
paths, pheromone on some paths reducing to 0 
abruptly. So those rules avoid the algorithm to fall to 
local optimum effectively.  

After migration is completed from sensor node i  

to node j , pheromones on the corresponding paths 
are required to be update according to local update 
rules. Update rule is given in equation (3) 

 

       , 1 , ,i j i j i j         , (3) 

 

where   represents information pheromone. The 
value is ranged from 0 to 1. 

(3) In ant algorithm pheromone on the best path is 
updated globally when looping is finished. In other 
words pheromones on the global optimal path are 
strengthened. If pheromone on the worst path can be 
update globally or pheromones on the worst path is 
weakened at the same time, evolutionary process is 
speeded up as well as algorithm searching algorithm 
is improved. 

It will be seen that some deficiencies of ant 
colony algorithm such as converging to local optimal 
solution easily, weak capacity of global search are 
overcame by combination of ant pheromones and 
energy on network node in the improved ant colony 
algorithm. The combination is that pheromones on 
optimal path are reduced dynamically when 
convergence of ant colony algorithm is ongoing. 
Compared with ant algorithm ,global update strategy 
of new algorithm for pheromones on the best and the 
worst path can accelerate the searching speed and the 
speed of convergence to global optimal solution so 
that network congestion and excessive energy 
consumption of individual nodes are avoided as well 
the life cycle of the whole network are extended. 

 
 

4. WSN Mobile Agent Routing Algorithm 
Based on Improved Ant Colony 
Algorithm 
 

In recent years Heuristic algorithms such as LCF, 
GCF can obtain satisfactory results in small-scale 
deployment of sensor network. However, these 
algorithms only consider the distance between the 
sensor nodes while some factors like residual energy 
of sensor node, data processing capacity and energy 
consumption of data transfer are ignored. So the 

performance of those algorithms becomes 
deterioration when distribution of nodes in sensor 
network is complicated. 

For those flaws, the nodes which have more 
residual energy, powerful data processing capacity 
and short transmission distance is best choice for 
mobile agent. So finding a moving path where all 
nodes have above capabilities is considered as 
optimization problem. Ant colony algorithm is a new 
simulated evolutionary algorithm. It focuses on 
solving combinatorial optimization problem. In 
recent years ant algorithm is applied into the wireless 
sensor routing popularly. 

 
 

4.1. The Idea of Algorithm 
 
Mobile agent routing algorithm based on 

improved ant colony algorithm is proposed in the 
paper. The algorithm is also called WSNMAR. 

Mobile agent with task is distributed by specified 
processing node in the given range of sensor network. 
As ant, mobile agent can search next hop node in the 
range of sensor network according to improved ant 
algorithm and complete routing migration. At the 
same time data on the nodes are collected and tasks 
which come form processing node are assigned .On 
the other side failure node and node beyond the scope 
of mobile agent communication are not be selected as 
next hop node. At final mobile agent will return 
processing node after assigned tasks is finished. The 
length of mobile agent routing migration is recorded. 

 
 

4.2. The Algorithm Process 
 

Step 1 Initialization. 
Initialize record routing table of each node, 

neighbor node table: set initial energy of node, 
calculate distances between node and neighbor node, 
calculate the energy consumption of transmission 
between node and neighbor node; 

NC = 0; (NC is the loop counter) 
Set ( , )e i j  as edge of sensor node ,i j , set 

equation 0 0( , ) (i j   is a constant) as 
initialization value of pheromone 

( , ) 0i j   is the total amount of the 

pheromone which is left on edge ( , )e i j  after each 
iteration. 

The m ants are randomly placed at n sensor 

nodes. The taboo table ( ktabu ) of each ant is set as 
empty; In processing node, m mobile agents are 
distributed and binds with m ants; 

Step 2 solving process 
for (i = l; i <= n: i + +) 
for (k = l; k <= m; k + +) 
{ 
Initialize starting position of the ant k. and the 

corresponding initial sensor node is added to the 
taboo table ( ktabu ); 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 15-21 

 18 

if (ant k dos not complete the assigned task and 
taboo table is not full) 

{ 
if (next node j is not a failed node and j is not 

processing node) 
{ 
Ant k will move to the sense node j and j is added 

to the ktabu ; 
The mobile agent k is also migrated to the sensor 

node j; 
Local update rule (Equation (1)) is applied to 

modify pheromone amount of the latest branch; 
} 
} 
Step 3 global updating rule is applied to update 

pheromone of the optimal and worst path 
for (k = l; k <= m; k + +) 
{ 
Search the optimal path and the worst path at one 

iteration. Then global update rule (Equation (2), (3)) 
is applied to modify pheromone amount of each 
branch in the optimal best and worst path 

} 
Step 4 output optimal path 
if (termination condition is not met) 
{ 
Empty the taboo list of all the ants; 
set ( , ) 0i j   for each ( , )e i j ; 
NC = NC + 1; 
Return step 2; 
} 
else  
Return the optimal solution; 
} 

5. Simulations and Analysis 

 
5.1. Simulations and Experiment 
 

Firstly mobile agent routing algorithm based on 
ant colony algorithm is compared with mobile agent 
routing algorithm proposed in the paper by mat lab 
7.0.Assume deployment range of wireless sensor 
network is 160 m  160 m. There are 60 sensor nodes 
in the region and distribution of those nodes is 
random. The initial energy of all nodes is 1000 
energy units and energy threshold of node is 
constrained in 50 energy units. Energy consumption 
of data transmission between nodes is controlled at 1 
energy unit per 10 monody communication radius is 
20 m. According to equation (1), the distance 
between two sensor nodes can be obtained by 
computing coordinates of two sensor nodes. About 
6% of the sensor node is set to failure node in terms 
of the actual situation. The sensor node in selected 
area is processing node. The processing node is 
regarded as starting point and end point of mobile 
agent migration path. 

Algorithm parameters on simulation are set: 

  1

0100, 60, (m mQ m nL L   
 is path 

length that is obtained by heuristic method on nearest 
neighborhood node). , β,  are set to 6 difference 
groups. In simulation experiment, routing algorithm 
based on ant colony algorithm is compared with 
routing algorithm proposed in this paper. Each 
algorithm is executed 20 times and each execution is 
repeated 500 times. The simulation results such as 
Table 1 shows: 

 
 

Table 1. The simulation results of the algorithm are compared. 
 

 
 
 

Simulation results from Table 1 show that the 
worst results that are obtained from routing algorithm 
based on improved ant algorithm are less than the 
optimal results that are obtained from routing 
algorithm based on ant algorithm. Furthermore 
required evolving algebra in routing algorithm based 
on improved ant algorithm is reduced from greater 
than 300 to less than 200. Consequently improved ant 

algorithm can overcome the flaws of ant algorithm 
such as slow convergence, search spending much time 
and has stronger global search capability. 

The evolutionary curve of best and worst solution 
of mobile agent routing algorithm based on improved 
ant colony routing algorithm are given in Fig. 1. 
Compared with mobile agent routing algorithm based 
on ant colony, two capabilities which are the speed of 
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global searching and speed of convergence are 
improved by adding local update rules and global 
pheromone update strategy for pheromone of the best 
and worst path. 

Fig. 2 shows best routing according to improved 
ant algorithm: migration path of mobile agent.  

Comparison from lab illustrates that distribution 
of energy consumption of the sensor nodes which 
utilize WSN mobile agent routing algorithm based on 
ant algorithm is unbalanced. Some nodes in the 

optimal path consume too much energy while rest 
nodes remain lots of energy. Distribution of energy 
consumption of the sensor nodes which utilize WSN 
mobile agent routing algorithm based on improved 
ant algorithm is balance. In new improved algorithm, 
the single path is no long considered as optimal 
solution for routing .Network load can be balanced on 
multi-path routing. So not only network congestion 
can be solved well but also network performance and 
network life-time can be improved. 

 
 

a. Improved ant colony algorithm the best
solution evolutionary curve
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Fig. 1. The evolutionary curve of the WSNMAR algorithm. 
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Fig. 2. The best path of the improved ant colony algorithm. 
 
 
5.2. Analyses for Parameters 

of the Algorithm 

 
The simulation experiment and predication in the 

paper show good agreement with the experimental 
results. The optimal combination between the various 

parameters can further optimize performance of the 
algorithm. 

(1) Test optimal value of m ants 
Set 100, 1, 7, 0.7Q       , different 

values of 6 groups is assigned to m, in the simulation 
environment, the experiment was carried out for  
10 times. Each time the maximum number of 
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iteration is set to 500. Table 2 indicates experiment 
result is optimal when number of ants is equal with 
the number of node. 
Table 2. The ant number m selection on the influence 

of the algorithm. 
 

The ant 
number, m 

The shortest 
path length 

Evolution 
algebra 

40 327.3452 155 
45 328.2521 148 
50 328.2521 148 
60 324.1685 145 
65 328.8916 143 
70 328.8916 143 

 
(2) Test influence of three parameters , β,  on 

algorithm performance 

Setting some groups for three parameters , β, , 
at the same group, one parameter is changed while 
the two other parameters remain unchanged. In order 
to avoid accidental situation, each parameter is 
carried out by 10 times. Then results are averaged. 
Set the default value of the other parameters as:  
Q = 100, m = n = 60, algorithm will stop when 
maximum number of iteration reaches into 500.set  

{0,1,2,5,10,20},   

{0,0.5,1.5},   
{0.3,0.5,0.7,0.9},   

experimental data are shown in Table 3. 
 

 
 

Table 3 .The test results of Parameters , β, . 
 

  0 0.5 1 2 5 10 

Average path length 346.1761 283.1372 281.0788 277.9547 240.6723 244.7621 
  0 0.5 1 5   
Average path length 304.7345 259.0097 234.5968 275.1922   
  0.3 0.5 0.7 0.9   
Average path length 289.2839 236.4699 233.0318 243.3663   

 
 
Conclusion based on Table 3: 

(1). The optimal value of   is located at nearby 
value 1 because average length of path is shortest. 
When  =0, influence of pheromone can be 
eliminated completely. Possibility of mobile agent 
selecting nearest sensor nodes as the next migration 
object increases. if  is too small, the algorithm is 
easy to fall into local optimal solution. It is called 
precocious phenomenon. The phenomenon can result 
in excessive energy consumption on a path in the 
network. Network life-time drops. If   is too big, it 
is equivalent of laying too much stress on effect of 
pheromone at ant search process. The situation will 
cause a strong positive feedback on the local optimal 
path and possibility of mobile agent selecting 
previous paths in the future iteration becomes great. 
So the algorithm also fall into local optimal solution 
and precocity phenomenon occurs.  

(2). The heuristic factor   indicates intensity of 
apriority and determinacy of ant at optimal searching 
process. The larger the value   is, the greater the 
possibility of ant selecting local shortest path in local 
point becomes. Although the convergence speed of 
the algorithm can be accelerated at the situation, 
randomness of the ant searching the optimal path 
becomes weaken. So search is easy to fall into local 
optimal solution. 

Simulation shows that: optimal value of b is 
located at nearby 5.when  = 0, pheromone is only 
working element in the algorithm. A process of 
positive feedback is formed. So the algorithm falls 
into precocious phenomenon. Local optimal path 
rather global optimal solution is produced. So the 

quality of the solution obtained is the worst in the 
experiment; if   value is too small, the algorithm is 
transformed into a random search algorithm. In this 
situation, it is difficult to find the optimal solution; if 
  is too large, shortest average path obtained tends 
to be deteriorated. 

(3). The pheromone evaporation factor   will 
directly affect the convergence speed and global. Ant 
colony algorithm parameter   indicates the degree 
of evaporation of pheromone within 0-1. From the 
experiment test results, the optimal value of   is 
located at nearby 0.7. if p is too small (in the table 
above,  = 0.3), the possibility of selecting the 
previous search path increases. Random performance 
and global search capability of the algorithm will be 
affected .Although the larger value of  (such as in 
the above table,  > 0.7) can improve random 
performance and global search capability of the 
algorithm, quality of solution becomes worsen. The 
reason is that excessive evaporation of hormones 
maybe ignores mutual influence among individuals. 
So it is difficult for the algorithm to obtain the 
optimal solution.  =0.7 not only can make use of 
greedy heuristic to guide the search at early stage of 
calculation, but also the track can be used. Global 
information is stored in the value. The algorithm can 
forget some previous gained experiences in order to 
avoid early convergence to a local optimal solution. 
So the ant can better search the newly introduced 
global information. 
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6. Conclusions 
 

Firstly this paper introduces mobile agent 
technology and deficiencies of mobile agent routing 
algorithm. Then a mobile agent routing algorithm 
based on improved ant colony algorithm is proposed. 
Compared with mobile agent routing algorithm based 
on ant colony, two capabilities of mobile agent 
routing algorithm based on improved ant colony that 
are the speed of global searching and speed of 
convergence are improved. The cost of 
Communication is reduced while life-time of node 
and network are extended. So the problem of 
transmission of large amounts of data is solved well 
in wireless network. Finally best combination of 
various parameters is obtained by experiment so that 
the performance of the new algorithm is optimized 
once more. The best combination can obviously 
shorten length of optimal solution (mobile agent 
migration path) and reduce evolution algebra of 
optimal solution. 
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Abstract: Aiming at the team-based mobile ad-hoc networks (MANETs), this paper proposes a main-route 
mechanism by the mobility difference degree of nodes and a backup route mechanism by the nodes stability. In 
this paper, the whole network is divided into different partitions, and the prediction node computes the changing 
rate of local topology to determine whether local status broadcast is needed. In order to reduce the similarity of the 
main route and backup route and minimize the probability of simultaneous failure of the two routes, different 
routing metrics are used to discover these two routes to ensure reliable data transmission. As a result, the 
availability of backup route can be increased when the main route fails. While a link is broken, we advance a novel 
local confirmation method of link interruption and local route reparation. The simulation results shows that our 
routing algorithm is effective and can improve the network performance significantly. Copyright © 2013 IFSA. 
 
Keywords: MANET, Routing, Difference degree, Stability, Link interruption. 
 
 
 
1. Introduction 
 

Mobile Ad hoc Network (MANET) is a multi-hop 
temporary autonomous system composed by mobile 
terminals with radio antennas. It depends on the ability 
of communication and information processing for 
each terminal, rather than the external infrastructure or 
base station. The feature of autonomy makes MANET 
a perfect candidate to implement many monitoring 
and tracking tasks both in academic and industry 
fields. The nodes are assumed to be homogeneous 
with the similar resources and capability, of which the 
primary function is to share information in a timely 
way.  

MANET nodes form a network on demand to 
transmit data from one side to another. Due to the 
mobility of MANET nodes, the network topology is 
dynamic, transmission bandwidth is limited and 

energy is restricted etc, so how to build an end-to-end 
reliable route is the key issue and constraint in stable 
data transmission. Especially when a route fails, 
another new route must be discovered timely to ensure 
normal data transmission. Therefore, it is necessary to 
set up a backup route besides the main route. 

The challenge of routing in MANET is as 
following. First, the mobility pattern for each node 
may be different despite of the overall consistent 
moving area. The relative movement leads to the 
change of a link between nodes such that they may be 
out of the communication range with each other. 
Therefore, a link may be disconnected for a while. At 
this time, we need another path in order to continue the 
normal data transmission. Secondly, we don’t want to 
change the route too frequently in case the relative 
movement of nodes is highly dynamic, which means 
we prefer a stable route to a shortest route when the 
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topology is dramatically changing. That is the motive 
why we propose the routing algorithm based on 
difference degree and stability of nodes. 

Our contribution in this paper is that we first 
propose the idea of main route and backup route 
selection under different criteria, where the former is 
based on the nodal degree difference and the latter is 
based on the stability of two nodes. As under dynamic 
network topology the stability of a route is more 
important than the temporal efficiency of a route. In 
detail, we use the prediction node to estimate the 
changing rate of local topology to initiate a local 
broadcast. In case of route interruption, we give the 
strategy to confirm the interrupted section and use 
route maintenance to rebuild a new path. 

The rest of the paper is organized as follows. 
Relevant research is discussed in the next section. 
Section 3 gives related definitions in the routing 
protocol and Section 4 describes the protocol in three 
stages. Next the simulation and analysis are 
introduced to verify the efficiency of our proposal. 
Finally, we conclude the whole paper. 

 
 

2. Related Work  
 
Currently, there has been a lot of research in the 

area of MANET routing protocols. In the prospect of 
trigger mechanism of routing algorithms, there are 
basically proactive routing, reactive routing and 
hybrid routing. Since the proactive routing cannot 
accommodate the condition of node mobility and 
changing topology, we only discuss the reactive 
routing protocols. In [1], when nodes receive the 
broadcast of a source node, the one with the minimal 
delay is selected to forward the packet. Literature [2] 
proposes a hybrid source routing protocol, in which 
nodes are divides into different zones by distance and 
takes the payload of zone header into account. In [3], 
nodes with similar mobility model are distributed into 
the same cluster and the connection probability of 
nodes is updated using moving average. Literature [4] 
chooses routes by estimation of the residual lifetime of 
backup route and makes a tradeoff between link 
residual lifetime and throughput with preference of 
maximal throughput. Literature [5] utilizes the 
changing rate of received signal strength to calculate 
the available bandwidth and link residual lifetime and 
predict the traffic and energy of node to select a path 
with maximal energy.  

In [6], the author differentiates kind nodes and 
malicious nodes and chooses nodes with the largest 
belief degree to form the current route. In literature 
[7], mobile nodes collect the positions and forwarding 
model of neighbor nodes in the phase of route 
acknowledgement, to correct the main route to 
maximize its bandwidth. In [8], the main route is 
discovered by AODV and backup route is established 
in the process of data transmission. Backup route is 
mainly composed by nodes not in the main route, and 
when either of them fails, the other can be utilized. 
Literature [9] integrates nodes speed, neighbors’ 

speed and number of neighbors into a routing metric to 
derive a most stable path. In [10], for the payload of 
central node is heavy, it advances a payload balance 
mechanism, in which the traffic of central node can be 
transferred to others and the concentration degree is 
taken as the routing metric. Paper [11] adopts mobility 
prediction and load balance to derive a more stable 
route. 

In the present research of MANET routing, the 
objective parameters of routing algorithms include 
node distance, nodes neighbor number, link residual 
energy, link residual bandwidth, payload balancing, 
link transmission rate etc. after the link is determined, 
there should be one or more backup routes to 
guarantee normal data transmission when the main 
route fails. However, the routing metric of backup 
route is always the same as the main route, which 
means the final backup route is the sub-optimal 
solution of the initial objective function (the optimal 
solution is the main route). So the nodes set in backup 
route have the similar characteristics of mobility or 
positions with the nodes in the main route. If the main 
route is broken, it indicates that the mobility of nodes 
on the route is not stable. If nodes in the backup route 
are also not stable, route is likely to break due to the 
similar mobility model. Therefore, once the main 
route interrupts, the backup route, the backup route 
may be also failed so that there is no use to build a 
backup route.  

This paper proposes a MANET routing protocol- 
route establishment and maintenance based on nodes 
difference degree and lifetime (REMDLE). The key 
idea is that the routing metrics of main route and 
backup roué are different in order to minimize the 
similarity of two routes, with consideration of nodes’ 
load balancing. We advance a local confirmation 
method of link interruption and local route reparation. 
In addition, we divide the network into different 
partitions to determine whether broadcast the local 
network status after estimating the changing rate of 
local topology. 

The application background is the mobile team of 
multiple independent mobile nodes, which is able to 
make decisions toward changing environment 
autonomously, but the moving pattern is restricted by 
the mobility of the whole team. The typical example is 
the mobile robot team cooperates to complete specific 
tasks. 
 
 
3. Definitions  

 
In order to clearly describe the network condition 

involved in the routing process, we first define the 
following concepts.  
 
 
3.1. Main Route and Backup Route 
 

Main route includes nodes with the least 
difference, which emphasizes the efficiency of data 
transmission. Backup route is made up of nodes with 
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the highest stability, which is related with the 
changing rate of nodes mobility while considering the 
congestion and payload of nodes. Comparatively, it 
emphasizes the availability of data transmission. 

 
 

3.2. Nodal Difference Degree (dd) 
 

It depends on three variables:  

distance error 2 2
( () )1 2 1 2y yx xd     ,  

angle error cos( 1 2) 1      ,  

and speed error min( 1, 2) / max( 1, 2)v v v v v  , so  

 

dd
d d



 

 (1) 

 
 

3.3. Speed Variance σ (v) 
 

It reflects the changing rate of node speed, and n is 
the historical values and E(v) is the average speed in 
time of T. The less σ(v) is, the more stable node v is. 
 

21( ) [ ( )]v
n v E v     (2) 

 
 
3.4. Link Stability S 
 

The stability of a link is also related with nodes 
distance. Besides, node-disjoint backup route is 
preferred because the shared nodes or links may 
influence both routes if they fail on one route. So some 
restrictions are made on the nodes both on two routes 
to reduce their correlation. 
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 indicates that if a node belongs 

to more than one route, it is not likely to be included in 
another new route. 

 
 

3.5. Link Expiration Time (LET) 
 

22 2 2

22

( )( ) ( )
LET

ad bca c rab cd

a c

 



 


  (4) 

 
where cos cos

ji i ja v v  , 
i jb x x , 

sin sin ji i jc v v  , i jd y y . LET is the minimal 
connection time of two nodes, vi and vj are the 
velocities, (xi, yi) and (xj, yj) are coordinates, r is the 

effective transmission range. The lager LET is, the 
longer the link will be. 
 
 
3.6. Topology Changing Rate 
 

Node counts its neighbors to make sure if it can 
become a prediction node by the latest broadcasting 
information. To determine whether to broadcast nodes 
status, the prediction node calculates the topology 
changing vector of its partition in period of Tstb. Then a 
local average speed Vav is derived, after Δt, a new 
central position C’(x, y) is estimated. So assuming the 
network partition moves with Vav in Δt, another 
position C’’(x, y) can be obtained as shown in Fig.1. 
 
 

 
 

Fig. 1. Central node and its positions. 
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So the two vector error is defined as c ad b 

 , if 

||dc||>r, it is perceived the topology changes so great 
that a local broadcast is needed. 

But there is a question about who can be elected as 
the prediction node. First, the node should have 
multiple neighbors, i.e. it is the common neighbor for 
multiple nodes and once the node is a prediction node, 
other nodes in this partition cannot become the 
prediction node any more. Secondly, a node could be 
in different partitions, so its status information can be 
received by other partitions. Thirdly, the node that 
first satisfies the condition that more than λ neighbors 
are found will become the prediction node. In this 
way, the isolated nodes that don’t belong to any 
partitions keep the connection with other nodes by 
changing its moving status. 
 
 

3.7. Improved Random Walking  
Mobility Model 

 
The mobility model is based on random walking 

mobility model. It has the following features: the 
moving time of every node is composed of some 
mobility epochs with random length, in which the 
node velocity vin and direction θin keeps constant. In 
this paper, to control the topology changes in some 
extent, we make some improvement—the speed in an 
epoch is mainly stable, but if a node finds it is too far 
away from its neighbors, it will adjust its speed to 
ensure it doesn’t become an isolated node. 
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4. Protocol Description  
 
Due to the fact that the data flow in MANET can 

be in either direction, our routing scheme is demand 
oriented which is consisted of three major stages: 
route discovery, disconnected route confirmation and 
route maintenance. Each stage is discussed in the 
following. 
 

4.1. Route Discovery 
 
The objective function of the main route selection:  

 

max( )/ sLET d  (6) 

 
The objective function of the backup route 

selection: 
 

max( )SLET   (7) 

 
The reason why stable path is chosen as the backup 

route is that if nodes mobility is stable in a certain 
period, it is reasonable to deduce that they will also 
move in a stable pattern in the future time, so we can 
predict their approximate positions. If all nodes in a 
route are stable nodes, whose velocities are changing 
slowly, the path is inclined to be quasi-static and not 
prone to interruption. As a result, this kind of route is 
more suitable to transmit data. The route discovery 
phase is shown in Fig. 2. 

 
 

Route
discovery

Select the 
main route

Select the 
backup route

Transmit 
data

Obj=min(ds)
&&max(LET)

Obj=max(S)
&&max(LET)  

 
Fig. 2. Modules of route discovery. 

 
 
Since the direction of data flow is not determinate, 

the scheme of route discovery is demand driven. In the 
initial stage of replying the acknowledgement packet 
from the destination node, the main route is selected 
by Eq. (6). After the main route is decided, the backup 
route will be selected by Eq. (7). And then data 
transmission begins immediately. Fig. 3 shows how 
route discovery stage is realized. 
 
 
4.2. Confirmation of Link Interruption  

 
After two routes are established as in Fig. 4, source 

node 0 sends data to destination node 4, and 4 will 
reply Data Packet Reply (DREP) when receiving the 
data. If there are some link interruptions in 
transmission, node 0 will not receive DREP in T1, so 
it is assumed that this route has failed, but it is not 

possible to confirm which link is broken. Here, we 
propose a policy of confirming link interruption. 
 

 

 
 

Fig. 3. Route discovery. 

 
 

 
Fig. 4. Demonstration of a path. 

 
 
There are two cases in link interruption: I. Link 

interruption in the phase of transmitting data packet; 
II. Link interruption in the phase of transmitting reply 
packet. 

Case I. the starting node of the broken link is the 
one which firstly satisfies (8): 
 

.

. '{a it receives the data
b it doesn t receive the reply  (8) 

 
And the ending node of the broken link is the one 

which lastly satisfies (9): 
 

. '

. '{a it doesn t receive the data
b it doesn t receive the reply  (9) 

 
So we can determine the link which is 

disconnected on the route in case I. 
Case II. The starting node of the broken link is the 

one which lastly satisfies (10): 
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.

.{a it receives the data
b it receives the reply  (10) 

 
And the ending node of the broken link is the one 

which firstly satisfies (11): 
 

.

. '{a it receives the data
b it doesn t receive the reply  (11) 

 
So we can determine the link which is 

disconnected on the route in case II. 
For instance, if link 2->3 is disconnected, then 

node 2 is the first node satisfying condition (1), since 
node 2 receives the reply earlier than node 1. Node 3 
and 4 both can satisfy condition (2), so that we can 
only find the link 2->3 is disconnected but can’t make 
sure the status of link 3->4. If link 3->2 is broken, then 
node 3 is the last one satisfying condition (3), but 
either node 2, 1 or 0 satisfies condition (4). Therefore, 
we can only confirm the subsection of interruption 
rather than the accurate links. After that, the process of 
route maintenance is started by the node that first 
discovers the route failure in order to get a new route 
from the backup routes. The detailed process is 
illustrated in Fig. 5. 

 

Send REB to
source

Send RREP to
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Fig. 5. Route disconnection confirmation. 
 
4.3. Route Maintenance  

 
If link α—>β is broken, since node α has received 

the data from the source node, but has not received 

Route Reply (RREP) within T2, so α assumes that the 
path α—>destination node is broken, and α will send a 
Route Maintenance packet (RM) to the source node. 
When the downstream nodes receive RM, they will 
check whether there is an available route from them to 
the destination node. If there is, they will send RRM to 
the destination, otherwise, they do nothing. When the 
upstream nodes receive RM, they will check whether 
they are the destination. If not, they simply forward 
RM, and if they are, they will go to sleep and wait for 
the REB to set up the backup route to the source node, 
as shown in Fig. 6. 

Once a new route is set up, the initial main route is 
considered as the new backup route, which means 
nodes still keep the routing information since it is 
highly possible for this new route to become 
disconnected again. Notice that after the first route 
failure, the following route selections are all based on 
the backup route criteria. So that the stability of new 
route is better than the initial main route.  
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Fig. 6. Route maintenance process. 
 

 
5. Simulation and Analysis 
 

Simulation setup: mobility model is the improved 
random walking mobility model. There are 20 nodes 
in the network randomly deployed. The node speed is 
varied between 2 m/s and 12 m/s, Packet size is 512 bit, 
with the data generation of CBR. 

In the simulation, we mainly compare our 
algorithm REMDS with Ad hoc On-Demand Distance 
Vector Routing (AODV) in the prospect of average 
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link interruption rate, packet delivery rate and end to 
end delay. By comparison we can derive that when the 
main route fails, REMDS adopts the backup route 
mainly composed of stable nodes, whose changing 
rate of moving status is relatively small and the 
connectivity is quite steady. AODV doesn’t consider 
the changing speed and varied relative positions 
between nodes, so there may be more broken links. 
Therefore, the link interruption rate of REMDS is 
lower than that of AODV as Fig. 7 denotes. 
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Fig. 7. Average link interruption rate. 
 
 

Link interruption rate is critical to evaluate the 
efficiency of a routing scheme because here the 
MANET is inclined to be a disruption tolerant 
network. With the same network topology variation, 
the lower interruption rate indicates there are more 
stable routes for reliable date delivery. 

However, it can only be guaranteed that the path is 
available and relatively stable when using the backup 
route in REMDS, rather than that the path has the 
minimum hop count from the source node to the 
destination node in AODV. Therefore, the end to end 
delay is a little higher than in AODV, as shown in  
Fig. 8. 
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Fig. 8. Average packet delivery rate. 

When the main route is connected, the packet 
delivery ratio (PDR) is almost the same, but once it is 
not available, the stable backup route in REMDS can 
ensure the data to reach the destination as much as 
possible, resulting in higher PDR than that in AODV, 
as Fig. 9 indicates. 

The packet delivery rate and average delay are 
sometimes a tradeoff. Since in such a dynamic 
MANET, it is more important to successfully deliver 
the packet to the destination while the delivery latency 
can be a little compromised due to a longer 
transmission path. But the waiting time for a new 
route to be established and the frequency to change 
routes are decreased so that the overall performance is 
better. 
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Fig. 9. Average end to end delay. 
 
 
6. Conclusion 
 

This paper proposes a main route protocol 
REMDS, which is based on nodes difference degree 
and a backup route protocol based on nodes mobility 
stability. In MANET, traditional backup route 
selection is closely related with the main route, where 
the optimal solution satisfying the same objective 
function becomes the main route and the sub-optimal 
solution becomes the backup route. In order to 
decrease the correlation between the two routes, we 
advance to use different objective functions in route 
discovery with consideration of node’s load 
balancing. This can improve the availability of backup 
route when the main route fails. In addition, we 
present a local confirmation method of link 
interruption, and it can efficiently conduct local route 
reparations. 
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Abstract: The applications envisioned for sensor networks require collaborative execution of a distributed task 
amongst a large set of sensor nodes. This is realized by exchanging messages that are time-stamped using the local 
clocks on the nodes. Therefore, time synchronization becomes an indispensable piece of infrastructure in such 
systems. We propose a design of synchronous clock using digital tune method. It combines the factor of traditional 
way of network time protocol (NTP) and clock data recovery (CDR) to generate a low power and high precision 
synchronous clock between nodes. It uses DAC and voltage-controlled oscillator (VCXO) to act as local variable 
clock source, and by exchanging sync frames it measures the transfer propagation and time offset of two nodes. 
With this information, a fast convergence algorithm like successive approximation makes the clocks match well 
fast. A digital synchronous clock (DSC) eliminates the need of continually communication between two devices, 
which is used in CDR, and shows much more accuracy synchronization than NTP. When the DSC is in fine tune 
state, only low overhead communications are needed to maintain the synchronization of the clocks. The results 
shows that DSC can make the frequency difference of two clocks reduce to as low as 0.1 ppm. Compare to the 
accuracy of normal crystal (50 ppm), it is 5102 better. While it is used to generate a synchronous pulse, the 
synchronization error of the pulse is better than 180 ns (3σ, the alarm time is about one second). 
Copyright © 2013 IFSA. 
 
Keywords: Digital clock, Distributed clock, Low power, Sensor network, Synchronization. 
 

 
 
1. Introduction 
 

The importance of clock synchronization between 
remote nodes has increased in sensor networks such as 
volcano monitoring [1], seismic exploration [2] and 
manufacturing automation [3, 4]. It is essential for 
data transfer such as time division multiplex method 
access (TDM) based MAC [5] and moving unit etc. 

The power consumption and bandwidth utilization of 
TDM is related how accuracy of the network clocks 
[6]. If a bus or a data channel works in TDM mode, it 
means that many units in the bus or channel share 
different time slots of the data transfer media, just like 
in Fig. 1. The individual sensor operations are possible 
only by exchanging messages that are timestamped by 
each sensor’s local clock. This mandates the need for a 
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common notion of time among the sensors. The need 
for synchronization precision, or accuracy, may vary 
significantly among different applications. For some 
applications, even a simple ordering of events and 
messages may suffice, while for some others the 
requirement for synchronization accuracy may be on 
the order of a few microseconds. 

 
 

 
 

Fig. 1. How does TDMA works. 
 
 
In Fig. 1, every unit has its’ given time slot, it can 

only do data transfer at the specific time. Otherwise it 
will cause data collision. To maxim the utilization of 
the bandwidth of the data channel, one unit should 
start to do its transfer as soon as possible when the 
time belongs to it reaches. At the rest of the time, it 
may keep dumb. Every unit keeps its own clock free 
running. Due to the imperfection of the crystal 
oscillators and the influence of the surrounding 
environment, the local time at different nodes may 
drift away from each other gradually. Therefore, the 
observed time or durations of time intervals may differ 
for each node in the network. How does one node 
know it is its turn in TDM? The only way is to wake 
up some earlier than its time slot and try to monitor the 
current data channel to see if it is occupied or not. If 
there was data exchanging, it means some others are 
still using the channel. Once the data channel becomes 
quiet, it can start its transfer immediately. So for TDM 
mode, the worst accuracy of the clock is, the earlier 
the unit should be woken up, which will cause extra 
unnecessary energy loosed. 

In another field, sensor nodes need to coordinate 
their operations and collaborate to achieve a complex 
sensing task. The acquisition for small-signal is an 
example of such coordination in which data collected 
at different nodes are aggregated into a meaningful 
result. When the signal strength level is lower than the 
noise, coherent superposition of a multi-sensor is a 
good way to suppress the noise [7]. Since the signal 
noise ratio proportional to the square root of the sensor 
number, as much as sensors are required. How to 
make the sensors start simultaneously to do physical 
signal acquiring, and how to make them do analog to 
digital convert with a synchronous clock are two 
major factors for sensor data superposition.  

Normally, clock is built up by crystal circuits. The 
frequency accuracy of a crystal is about 50 ppm. To 
understand what 50 ppm means, the basic 
experimental structure for testing is shown in Fig. 2. 

 
 

Fig. 2. The experimental setup for measuring the frequency 
difference of crystals (50 ppm). 

 
 
Two 8.192 MHz crystals are connected with two 

counters of a micro control unit (MCU). The counter 
in each node is increased in accordance with the rising 
edges of the local crystal oscillator. A match out signal 
is set when the counter matches the preset number. So 
the two match-out signals are given out periodically. If 
the preset number is set as 223, it will give a pulse 
every one second, which is called pulse per second 
(PPS). The delay time of the two PPS signals is 
measured by an oscilloscope (see Fig. 3). 

 
 

 
 

Fig. 3. Crystal frequency difference measurement. 
 
 
We can get two conclusions from Fig. 3. 

1) The frequency difference between two crystals is 
about 4500 μs/100 s=45 ppm. 

2) In a short period (e.g. about 100 s), the relationship 
of the frequency of two crystals is linear and can 
be given by (1). 

 
 bfaf xy   , (1) 

 
The parameters a and b are the relative clock skew and 
offset between two crystals respectively. 

For such crystals, if the frequency difference 
cannot be revised, in every one second the time error 
would be 45 μs, and the time errors will be 
accumulated. 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 29-35 

 31

This paper is organized as follows. Section 2 
discusses the foundation of clock synchronization and 
reviews tradition implementation for synchronization. 
It is necessary to understand these methods to 
appreciate how the new method is derived and 
developed. After describing the implementation 
details in Section 3, we present experimental 
evaluations in Section 4. Finally, concluding remarks 
are given in Section 5. 

 
 

2. Related Work 
 
Clock synchronization is normally realized by two 

ways: local clock self-calibration and all align with 
third clocks.  

Global Poison System (GPS) based synchronous 
clock [8] belongs to the latter method. All the local 
clocks try to align with the PPS output of GPS, so they 
can reach a synchronous state. Although the GPS 
provides stable and accurate synchronization, GPS 
receivers are still bulky and expensive. Furthermore, 
GPS requires a clear sky view, which is unavailable in 
many application areas, for example, inside of 
buildings, beneath dense foliage or underwater. 

Local clock self-calibration mode is widely used, 
such as network time protocol (NTP) and clock data 
recovery (CDR), etc. NTP [9] is a software solution to 
adjust local clock to others. It is realized by 
exchanging sync packages of two nodes. The package 
contains the timestamp when it sent or received. The 
timestamp is generated by software when CPU 
recognizes a NTP package. Because the software 
timestamp is inaccurate, the accuracy of NTP can only 
be adjusted to about 4 ms [10]. 

CDR is a hardware solution to recover the clock of 
the sender from the received serial data [11]. In a CDR 
feedback system (as shown in Fig. 4), the phase 
frequency detector (PFD) is responsible for delivering 
an output signal proportional to the phase difference 
of the reference clock and the feedback from a local 
voltage-controlled oscillator (VCO) clock. The output 
of the PFD controls a charge pump, so that the charge 
pump produces discrete pulses. The low-pass filter 
converts these pulses to a control voltage that is used 
to bias the VCO. Intuitively, low-pass filtering can be 
considered to reduce dithering. However, low-pass 
filter does not change detecting resolution of message 
exchange, maintaining the total peak-to-peak value of 
dithering as ±1 unit interval (UI). According to the 
applied control voltages, the VCO can generate 
continuous frequencies. 

 
 

 
 

Fig. 4. The structure of CDR. 
 

 
CDR works by adjust the frequency of local clock 

at every data edge it received. This makes the local 
clock follow the clock of the data sender firmly. But 
the disadvantage of CDR is that it needs a continual 
data stream. Because the clock’s frequency 
adjustment result is stored by analog components, 
such as capacitor, once there is no data changing in 
line, it can only maintain the current clock state for a 
short period due to leakage currents through shunt 
capacitors. This is something like DRAM, which 
needs to be refreshed periodically. 

The traditional clock synchronization protocols 
are not suitable for sensor networks for a variety of 
reasons: 
1) Limited energy. 

Since the amount of energy to new sensors is 
quite modest, synchronization must be achieved 
while preserving energy to utilize in an efficient 
fashion. 

2) Limited bandwidth. 
The maximum throughput of a link is limited by 
the selected transceiver. Bandwidth limitation 
directly affects message exchanges among 

sensors, and synchronization is impossible 
without message exchanges. 

3) Limited hardware. 
The hardware of a sensor node is usually very 
restricted due to its small size. A typical sensor 
node has an 32/16-bit CPU that runs at a speed of 
10 MHz, 128 KB to 1 MB memory, and a 
communication interface of RS485. The 
restrictions on computational power and storage 
space pose a huge challenge. The capability of a 
sensor node cannot be increased because it would 
make it more expensive and consume more 
power. 

By taking these three together, a new idea of 
digital synchronous clock combines the characteristics 
of NTP and CDR. It uses DAC and VCXO as an 
adjustable local clock source, and hardware timestamp 
to stamp in and out frames. Since it uses a digital way 
to fine turn the local clock, it can maintain the 
frequency of the local clock unchanged for a relatively 
long period even there is no data received. Unlike 
CDR which depends on the signal of specific physical 
layer, DSC is built up on data link layer. So it is media 
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independent. It can be applied both in wire and 
wireless sensor network. 
 
 

3. Digital Synchronous Clock Details 
 

The diagram of proposed clock synchronization 
system is shown in Fig. 5. The VCXO provides a 
reference clock with free-running frequency offset. 
Every sending and receiving frame’s head is checked 
by hardware and the time when the head passes 
through is feedback to a 32 bits timer (timer1). The 
timer value can be read by the MCU, so the MCU 
knows the exactly time when the frame is sent or 
received. Another 32 bits timer (timer0) is free 

running at the frequency of VCXO, which is used to 
record local time. If two sync frames are received then 
two exact time spots should be captured by timer1 
(timer1-a and timer1-b), the difference of timer1-a and 
timer1-b shows the time interval of the two frames 
reference local clock (Δtlocal). And the timer interval of 
the same two frames reference with remote clock can 
be got from the content in those frames (Δtreference). If 
Δtlocal is greater than Δtreference, it means local clock 
runs faster, otherwise slower. With the difference 
value, MCU can drive DAC to an opposite value to 
tune the VCXO. This procedure is called digital 
frequency detector (DFD), which is totally different 
with traditional analog procedure. 

 
 

 
 

Fig. 5. The structure of DSC. 
 
 

The frequency of two clocks can be tuned match 
well by this way. But a synchronous clock does not 
only mean the match of frequency but also the 
absolute time.  

With the ability of knowing the accurate time of 
each frame, the procedure of aligning clock is a bit like 
Precision Time Protocol (PTP), or IEEE 1588, used in 
the legacy Ethernet networks [12] (see Fig. 6). This 
diagram has two independent time axes for master and 
slave nodes, respectively. Each axis shows timestamp 
values based on its own free-running oscillator. 

 
 

 
 

Fig. 6. The procedure of clock alignment. 
 
 
Let’s assume that there are two clocks (TM and TS), 

which are different slightly. The offset of these two 
clocks is TO, so that TS = TM+TO. It is assumed that the 

delays in both directions are symmetric, and the 
transmission time is TD.  

The master unit first sends a SYNC frame to the 
slave unit at TM1. When the frame arrives at the slave 
unit after TD, the slave unit marks a timestamp and 
stores the arrival time TS2, which refers to its own 
clock. After a while, the slave unit sends a 
SYNC_RESP frame back to the master unit at the time 
of TS3. When the master unit detects this frame, it 
stores the arrival time TM4 and sends a REVISE_INFO 
frame to the slave unit again, which contains the time 
value of TM1 and TM4. With the four time values TM1, 
TS2, TS3 and TM4, the slave unit can calculate the offset 
time between the master clock and the slave clock TO 
and also the transmission time TD by (2). 
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(2) 

 
After acquiring the two values, the slave unit can 

align its clock with that of the master unit. A master 
unit can synchronize the slave clock one by one by the 
same way. If all slave units are aligned with the master 
clock, it means that they are also aligned with each 
other. With this method, two nodes may execute an 
assigned event with a timing error of 0.5 UI in the 
worst case. However, if it does not adjust the 
frequency of the slave internal clock, the time errors 
due to frequency difference continuously accumulate 
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during message exchanges interval. The amount of 
error accumulation is proportional to the message 
exchange interval. As systems demand longer 
message exchange interval, more accurate and precise 
frequency control is necessary. 

The minimum frequency adjustment step should 
be able to allow fine tuning, so that the time error 
accumulation during an exchange interval is under  
0.5 UI. In a general application, nominal values of 
clock rate and message exchange interval are  
8.192 MHz and 0.5 second, respectively. As a result, 
the minimum frequency adjustment step must be less 
than 0.125 ppm. Assuming it allows the free-running 
frequency offset up to ±100 ppm. Therefore, all nodes 
should be able to change their frequency rate up to 
±200 ppm in the worst case. In order to adjust 
frequency from 0.125 ppm to 200 ppm, slave nodes 
must the control frequency rate with at least 11-bit 
digital code. 

To make the slave clock match the master clock 
quickly and stably, a method of successive 
approximation is applied to determine the DAC output 
voltage, which is used to fine tune the slave clock 
frequency. To implement the binary search algorithm, 
the N-bit DAC is first set to midscale (that is, 100...00, 
where the MSB is set to 1). This forces the DAC 
output to be VREF/2, where VREF is the reference 
voltage provided to the VCXO. After a set of message 
exchanges for synchronization, a comparison is then 
performed to determine if the frequency of the local 
clock is faster or slower than that of the remote clock. 
If the local is slower than remote, the comparator 
output is logic high, or 1, and the MSB of the N-bit 
register remains at 1. Conversely, if the local is faster 
than the remote, the comparator output is logic low 
and the MSB of the register is cleared to logic 0. The 
successive approximation then moves to the next bit 
down, forces that bit high, wait for next message 
exchanges and does another comparison. The 
sequence continues all the way down to the LSB. 

As in Fig. 7, for 12 bits DAC, it needs to get  
12 sync-frames to calculate the right DAC value. One 
sync-frame can determine one bit of the value. 

Fig. 8 shows the total time which is needed to lock 
two clocks, is about 5 seconds (every 500 ms a 
sync-frame is sent). 

 
 

4. Performance Measurement 
 

To test the performance of the DSC, two high 
resolution 24-bit ADC boards were built. The board A 
uses a local oscillator as the clock for the ADC. This 
is the main clock of the distributed system. Board B 
has a passive clock, which synchronizes with board A. 
 
 

4.1. Synchronization 
 

When the two clocks in different units are locked, 
the same test is repeated as in Fig. 2, the result is 
shown in Fig. 9. A linear fit shows the relationship of 
the frequency of the two clocks is still can be represent 

by (1). From the result of Fig. 9, the two clocks give an 
8.5 s’ time error after 105 seconds, so the difference 
of these two digital synchronous clocks can be 
calculated as 8.5 s/105 s=0.08 ppm. Compared with 
Fig. 3, the synchronization is 5102 better. 

 
 

 
 

Fig. 7. The procedure of successive comparison. 
 

 
 

 
 

Fig. 8. The lock time of two clocks. 
 
 

A synchronous start trigger signal is important for 
a sensor network. With such a signal all the sensors 
can gather the physical signals simultaneously. The 
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performance of this feature of the DSC is also 
measured. The measurement is following these steps:  

A) By sending sync-frames to make two units 
reach in synchronous state. 

B) Wait for 1 second. 
C) The two units give two pulses, and the time 

interval of the two pulses is measured by oscilloscope. 
D) Change the DAC output to make the two units 

out of synchronous state. 
E) Repeat from step A. 

 
 

 
 

Fig. 9. The frequency difference with DSC. 
 
 

This procedure is used to simulate normal sensor 
network which is in the state of sleeping or working. 
The network goes to deep sleep state and loses the 
synchronous information fully, then wakes up to 
retrieve it.  

Time interval error (TIE) is defined as the edge 
timing variation relative to its ideal location in time. 
TIE contains critical information for measuring a wide 
variety of jitter parameters, including jitter spectrum 
[13]. The TIE value measured by oscilloscope is 
shown in Fig. 10. Note that the 8.192 MHz clock 
provides a maximum time-resolution of 122.07 ns. 
The DSC provides a time error between -271 ns and 
83 ns in slave. High accuracy is shown to be feasible 
for a practical model of sensor network. 

 
 

 
 

Fig. 10. Histogram of the time error of the DSC within  
1 second period. Mean value = -94 ns, σ = 59 ns. 

4.2. Data Acquisition 
 
The second performance measurement method is 

indirect and consists of comparing the THD of sine 
wave signals digitized by the ADC. 

As shown in Fig. 11, DSC gives THD performance 
of -117 dB. 

 
 

 
 

Fig. 11. The THD of ADC with DSC. 
 
 
Since the highest frequency of the DSC depends 

on the time-resolution of specific application, in this 
example it is 8.192 MHz, low power consumption is 
an additional benefit. The power consumption is 
mainly due to three components: MCU, VCXO and 
communication interface. The VCXO is additional 
component compared with the general designs, and 
the typical power consumption of VCXO is only  
4 mW. 
 
 
5. Conclusions 
 

With the DSC, it is possible to generate a superior 
synchronous clock between sensor units. Compared 
with [4], which gets a synchronization accuracy of 
10-20μs, the DSC gives much better accuracy in 
synchronization which is better than 180 ns (3σ). 

And more, a digital method only require little 
overhead data exchanging to make one clock 
following another. This makes it require less power 
than traditional CDR to give a high performance 
synchronous clock. 

Besides high accuracy synchronization, the digital 
synchronous clock also shows good performance for 
high-precession ADC system as in [14], it is a new 
way for sensor network clock. 
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Abstract: The sensor probes deployed in the electric fields will cause the distortion in the vicinities, therefore it 
may significantly affect the accuracy of the measurements in the electric fields. In this paper, we propose a 
novel approach to separate the electric field distortion due to the spherical sensor probes in a uniform electric 
field. Moreover, we also investigate the impacts of the spherical sensor probes to the original electric field 
distortion in terms of the size of sensor probes, the electrode materials, the coupling between the polar 
electrodes in the design of sensor probes. Our simulation results show that a passive electric field sensor system 
with the bands from 5 Hz to 200 kHz, and a 20 nF capacitance, combining with our new electric field distortion 
correction scheme, can surprise meet the requirements of the practical engineering. Moreover, our simulation 
results also show that the electric field sensor probe system we suggested only has 0.16 % nonlinear errors 
compared with the corresponding original system measurements. We hope our work will stimulate the future 
research in the design of the sensor probe systems for monitoring of the electric field. Copyright © 2013 IFSA. 
 
Keywords: Electric field distortion, Passive sensor probes, High frequency power system. 
 
 
 
1. Introduction 
 

Sensor probe systems have extremely large 
applications in the electric fields, such as 
measurements of substation power frequency, 
transmission lines, the fault diagnosis, and 
monitoring of the power system [1-4]. The sensor 
probe system was first introduced into electric fields 
in the 1980s in which the electric field is measured 
by the acquisition of values of the signals induced 
between the metal electrodes in the electric field. The 
electric field sensor probe system has lots of good 

characters, e.g., good anti-overload protection, low 
cost, and easy to be implemented [5]. The sensor 
probes deployed in the electric fields will cause the 
distortion in the vicinities, therefore it may 
significantly affect the accuracy of the measurements 
in the electric fields. Consequently, we need to take 
into account the distortion induced by the sensor 
probes in the design of the sensor probe systems in 
the electric fields. Moreover, proper distortion 
correction techniques will be also needed to improve 
the accuracy of the measurements in the electric 
fields. 
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2. Principles of Sensor Measurements 
 
The sensor probe system designed in this work is 

mainly made for the high-voltage electric fields and 
strong electric fields. Due to the less distortion, 
convenience on calculation of the surface electric 
field and advantage of less point discharge by the 
spherical aberration [6], we adopt spherical passive 
sensor probes in our work, see the Fig. 1(a) for the 
detailed structure. 

Assume the electrode surface area is S and the 
sensor probes are placed in a uniform electric field. 
When the induced charges will not change anymore 
on the spherical sensor probes, a stable distribution of 
the external electric field at the sensor probes is 
reached. According to the MAXWELL equation and 
the electric field theory, the potential distribution of 
external electric field satisfies the Laplace equation 
[7], which can be expressed as follows. 
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In the actual measurement system, it includes the 

inherent capacitance of kC , the measuring 

capacitance of symmetric electrodes mC , the 

entrance to the circuit capacitance probe iC  and 

kR of sampling capacitor resistance itself, the 

entrance resistance measuring circuit iR  and the 

resistance between the two shells cR  parallel 

composition. Therefore, the entire sensor probe 
system is equivalent to the following circuit as shown 
in Fig. 1(b). 

 
 

 
 
Fig. 1. Schematic diagram of the current transducer  
and the equivalent circuit of sensor probe system. 

 
According to Kirchhoff's Current Law [8], we 

know that 
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Since the resistance of the sampling 

capacitor kR and the two shells resistor cR are up to 

1000 MΩ, the inherent capacitance of the 

electrode kC  and the entrance of the probe circuit 

capacitance iC are less than 10PF, the Eq. (2) can be 

rewrote as a vector format as follows. 
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Combining with Eq. (1), the following equation 

can be obtained. 
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It is easy to see that the measurements in the 

electric field are heavily depend on the frequency of 
electric field, the size of the probes, the capacitances 
of the sensor probes and resistors. In order to 
optimize the electric field sensor system, t we are 
focusing on the impact of the size of the sensor 
probes to the electric field measurements in terms of 
the distortion.  
 
 
3. Distortion of the Electric Field 
 

Any conductor in an electric field, electric field 
will cause the movement of the charge in the 
conductor surface. Similarly the charge on a 
conductor also produces an electric field. The 
induced electric field can superimpose on the original 
electric field and change the electric field near the 
conductor. Moreover, the field around the conductor 
is called as "distortion field." The sensor probes 
deployed in the electric fields will cause the 
distortion in the vicinities, therefore it may 
significantly affect the accuracy of the measurements 
in the electric fields. Assume that an infinite uniform 

electric field and the dielectric constant is 1 and the 

dielectric electrode is 2 and electric field strength is 

E. The potentials both inside and outside consist of 
two components due to the deployment of the sensor 
probes into the electric field. 
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where 1U and 2U are the internal and external 

potential of spheres respectively, 0U  refers to the 
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non-uniform electric field measurement sensor 

potential, a1U  and a2U denote the internal and 

external electric field induced distortion generated by 
potentials. Therefore, the analysis of electric field 
distortion mainly refers to solve the distortion 

potential value a1U and a2U . 

When the induced charge distribution in the 
surface of the spherical sensor probes reaches a stable 
electric field, the potential distribution of the external 
electric field satisfies the Laplace equation: 

 
2 0U   

 

Assume that Q is an arbitrary point from outside 

of the space, 


r  is a vector from the origin to the 

point Q, the θ is angle between the axis Z and


r . 
Consequently, the potential of any point at outside 
space satisfies the Laplace equation which is: 
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When the induction potential in spherical 

coordinates satisfies the following conditions: (1) 

when 0r , the potential is 02 U of the 

internal spherical; (2) when r , the potential is 

1 cosU Er   of the external spherical; (3) when 

the charge on the spherical sensor probes is 
continuous distributed, the potentials on the spherical 
surface are equal which means that  
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If the uniform electric field 


E  and axis Z of the 
spherical coordinates follow the exactly same 
direction, it is well know that U is irrelevant with φ 
according to the property of symmetry. Eq. (6) can be 
simplified to: 
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Let ( , ) ( ) ( )U r R r   , we can obtain that  
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By dividing by ( ) ( )R r  , we can derive the 

following two equations.  
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where μ is the constant.  

Let cos , ( ) ( )x y x    , then Eq. (9) can 

be reduced to the Legendre equation as follows: 
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where the condition for μ to satisfy the potential is 
limited in the given area 

is  |,2,1),1( nnn . Under such an 
assumption, the Eqs. (10) and (11) can be rewritten 
as: 
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The general solutions for the two equations above 

can be given by  
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Thus, the particular solution for Eq. (7) in the 

bounded area is 
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The general solution of the potential distribution 

can be obtained by superposition of all special 
solutions that satisfies the condition Eq. (15).  
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where and An and Bn are the constants that need to be 
fixed later. 

According to the limit boundary conditions in the 
induced potentials, we can obtain: 
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where 
3

02 1
2

1 2

cos
2

r
E

r

  
 



 is the distortion 

caused by the spherical sensor probes in the potential 

of the external electric field 2U . Consequently, we 

can know that the electric field distortion depends on 
the size of the sensor probes, the measure distance 
and the dielectric coefficients. 
 
 
3.1. Distortion Analysis due to the Occupied 

Spaces  
 

The distortion can be different when the spaces 
occupied by the sensor probes are different. When the 
sensor probes are located into the monitoring electric 
field, the spatial distribution of power line change 
will occur and the power lines around the sensor 
probes are shifted which result in the distortion of the 
electric field around the sensor probes. Fig. 2(a) and 
Fig. 2(b) are distortion distribution in the horizontal 
and vertical electric field at different distances for the 
sensor probes with the diameters of 30 mm, 100 mm, 
200 mm respectively.  
 
 

 
 

Fig. 2. Transverse electric field and longitudinal electric 
field distortion at different distances. 

 
 

We observe that the potentials of the electric field 
are greater than 46 kV/m at 2 cm in horizontal 
distance meanwhile the filed strength is only     
0.5 kV/m at the vertical direction. The larger size of 
the sensor probes in the horizontal will cause the 
larger distortion in the electric field whereas the size 
of the sensor probes in vertical direction will affect 
the distortion of the electric field too much.  
 
 
3.2. Distortion Analysis due to the Materials 
 

Dielectric materials with different coefficients 
will have the different induced charge and 
polarization in the electric field which will lead to the 
different distortion in the electric field. In the electric 
fields with high voltages, the dielectric polarization 
will occur that also results in the space charge. The 
presence of space charge will cause the distortion in 
the electric field nearby. Consequently, the 
distribution of the electric field will also be changed, 
e.g., it may weaken or strengthen the local electric 
field. Assume that the uniformed dielectric spheres 
(e.g., spherical sensor probes) are installed in a 

uniform electric field 0E . It is clear that the dielectric 

sphere polarization will happen in such an electric 
field. According to the work in [9-10], the 
polarization strength can be calculated by 

 

0 0eP X E
, (19) 

 

where eX is the proportionality factor and the   is 

the dielectric coefficient. 
In order to analyze the impacts to the distortion of 

the electric field generated by the different dielectric 
coefficients, we investigate the scenario with the 
copper spherical sensor probe, plastic one and resin 
one in a uniform electric field. The simulation results 
are shown in Fig. 3. 

 
 

 
 

Fig. 3. The distortions by the probes  
with different materials. 

 
 
We can easily see the electric field distortion 

caused by the copper spherical sensor probe is larger 
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than others because the resistance of copper material 
is relatively small and the surface of the probe has 
induced charge. Due to the high impedance for 
plastic and resin materials, the electric field distortion 
is relatively small. 
 
 
3.2. Distortion Analysis due to the Coupling 
 

For a spherical sensor probe, we can establish the 
corresponding coordination system, e.g., and the 
electrodes of the sensor probe correspond to the axes. 
If the incident electric field has only a Z-axis 
direction electric field, there only exists the electric 
field in the Z-axis direction of the electrode in the 
ideal conditions, e.g., no electric field in other two 
directions. However, in the actual situation, the 
electric field exists not only on the Z-axis electrode 
field of the sensor probe but also on the X-axis and 
Y-axis of the electrode field. 

Treat each electrode of the spherical sensor probe 
as a point. Consequently, the line between two points 
corresponds to the capacitor. An inter-capacitance 
can be formed due to the coupling effect between the 
adjacent electrodes of the sensor probe. An 
equivalent capacitor network is shown in Fig. 4 (a).  

 
 

 

 
Fig. 4. The equivalent capacitance network model  

of the probe. 
 
 

Let 'X X  be the main measurement 
Electrode, then the potentials at Y , 'Y , Z , 'Z  
will be equal. A simplified capacitance network can 
be presented as the one shown in Fig. 4 (b). Let the 
capacitance between the opposite capacitor plates be 
C and the capacitance between adjacent boards is 

1C . When 'X X is the main measurement 

electrode, the inherently equivalent capacitance of 

electrode is 12C C C c . Therefore, we have 
 

12

Q Q
U

C C
  . 

 

Consequently, the measurement of electric 
potential has been increased by 

 

12

Q

C
. 

 

The Fig. 4(c) shows the distributions of electric field 
between the main electrodes and the deputy 
electrodes and among the deputy electrodes of the 
sensor probe. Because the critical coupling is 
between pairs of electrodes among the main 
electrodes and deputy electrodes, the electric field 
distortion produced is also large among them. 
According to the Fig. 4(c), we can see that the 
distortion rate can be up to 35 %. On the other hand, 
the distortion caused by the pairs of electrodes among 
the deputy electrodes of the sensor probe is relatively 
small. 

In the field measurement test, the 
three-dimensional electrodes of the sensor probe 
correspond to X, Y, Z axis in the coordinate system. 

Moreover, the induced voltages zyx UUU ,,  

correspond to zyx EEE ,, . In the actual 

measurement, the value of each element 

zyx UUU ,,  contains three components, e.g., one is 

self-induced voltage in the corresponding direction of 
the sensor probe, and the other two are from the 
sensing voltages from other directions. Since the 
induced voltage measured by the sensor probe is 
proportional to the external electric field which has a 
linear relationship between them that can be 
expressed in matrix format as follows: 

 

E U     
11 12 13

21 22 23

31 32 33

x x

y y

z z

E U

E U

E U

  
  
  

     
           
          

, 

 

where is the impact factor matrix, E is the original 

electric field at the probe, U  is a probe of the 
induced voltage. 
 

 

4. Correction of Electric Field Distortion 
 
In the devices generated with a uniform electric 

field, electric field and its directions are uniquely 
determined. Therefore, the value of electric field in 
each single direction can be calculated by solving the 
matrix factors of the measurement effects 
respectively for the scenario when the corresponding 
pair of electrodes is the main measurement electrode.  
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When the applied electric field direction is on 
the 'X X , the relation among the impact factor, 

the electric field xE  and induced voltage on the 

X-axis direction can be expressed by 
 

11 1

21 1

31 1

0 0

0 0 0

0 0 0

x x

y

z

E U

U

U





     
           
            

 

Similarly, we can get the corresponding matrixes 
for the scenarios when 'Y Y 、 'Z Z  are the 
main measurement electrodes respectively.  
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The initial measurement accuracy is not good 
enough. Therefore, we should take the samples with 
the large numerical values in order to improve the 
accuracy. Eventually, the accuracy can be close to the 
real value. The impact factor matrix for the sensor 
probe with diameter 30 mm can be calculated by the 
method mentioned above: 

 

0.0119120 0.0082060 0.0088160

0.0088474 0.0112730 0.0083805

0.0084332 0.0086993 0.0119690


 
   
    

 

Combining the actual measurement of factor 
matrix under   and the induced voltage U with 

relation equation UE * , the electric field can 
be derived. Fig. 5 shows the scenario with a sensor 
probe of diameter 30 mm. 

 
 

 
 

Fig. 5. The results with a 30 mm sensor probe. 

It is clear that the resolve solution after distortion 
in the electric field is very close to the original value. 
When the probe diameter is 30 mm, the resolved 
solution of the electric field has the maximum error  
13 % and the average error 4.47 %. Therefore, the 
value of the electric field calculated by this method is 
much close to the original electric field without the 
sensor probes. Matrix factors can be seen by the 
reduction of the probe at the maximum electric field 
values, help to reduce the impact of distortion on the 
electric field measurements and improve the accuracy 
of the measurement field. 

 
 

5. Experimental Results and Analysis 
 
In order to verify the validity of the electric field 

sensing system, the parallel plate electrodes in a 
uniform electric field was calibrated for the test. In 
accordance with the provisions of the national 
standard GB/T12720-1991, parallel plate spacing d 
should be not less than 1.5 times the size of the 
sensor probe. The sensor probe has at least 2d 
distance to the bottom edge of the plate electrodes. 
Moreover, the distance between the parallel plate 
electrodes to the ground also is set more than 2d [11]. 
The parallel plate area is 1.5 × 1.5 m, thickness is 
2mm and two-plate distance d is 0.5 m. In the 
experiential test, we employ the copper electrodes 
with acetylene as the PTFE dielectric. During the 
tests, the sensor probe is placed in the middle of the 
parallel plates. Moreover, the direction of electric 
field induced is perpendicular to the surface of the 
parallel plates. We also assign the correction factor 
matrix  in the sensor signal processing circuit. In 
order to test frequency response characteristics of the 
sensor probe system, the sine wave signal and the 
square signal are investigated.  Fig. 6 (a) shows the 
induced voltage waveforms for corresponding signals 
by the sensing probe. 

We also investigate the impact of the capacitance 
to the sampling signals. Firstly, we obtain the 
standard value of the electromagnetic fields at 
selected points by Italy PMM8035A device. Then the 
designed sensor system will be in parallel across with 
the different measurement capacitances. Finally, we 
chose one suitable capacitance by comparison of the 
measured electric field strengths with the different 
capacitances, which has the close performance with 
the standard values we obtained before. Fig. 6 (b) 
shows the comparison of the linearity of the data for 
different CM. We observe that the linearity matches 
the real data very well when a 20Nf capacitance is 
adopted. Moreover, the scale factor is between 
1.1-1.3. 

With the fixed capacitance at 20 nF and the 
voltage excitation from 0 kV increased to 50 kV,  
Fig. 7 demonstrates the performance of the sensor 
probe system we proposed in this work.  
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(a) 
 

 
 

(b) 
 

 
 

(c) 
 

Fig. 6. Induced voltage by the sensor probe  
and the linearity comparison between different CM. 

 
 

 
 

Fig. 7. Experimental result of the Sensing system. 

From Fig. 7, we can calculate the fitted function 
between the output voltage and the electric field 
intensity, e.g. 332.3333.3  EU . Consequently, 

the non-linear error is %16.0fe . It is clear that 

the external electric field and sensor system output 
have a good linearity which can perfectly meet the 
requirements of the practical engineering. 
 
 
6. Conclusions 
 

In this paper, we propose a novel approach to 
separate the electric field distortion due to the 
spherical sensor probes in a uniform electric field. 
Moreover, we also investigate the impacts of the 
spherical sensor probes to the original electric field 
distortion in terms of the size of sensor probes, the 
electrode materials, the coupling between the polar 
electrodes in the design of sensor probes. Our 
simulation results show that a passive electric field 
sensor system with the bands from 5 Hz to 200 kHz, 
and a 20 nF capacitance, combining with our new 
electric field distortion correction scheme, can 
surprise meet the requirements of the practical 
engineering. Moreover, our simulation results also 
show that the electric field sensor probe system we 
suggested only has 0.16 % nonlinear errors compared 
with the corresponding original system 
measurements. We hope our work will stimulate the 
future research in the design of the sensor probe 
systems for monitoring of the electric field. 
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Abstract: This paper presents an Energy-efficient distributed algorithm of the Clustering technique Based on 
Location-independent node for mobile wireless sensor networks. A network deployment strategy is adopted, 
which mobile nodes are random deployment and fixed nodes are grid deployment. Mobile nodes choose the 
closest fixed nodes to form a cluster, and choose the node which is closest to fixed node among mobile nodes with 
higher remaining energy as cluster head. The cluster head selection strategy is energy-efficient and avoids cluster 
head moving out a cluster. The cluster head is responsible for collecting sensory data from all cluster members and 
performing data integration, fixed nodes construct routing backbones for data forwarding, and finally deliver 
collected data to sink node. Clusters formed by this algorithm are with the same size and evenly distributed 
location, meanwhile, low reliability probably caused by choosing mobile nodes as backbone routing is reduced, 
the routing implementation is simple but energy-balancing. Copyright © 2013 IFSA. 
 
Keywords: Mobile wireless sensor networks, Clustering technique, Distributed algorithm, Energy-efficient, 
Network deployment. 
 

 
 
1. Introduction 

 

Wireless sensor networks (WSNs) are regarded as 
a new information accessing method and information 
processing mode, which have linked the logic 
information world with the objective physical world, 
changed the way of interaction between human, nature 
and eventually achieved connectivity among the 
physical world, the computing world and human 
society. Data collection, the most basic application of 
wireless sensor networks, is the basis for a variety of 
complex applications and also the focus of current 
research on sensor network. The former study on data 
collection protocols is mainly based on the static 

wireless sensor networks, but for the current two 
years, mobile wireless sensor networks has became 
the hotspot in academic circle. The original data 
collection protocol which is aimed at static wireless 
sensor networks, once it is applied to mobile wireless 
sensor networks, will greatly reduce its performance 
[1, 2]. 

Wireless Sensor Networks clustering technology 
is to find a clustering algorithm by which all nodes in 
the network can be divided into clusters, each cluster 
elects a cluster head by competition, and cluster head 
can cover all cluster members. Each member node 
transmits sensory data to its cluster head and the 
cluster head integrates data, then forward it to sink 
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node through other intermediate cluster heads. 
Clustering structure can efficiently reduce data delay 
and enhance network expandability. Paper [3] 
conducted a review, in which scholars’ study focused 
primarily on distributed clustering algorithms. This is 
because, in general, for all of the distributed clustering 
algorithms, each node has a constant level of control 
packet traffic, which reflects a superiority of 
distributed algorithm compared to centralized 
algorithm. 

At present, researches on wireless sensor network 
clustering mainly center on static wireless sensor 
networks, because the mobility of nodes in Wireless 
Sensor Network easily leads to changes of network 
topology, routing path interruption or failure [4, 5], so 
most clustering algorithms can’t be applied to 
Wireless Sensor Network. E.g., protocol LEACH [6] 
proposed by Heinzelman et al. is assumed that nodes 
are static. Therefore, in the case of mobile nodes, 
LEACH is with a serious data loss, which indicates 
that this protocol is not suitable for mobile wireless 
sensor network. The protocol LEACH-M [7] proposed 
by Do-Seong Kim et al. is an improved LEACH with 
nodes mobility support. The main idea of LEACH-M 
is: cluster head will send a acknowledge message to 
confirm whether a mobile node can communicate with 
cluster head. Compared with LEACH, LEACH-M 
improves a lot in data transmission success rate. 
However, LEACH-M uses the same cluster head 
selection method as LEACH, which simply select 
with random probability, not considering mobility of 
cluster head. If cluster head moves out before cluster 
head rotation, cluster organization will be destroyed 
that lead to serious packet loss. Liu et al. propose a 
distributed clustering algorithm ACE-L [8], which is 
node location sensory and suitable for wireless sensor 
networks, the basic idea is: preset several related 
reference points before network deployment, mobile 
nodes with GPS can locate themselves, the nodes 
closest to the reference points will be chosen as cluster 
heads. Clusters forming by ACE-L algorithm are 
evenly distributed. But in ACE-L algorithm, cluster 
head selection is based on location, mobile nodes with 
GPS cause the cost increase, meanwhile, the ACE-L 
does not take the factors such as nodes’ residual 
energy into account.  

This paper presents an Energy-efficient distributed 
data collection algorithm of the Clustering technique 
Based on Location-independent node (ECBF). A 
network deployment adopts a strategy that mobile 
nodes are random deployment and fixed nodes are 
grid deployment. Specific deployment program is: 
first it covers the entire monitoring area Q with a grid 
deployed m fixed nodes, then fixes the distance 
between nodes as 1 (slightly less than the free space 
model d0), finally a large number of mobile sensor 
nodes (n-m) randomly uniform deployed in the whole 
monitoring area. In the algorithm ECBF, a mobile 
node can choose the closest fixed node to form 
clusters and the fixed node chooses mobile nodes 
within the high value of the nearest node in cluster as 
the cluster head. Therefore, this cluster head node 

selection strategy not only saves energy as much as 
possible, but also avoids the cluster head to leave the 
cluster. The cluster head node is responsible for 
collecting datum and fusing them. Routing backbone 
is constructed by the fixed node which is responsible 
for forwarding data and eventually submitted to the 
sink node. This clustering strategy makes all the 
sub-cluster with the same size and distributed evenly, 
avoiding the potential failure caused by backbone 
routing. This kind of routing, which can be achieved 
simply, has high reliability. ECBF clustering 
algorithm makes up for some drawbacks in 
LEACH-M protocol, which are not taken into 
consideration of the energy of the node, cluster head 
and mobility, the inconsistent number of clusters and 
uneven distribution. Through implementation of the 
ECBF algorithm, the amount of broadcast messages 
throughout the network complexity is O (n) and the 
entire network time complexity is O (1). Simulation 
result shows that ECBF data collection protocol, 
which is better than LEACH-M protocol, has a longer 
network lifetime and more successful data 
transmission. 
 
 
2. Network Model with Mobile Nodes 

Random Deployment and Fixed Nodes 
Grid Deployment 
 
Mobile model is used to describe the movement 

patterns of mobile nodes, including their changes in 
position, velocity and acceleration. It is the most 
accurate way to represent mobility according to the 
actual moving trajectory, during the research, 
however, it is difficult to record every movement and 
reflect the whole moving rules depend on the actual 
movement. Therefore, current researches adopt 
models to represent the moving characteristics of 
nodes.  

Mobile model is widely used in the performance 
evaluation of related protocols and algorithms in 
Mobile Ad hoc Network (MANET). For instance, at 
present, the MAC protocol, routing protocol, 
broadcast algorithm and Multicast algorithm proposed 
by Ad-Hoc Network obtain different data packet 
delivery rate, average end-to-end delay and average 
hop count in different models. These protocols have 
their own advantages and disadvantages in different 
mobility models and applications area [9]. 

This paper adopts a mixed nodes deployment 
method that combining deterministic with random 
deployment in Wireless Sensor Networks. Some fixed 
nodes are deployed to cover the monitoring area with 
square grid; however, a great number of sensor nodes 
are randomly distributed in monitoring area. This 
network model can be widely applied to wildlife 
monitoring, infections or access to information of 
community etc. 

Network structure is shown in Fig. 1, n nodes are 
deployed in a monitoring area Q, m fixed nodes are 
deployed with square grid, and n-m mobile sensor 
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nodes are randomly distributed in monitoring area. 
Fixed nodes are deployed determinately, so position 
of each fixed node is known, but mobile node is not.  

Cluster head is selected by competition of mobile 
nodes using clustering algorithm, and in each round of 
data collection, cluster head selected by algorithm 
may be different. 

 
 

 
 

Fig. 1. Network structure diagram. 
 
 

Network model is described as followed: 
(1) Mobile wireless sensor network consists of a 

large number of energy heterogeneous nodes, which 
includes m fixed nodes and n-m mobile sensor 
nodes(n>>m), initial energy of fixed node is higher 
than mobile node’s, the node number can be 
1,2,……,m，m+1, m+1, m+2,……,n, the number of 
the only sink node is 0. Initially fixed nodes are 
deployed by square grid with side L, and mobile nodes 
are randomly distributed.  

(2) All mobile nodes do not obtain their own 
locations, such as no GPS etc. 

(3) All nodes in the network are 
time-synchronized. 

Special instructions: for the deployment of fixed 
nodes (1), the number of fixed nodes and deployment 
method decide the number of cluster heads and 
distribution of clusters. Wireless sensor node energy 
consumption model proposed in paper [3] shows that 
signal reduction is in proportion to transmission 
distance, when transmission distance d is less than the 
threshold d0 (d0=86 m), the power amplifier loss 
adopts free space model, its transmission power is 
d2reduction; when d is greater than or equal to 
threshold d0, multi-path attenuation model is adopted, 
its transmission power is d4 reduction. Therefore, in 
order to reduce energy consumption maximally, this 
paper sets all communication distance of fixed nodes 
less than d0 to meet the free model, the side of square 
grid L=80 m. 

For (2), if the nodes in Wireless Sensor Networks 
want to get their locations, GPS, directed antenna or 
locating algorithm should be adopted, to get node’s 
location by configuring additional hardware device 

will increase the cost of hardware and energy, while 
locating algorithm requires nodes to exchange lots of 
information to compute their locations, which also 
cause high energy overhead. 

In the mobile sensor network, all nodes are divided 
into different clusters by clustering algorithm. We use 
a fixed node as a reference point to form the cluster. 
Therefore, each cluster is composed of a fixed node, a 
cluster head and multiple cluster members. All fixed 
node form a routing tree with Sink as the root node. 

Clustering divides the network into two layers: the 
fixed nodes and the cluster head form a high layer, and 
the member nodes form a low layer. In this topology 
structure, member nodes send the data to its cluster 
head, then, the cluster head send it to the fixed nodes 
after data fusion , and the Sink node will receive the 
data through other fixed nodes ultimately. 

Due to the mobility of nodes and the 
communication scheduling of cluster head, the cluster 
head will consume more energy compared to its 
cluster members. Therefore, through periodically 
clustering of the network, the mobile nodes with 
higher energy and nearest to the fixed node will be 
selected as cluster head, to distribute the load to all 
nodes. This topology structure can achieve high 
efficient energy saving, reduce the probability of 
packet collision, which insures better data throughput 
to the whole mobile sensor network. 

Assuming mWSN contains n nodes, the mobile 
sensor networks can be abstracted as a connected 
graph G. G = (V, E), V denotes the collection of all 
nodes in the network; E presents the two-way link set 
between two nodes, |V|=n; Taking m as the number of 
clusters, Ci = {vij} presents the node set of cluster i, i 
=1,…m, where vi0 represents the cluster head. 
Assuming the corresponding fixed nodes are Fvi0, vij 
are general mobile nodes. The cluster-tree structure of 
mobile sensor network can be abstracted as a 
connected graph T=(FN, E  ). FN denotes set of sink 
nodes, E  denotes the two-way link set between two 
fixed nodes in tree. The cluster-tree structure meets 
the following conditions: 

(1)



m

i

i nC
1

, all nodes belong to m clusters; 

(2)  ji CC ，( ji  ), denotes there is no 

intersection between two random clusters; 
(3) 2iC , the number of nodes in any cluster is 

more than or equal to 2; 

(4) FN={FNi0} { *v }，i=1,2,……m. Sink tree 

are formed by all the fixed nodes FNi0 and Sink  

nodes *v  

 
3. Distributed Algorithm  

of the Clustering Technique Based  
on Location Independent Node 
 

Distributed data collection algorithm of the 
Clustering technique Based on Location-independent 
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node (ECBL) is an improved algorithm of LEACH-M 
and ACE-L by overcoming their drawbacks. The 
network structure of this algorithm has learned the 
idea of ACE-L, but adopts a network different from 
ACE-L, nodes need not to know their own locations. 
The improved algorithm has achieved the design goals 
of uniform clusters, energy conservation and mobility 
support. 

The data structure and communication message 
design used in ECBL are given as follow. 
 
 
3.1. Data Structure of Sensor Node 
 

Suppose that local information of all nodes is 
stored in a continuous space. The structure of nodes 
(including fixed nodes and mobile nodes) in the 
mentioned network is described as follows: 
typedef struct {  

int ID; /*node number*/ 
float E0; /*initial energy of node*/ 
float Er; /* residual energy of node*/ 
int Mrp_ID； /*ID number of the referenced fixed 

node*/ 
char state; /*node status: yellow balls ‘Y’ 

represented fixed nodes, initially 
white balls ’W’ represented 
mobile node, when the status 
changed, cluster head was 
represented by black ball ‘B’ and 
node members were represented 
by gray balls ‘G’ */ 

float Tbegin; /* TDMA time slot starting time of 
node */ 

float Tdelay; /* TDMA running time slot of node 
*/ 

} NODEDATA; 
Each node of the network unites number with ID in 

the whole network. If there are m fixed nodes and n-m 
mobile nodes in the network, then the ID of each node 
can be specified as 1,2,…m,m+1,…n, and the fixed 
nodes’ ID are 1,2,... m, while the mobile nodes’ ID are 
m+1, m+2... N respectively.  

State indicates the status of the nodes; "White" 
denotes the initial color of all nodes within the 
network ; "W" represents the pending status; When 
clustering is completed, every node will turn "Black" 
or "Grey", in which nodes "B" turning black represent 
cluster head, while grey "G" represent non-cluster 
head nodes and yellow "Y" represent fixed nodes; 
Round is the number of times of nodes to participate in 
data gathering, initially set to 0; Tbegin denotes the 
starting time of slot TDMA, and Tdelay denotes slot 
TDMA of nodes; Indicator parent indicates the 
location of its parent node in the tree; if the node is 
fixed, it points to its parent node parentID and the 
cluster head points to its nearest fixed nodes. If it is not 
a cluster head, it points to the cluster head node of the 
cluster. 

Each fixed node and cluster head in network 
preserves a neighbor table NT[] locally, which is used 
for preserving residual energy of their neighbor nodes, 

latency to fixed nodes and nodes’ status information, 
which will be used in calculating average residual 
energy of neighbor nodes and comparing distances to 
fixed nodes. 
typedef struct{ 

int ID; /*ID of neighbor node in the whole 
network*/ 

char state; /* status of neighbor node*/ 
float dt; /* latency from this neighbor node to fixed 

node*/ 
float Er; /* residual energy of this neighbor node */ 

} NeighborhoodTable; 
NeighborhoodTable NT[];/*store information of all 

neighbor nodes*/ 
 
 

3.2. Message Design 
 
Some messages should be delivered in the 

implementation of ECBL algorithm. The message 
format is shown in Table 1. 
 
 

Table 1. Message Format. 
 

No. Message Message Format 
1 Fixednode_Msg (‘1’,,ID, T0) 
2 Mobilenode_Msg (‘2’, Mrp_ID ,ID, Er ,Δtij) 
3 KeyFixed_Msg (‘3’, ID, Cid, MidList[]) 
4 Clusterhead_Msg (‘4’, ID, Tbegin[],Tdelay) 
5 Hello_Msg (‘5’,ID) 
6 Data_Msg (‘6’, sourceID, data) 
 
 

Messages are described as follows: 
(1) Fixednode_Msg message 

In the beginning of data collection in each round, fixed 
nodes broadcast fixednode_Msg message with own 
ID and timestamp T0 included, mobile nodes can 
calculate the closest fixed node according to the time 
of receiving the message. Where ID is the number of 
fixed node, and T0 is the time when message starts to 
transmit. 

(2) Mobilenode_Msg message 
When mobile nodes deliver Mobilenode_Msg 
message to fixed nodes, which include own ID, 
residual energy, latency to referenced fixed node Δtij, 
the referenced fixed nodes can know information 
about cluster nodes according to this message. Where 
Mrp_ID is the number of referenced fixed node, Er is 
residual energy of mobile node, and Δtij is latency to 
main reference point. 

(3) Mobilenode_Msg message 
The referenced fixed nodes deliver KeyFixed_Msg 
messages, which include ID of cluster head node, ID 
of the fixed node corresponding to this cluster and ID 
of all the member nodes of the cluster. Where Cid is 
the ID of mobile cluster head, MidList[] is ID list of 
mobile nodes. 

(4) Clusterhead_Msg message 
The cluster head in this round is responsible for 
calculating TDMA time slot, broadcasting 
Clusterhead_Msg message, and dividing time slot of 
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member nodes in the cluster. ID is the ID number of 
cluster head, Tbegin[] is starting time list of TDMA 
time slot, Tdelay is TDMA running time slot. 

(5) Hello_Msg message 
Cluster head broadcasts Hello_Msg message, and 
decides whether mobile nodes of the cluster are within 
its communication range according to whether the 
message is received. 

(6) Data_Msg message 
Mobile node transmits its sensory data Data_Msg to 
cluster head in its time slot. Where sourceID is ID 
number of source node, data is metadata. 
 
 
3.3. Algorithm Description 
 

Similar to LEACH, ECBL algorithm is running by 
“round”, each “round” is divided into two stages: 
clustering and data transmission.  

Clustering stage includes two tasks that are 
forming cluster and electing cluster head. Cluster 
stage can be known as setting stage, also data 
transmission as stable operation stage.  

Fixed nodes in the network act as referenced nodes 
to form clusters in clustering stage. And in stable 
operation stage, cluster head calculates TDMA time 
slot of each node. Member nodes within the cluster 
will send the sensory data to cluster head in their time 
slot, cluster head then integrate these data and forward 
to the corresponding referenced fixed nodes, who will 
forward the data to sink node through network 
backbone routing constructed by fixed nodes.  

After one “round” data collection, the system will 
be re-clustering, and repeat the two stages above. In 
order to reduce overhead of message broadcasting in 
setting stage, usually each time data collection of all 
nodes is called a Cycle in practice, each “round” 
consists of many Cycles in order to reduce 
re-clustering times of network. 

ECBL algorithm is described as follows: 
Step 1: All the fixed nodes FNj (j=1,2…,m) 

broadcast Fixednode_Msg message and transmit a 
message with own ID and timestamp; Mobile nodes 
Mni (i=m+1,m+2,…,n) receive Fixednode_Msg 
message and calculate the distance from no more than 
four neighbor fixed nodes; 

Step 2: Mobile nodes send Mobilenode_Msg 
message to the closest referenced fixed nodes. Each 
fixed node will receive Mobilenode_Msg sent to 
them, and after that, the message is stored in its 
neighbor table, by now cluster has formed. For each 
fixed node, firstly elects the cluster head, marks the 
node in neighbor table which has higher residual 
energy than the average and a shortest distance as 
cluster head, then broadcasts KeyFixed_Msg 
message. After mobile nodes within cluster receiving 
KeyFixed_Msg, the statuses of member nodes are 
changed into ‘G’ and cluster heads into ‘B’, 
KeyFixed_Msg message is stored in neighbor table of 
cluster head. 

Step 3: Stable data collection stage. In each Cycle, 
the cluster head firstly calculates TDMA time slot, 

divides time slot by broadcasting Clusterhead_Msg 
message; if member node can receive Hello_Msg sent 
by cluster head within its time slot, the sensory data 
Data_Msg will be delivered, otherwise remove the 
node from time slot table. 

After three steps above, the whole implementation 
of ECBL algorithm has completed, and the following 
objectives have been achieved by clustering: 

A cluster head is elected around every fixed node 
in the whole network; 

The number of cluster head is uniform in each 
round; 

All clusters are almost with the same size; 
Node mobility is considered in data transmission, 

if a node moves out the cluster range, the allocated 
time slot will be removed. 

Distributed clustering algorithm (ECBF) has 
considered both mobility of nodes in the mobile 
sensor network and design principles of reducing the 
network energy consumption. Its clustering algorithm 
obtains the following features: 

(1) With the fixed nodes as reference point, the 
size and location of the cluster are distributed evenly . 

(2) With the fixed nodes as reference point, the 
residual energy of mobile nodes is considered in 
cluster head election, which can save energy. 

(3) With the fixed nodes as reference point, cluster 
head mobility is considered in the cluster head 
election. Those mobile nodes nearest to the fixed node 
are elected as cluster heads, which avoids the cluster 
head leave the cluster due to the movement. 

(4) With data sensing of ordinary mobile nodes in 
the cluster, data fusion by cluster heads , cluster head 
election and routing forward by fixed nodes, the 
network can achieve load balance, to prolong life 
cycle of the network. 

(5) With data forwarding by fixed nodes, massive 
control message exchange is reduced in building 
routing. The process in building routing is simple and 
reliable, which avoids the uncertainty caused by path 
break due to the movement by the backbone nodes for 
routing . 

(6) In each round of data collection, it is 
considered that the cluster members may leave the 
cluster due to their movement. When that occurs, the 
time slot allocated to the node will be deleted, to save 
energy. 
 
 
4. Simulation and Analysis 
 

Performance of the algorithm can be evaluated by 
simulation experiment; we mainly analyze the 
performance of ECBL algorithm in several aspects 
such as network life cycle, cluster distribution, 
number of cluster heads, and data transmission 
success rate. 

In the experiment, we set the monitoring area as 
1000 m × 1000 m, fixed nodes are deployed with 
square grid initially. 

Communication distances among all nodes in the 
experiment are within the free space model d0. In 
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order to minimize communication energy 
consumption of these nodes, so the length of square 
side is set to 80 m when deploying fixed nodes. In this 
experiment, 144 fixed nodes are grid deployment and 
other 2000 mobile nodes are random uniform 
deployment. Suppose that nodes are moving slowly in 
monitoring area with a maximal speed 3 m/s; Random 
Walk Mobility Model is adopted in this experiment. 
Location of sink node is (200, 200).  

The experiment result is the mean of  
100 independent experiments. The simulation 
parameters are shown as Table 2. 
 
 

Table 2. Experiment parameters. 
 

Parameter Value 
Network area size（m） 1000×1000 
FixedNode number, Init_Energy(J) 144, 50 
MobileNode number, Init_Energy(J) 2000, 20 
Size of square grid(m) 80 
FixedNode Transmission Radiu(m) 85 
MobileNode Transmission Radiu(m) 60 
Speed of mobilenode(m/s) 0~3 

elecE (nJ/bit) 50 

fs (pJ/bit/㎡) 10 

fusionE (nJ/bit) 5 

Data packet size(Byte) 512 
Round 2000 
Period of each round 5 s 

 
 

We run LEACH-M and ECBL algorithm 2000 
rounds and evaluate the performance through cluster 
distribution, network life cycle and data transmission 
success rate. 

In this experiment, because cluster selection of 
ECBL looks fixed node as reference, 144 cluster heads 
is selected in each round, whereas the mobile nodes 
choose the closest nodes in formation of clusters 
according to the distance from the corresponding fixed 
node, the clusters are with uniform sizes and locations. 
The way of electing cluster head in LEACH-M is 
almost the same as LEACH, cluster head is selected 
with random probability, locations of cluster head is 
distributed unevenly in each round, the number of 
cluster head is largely fluctuated, which aggregate the 
situation of network energy consumption. 

Fig. 2 is a comparison of network survival time. In 
the network using ECBL algorithm, all nodes 
communicate within the range of free space model d0, 
which preferably control energy consumption in data 
transmission, also messages between clusters forward 
to sink node by that fixed nodes adopt multi-hop short 
path communication, which is more energy-efficient 
than single-hop communication.  

Relation between energy decrement and 
communication distance is not considered in data 
transmission of LEACH-M, node’s energy will run 
out in a short time. In mobile environment, cluster 
head will take more energy to form cluster and record 

information of member nodes in LEACH-M, while in 
ECBL algorithm, mobile cluster head is responsible 
for collecting sensory information, integrating and 
forwarding to fixed nodes, which reduce energy 
consumption of cluster head efficiently, so that mobile 
nodes can survive longer and the network lifetime is 
extended.  

As can be seen from Fig. 2, ECBL can extend the 
network lifetime in comparison with LEACH-M. 

Fig. 3 is the comparison about data transmission 
reliability of LEACH-M and ECBL in the case that 
nodes move in different speed.  
 
 

 
 

Fig. 2. Comparison of network lifecycle. 
 
 

 
 

Fig. 3. Comparison of data transmission reliability. 
 
 
When the moving speed of node is quite slow, 

data transmission success rate in LEACH-M is similar 
to ECBL, while with the speed getting higher, data 
reliability of LEACH-M drops sharply, although the 
reliability of data transmission in ECBL will reduce 
slightly with the speed of node increasing, however, 
ECBL can keep a good performance as long as the 
nodes do not move rapidly. LEACH-M algorithm has 
a better performance in the case that cluster head is 
fixed, but when the cluster head moving fast many 
packets will be lost. Furthermore, data is forwarded by 
fixed node in ECBL, which not only reduce extra 
overhead of routing topology caused by mobility, and 
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also avoid the uncertainty that mobile nodes perform 
the routing task, the data transmission success rate is 
greatly improved in comparison with LEACH-M. 
 
 

5. Conclusions 
 

This paper presents a distributed clustering 
algorithm (ECBL) for mobile wireless sensor data 
collection protocol which is based on fixed nodes 
reference, energy heterogeneous, efficiency and 
reliability. ECBL clustering algorithm improved some 
drawbacks of LEACH-M protocol: not considering 
energy of node, mobility of cluster head and nodes, 
uneven number of cluster, uneven distribution.  
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Abstract: Electro-acupuncture stimulation (EAS) technique applies the electrical nerve stimulation therapy on 
traditional acupuncture points to restore the muscle tension. The rapid promotion and development of 
brain-computer interface (BCI) technology makes the thought-control of EAS possible. This paper designed a new 
BCI-control-EAS (BCICEAS) system by using event-related desynchronization (ERD) of EEG signal evoked by 
imaginary movement. The change of EEG signal was observed in the training and stimulation experiments with 
visual feedback. The Fisher parameters were extracted from feature frequency bands of EEG and classified into 
EAS control commands by Mahalanobis distance (MD) classifier. A feedback training technique was employed to 
correlate the enhancement of relevant EEG feature through a visual interface with a virtual liquid column, whose 
height varied along with EEG power spectral feature. According to the statistics analysis of 12 subjects, 
experimental results revealed the effective improvement of feedback training on signal feature and reliable control 
of EAS. It is expected that the proposed control method can explore a new way for EAS system design and help 
people who sufferers with severe movement dysfunction. Copyright © 2013 IFSA. 
 
Keywords: Electro-acupuncture stimulation, Brain-computer interface, Event-related desynchronization, 
Imaginary movement, Mahalanobis distance classifier. 
 
 
 
1. Introduction 
 

Acupuncture originated from ancient China has 
been used in the orient to treat various clinical muscle 
disorders for thousands of years, with recognized as a 
complementary medical method by NIH Consensus in 
1997 [1-2], which has been gaining popularity among 
practitioners of modern medicine [3]. Among the 
previous studies, electro -acupuncture stimulation 
(EAS) was widely used as a substitute for classical 
acupuncture. It is demonstrated that EAS produces 

reflex changes in muscle motor nerve activity and 
successful treatments of patients with clinical muscle 
disorders, providing this highly credible method [4-8]. 
The traditional usage of EAS was found to improve 
lower limb motor function of patients with paralyzed 
arms [5]. However, the poor autonomy for the patient 
to control EAS device restricts its application and 
makes it a technical bottleneck for further 
popularization. This template provides authors with 
most of the formatting specifications needed for 
preparing their articles. 
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Nowadays, the rapid promotion and development 
of brain-computer interface (BCI) technology makes 
it is possible for the EAS to be controlled by 
imaginary movement. The option for restoring 
function to those with motor impairments is to provide 
the brain with a new, non-muscular communication 
and control channel, a direct brain–computer interface 
(BCI) for conveying messages and commands to the 
external world. In a variety of methods for monitoring 
the brain activity, noninvasive EEG-based BCI 
provides an augmented communication channel for 
individuals who do not have the motor function 
capabilities that are necessary to interact with the 
external world [6, 9]. 

This research proposed a BCI-controls-EAS 
(BCICEAS) system to stimulate upper limbs action 
based on event-related desynchronization (ERD) of 
EEG signal evoked by imaginary movement. Three 
modules were contained in this system: signal 
acquisition module, signal processing module and 
EAS stimulator module, as shown in Fig. 1. A 
feedback training technique was designed to correlate 
the enhancement of relevant EEG feature through a 
visual interface with a virtual liquid column, whose 
height varied along with EEG power spectral feature. 

 
 

 
 

Fig. 1. BCICEAS experimental environment  
and control platform. 

 
 

2. Signal Processing Algorithm 
 

2.1. Short Time Fourier Transform (STFT) 
 
Considering that specific frequency bands and a 

fixed time delay of ERD, we introduce the method of 
Short Time Fourier Transform. STFT is one of the 
classic Time-frequency analyses in the EEG signals 
under study [9]. The STFT positions a window 
function )(t at on the time axis, and calculates the 

Fourier transform of the windowed signal as 
 






 dtettfwF jwt)()(),( *  , (1) 

 

when the window )(t is a Gaussian function, STFT 

is called a Gabor transform. The basis functions of this 
transform are generated by modulation and 
transformation of the window function )(t , 

where w and  are modulation and translation 
parameters, respectively. The fixed time 
window )(t is the limitation of STFT as it causes a 

fixed time–frequency resolution [10]. 
 
 

2.2. Matching Pursuit (MP) 
 

The method of algorithm of matching pursuit 
(MP), introduced by Mallat and Zhang (1993), 
decomposes any signal into a linear expansion of 
waveforms that belong to a dictionary of functions 
[11]. There are several restrictive conditions of its 
basics. In the first step of the MP, the 
waveform

0g which best matches the signal )(tf  is 

selected from a redundant dictionary D. In each of the 

following steps, the waveform ng is matched to the 

signal fRn which is the residual left after subtracting 

results of previous iterations:  
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MP decomposition of a signal )(tf  is carried out 

by successive approximations of the signal )(tf with 

its orthogonal projections on the atoms chosen from 
the dictionary in order to best match the local structure 
of the signal. After m  iterations, a matching pursuit 
decomposes a signal f into 
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where fRm is the residual vector after )(tf is 

approximated by m atoms, and
nn

n ggfR   ,  

characterizes the projection of fRn onto an 

atom
ng [11]. 

The orthogonally of fRn and ng in each step 

implies energy conservation: 
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For a complete dictionary, the procedure comes 
together to 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 51-57 

 53

n
n

n
n ggfRf 






0

,  , (5) 

 
We compute an estimation of the time-frequency 

density of the signal’s energy, which is free of 
cross-terms, by adding Wigner distributions W of 
selected functions: 
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2.2. MP-Fisher 

 
However, MP decomposition does not represent 

signals with time-frequency modulations correctly. 
Thus, MP-Fisher is the advance of MP algorithm. In 
this paper, the MP method based on Fisher criterion 
for optimization of movement-related EEG power 
features is proposed to provide a theoretical guide for 
selecting the most relevant EEG frequency 
components. Given the time-frequency distribution of 
the EEG power features, we calculate the parameters, 
called MP-Fisher ratio (MFR) combined with Fisher 
criterion in the following procedures 

The time-frequency distribution ),( ftFtf
 of the 

EEG power features is found by the MP algorithm. 
Sample mean and variances is determined according 
to the patterns of imaginary and non-imaginary motor. 
Based on Fisher criterion, we may estimate MP-Fisher 
parameters ),( fts defined by 
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where ),()1( ftMtf and ),()2( ftM tf stand for the 

corresponding range of mean, while )1(tfS and )2(tfS  

are variances of elements in two ),( ftFtf
. The bigger 

),( fts is, the higher the level of separability is. 

 
 

2.3. Mahalanobis Distance 
 
In statistics, Mahalanobis distance (MD) is a 

distance measure introduced by P. C. Mahalanobis 
(1936), and based on correlations between variables 
by which different patterns can be identified and 
analyzed. It is a useful way of determining similarity 
of an unknown sample set to a known one, in order to 
explore the classification procedures. The MD 
becomes an evaluation between two data points in the 
space defined by relevant features. Accounting for 
unequal variances as well as correlations among 
features, it will adequately evaluate the distance by 
assigning different weights or important factors to the 
features of data points [6]. 

Formally, the Mahalanobis distance from a group 
of values with mean T

P ),,,,( 321   and 

covariance matrix  p
for a multivariate vector 

T
Pxxxxx ),,,,( 321  is defined as: 
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The formula of Mahalanobis distance can also be 

defined as distinction with the following equation: 
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where two random vectors


x and 


y of the distribution 

with covariance matrix  p
 

Given two data total sets 1G , 2G and sample 

point x , their Mahalanobis distance can be restricted 
by the discrimination formula: 
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where sample point x exists three patterns: if 

0)( xw , 1Gx ; if 0)( xw , 2Gx ; if 

0)( xw , sample point x can not be certain. 

 
 
3. Experimental Design 

 
In this study, EEG training experiment was 

induced by imaginary movements. 12 healthy adult 
subjects participated in the experiment were divided 
into two groups by with or without feedback with  
3 males and 3 females for each group separately. For 
individuals, there are three stages in the experiment. 
Each stage lasts about 40 minutes and comprises of 
four sets (30 trials of imaginary movement for one 
set), including preparation, tips, imaginary movement 
and resting. The rest time between two trial-sets is 
about three minutes and each trial lasts about nine 
seconds. 

EEGs were recorded by an EMS Phoenix Digital 
EEG Equipment at electrode positions C3, C4 and A1, 
A2 of the international 10-20 system (as marked with 
red circle in Fig. 1). The research of neural 
electrophysiology showed that either an actual body 
movement or an imaginary movement can increase 
obvious intensity changes in the power spectral 
density (PSD) of some characteristic band 
components in evoked potentials [12]. The decrease of 
power spectrum ratio is called as event-related 
desynchronization (ERD), while the enhancement is 
called as event-related synchronization (ERS). In 
addition, both the characteristic bands and spatial 
cortex regions of ERD/ERS are related to the kind of 
actual or imaginary movements. It indicates that the 
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ERD/ERS induced the brain imaginary movements 
can be used as an effective means for EEG feature 
detection and pattern recognition. 

There are many definition and calculation methods 
for ERD/ERS, such as Hilbert transformation, band 
power spectrum, and power spectral decomposition 
[13-15]. Therefore, we adopt the definition of band 
power spectrum proposed by Pfurtschellera and 
Aranibar [16]. The percentage values for ERD are 
obtained by the following equation: 

 

(%)100



R

RA
CERD

, (11) 

 
where A represents the power spectral density within 
the frequency band of interest in the period after the 
event happens, whereas that of the preceding baseline 
or reference period is given by R  [16]. 

Under aforementioned study, the training 
experiments are applied to electro-acupuncture 
stimulation (EAS), in which the subjects can 
self-control their upper limbs in an on-line system test 
with feedback training. The electrodes are placed in 
the acupuncture Qu-Ze and Nei-Guan, which are the 
sensitive points of stimulation for lifting the fore-arm, 
as shown in Fig. 1. 

 
 

4. Results 
 

In this study, the PSD was applied to analyze the 
EEG activity of hand imaginary and non- imaginary 
movements, and discriminated between two stages by 
ERD on 12 subjects. All of them were aged between 
20 and 30 years old, and divided into two groups by 
with or without feedback. For the group of subjects 
with feedback, the feedback adjustment of imaginary 
movement state can be carried out by a visual interface 
of a virtual liquid column representing EEG power 
spectral value on feedback tache, as shown in Fig. 1, 
and by a visual interface of a virtual liquid column 
representing EEG power spectral value on feedback 
tache, as shown in Fig. 2.  

 
 

 
 

Fig. 2. Visual feedback interface  
of a virtual liquid column. 

For MP method based on Fisher criterion, the 
value of the frequency bands of ERD feature was 
calculated for all subjects, as it shows in Fig. 3. For 
MP -Fisher criterion, the characteristic frequency 
bands of each subject firstly are extracted according to 
Fisher parameter criterion. PSD is averaged in the 
corresponding characteristic bands and time periods. 
After the data being normalized, ERD value of each 
imaginary movement can be got according to equation 
(10). 

 
 

 
 

Fig. 3. ERD value calculated from 6 subjects with feedback 
(Subject 1-6) and without feedback (Subject 7-12). 
 
 
The mean of ERD value is from 0.0561 in stage 1 

down to 0.0181 in stage 3 for the group with feedback, 
while from 0.0548 down to 0.0393 for the group 
without feedback, as shown in Fig. 4. Comparing the 
first stage data with the third ones, the ERD value is 
defined as the ratio of the difference between 
imagination and resting period, so the EEG feature of 
imaginary movement increases following lower ERD 
values. Fig. 4 shows obvious enhancement 
phenomenon of EEG, after the participants in the two 
groups complete the training process. It is also 
concluded that feedback training has a more 
improvement of EEG feature in comparison to no 
feedback training. By comparing the ERD value of  
2 stages through t test, P value which reflects the 
extent of difference was shown in Fig. 5. The 
remarkable dissimilarity exists when P is less than 
0.05, as marked with red star. For the group with 
feedback, there are significant differences in the data 
between the stage 1 and next two stages. For the 
groups without feedback, only the distinctions 
between stage 1 and 3 are obvious. Therefore, we can 
see the significant enhancement phenomenon of EEG 
by feedback training process. Importantly, feedback 
training is necessary for BCICEAS system to 
overcome the problem, which results from strangeness 
to influence imaginary movement efficiency for the 
first use of the system. The similarity between stage  
2 and 3 indicates a saturation situation resulting from 
feedback training which reflects that the feedback 
system decreases the training time significantly for the 
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voluntary control by the patients using BCI, and 
proves a suitable method for medical rehabilitation. 
Thus, there is no significant improvement when 
training reaches certain intensity. The training process 
is of importance for each individual in the experiment. 
Thus, clear enhancement phenomenon of EEG can be 
achieved by training. Further more, the enhancement 
of EEG feature in the test with feedback is higher than 
that of non-feedback. Fig. 3 shows the curves of the 
mean ERD value for all subjects with and without 
feedback. Compared with the group without feedback, 
there is more remarkable increase of ERD value and 
more significant enhancement of EEG feature in the 
test with feedback. These results prove that the 
feedback training can effectively improve the 
intensity of EEG feature. 

 
 

 
 

Fig. 4. ERD value comparison during trainings with and 
without feedback in different stages. 

 
 

 
 

Fig. 5. P value comparison by T-test between two stages 
during trainings with and without feedback in different 

stages. (☆: P<0.05). 
 
 

Mahalanobis distance was used to evaluate 
accuracy of imaginary and non-imaginary. Imaginary 
accuracy is considered that the disposed signals of 
imaginary movement stimulate the upper limb 
correctly, whereas non- imaginary accuracy denotes 
movement without real stimulus signals. The 
recognition accuracy in stimulus experiment for 
non-imaginary task in EAS experiment is more than 
90.9 % while that for imaginary task is just more than 
76.7 %. The experimental accuracy in non-imaginary 
task is higher than those in imaginary task. It is the 
reason that the delay comes out in the process of 
collecting EEG signals, which can not generate ERD 
phenomenon. 

5. Discussion 
 

In this research, our aim was to develop a 
BCI-controls-EAS (BCICEAS) system to modulate 
movement of upper limbs by electroacupuncture and 
EEG. An imaginary movement can induce obvious 
intensity changes in the power spectrum density (PSD) 
of some characteristic band components in evoked 
potentials Event-related desynchronization (ERD) of 
EEG signal was observed by the decrease of power 
spectrum ratio, which is evoked by imaginary 
movement. Moreover, the change of EEG signal was 
observed in the training and stimulation experiments 
with visual feedback. The Fisher parameters were 
extracted from feature frequency bands of EEG and 
classified into EAS control commands by 
Mahalanobis distance (MD) classifier. A feedback 
training technique was employed to correlate the 
enhancement of relevant EEG feature through a visual 
interface with a virtual liquid column, whose height 
varied along with EEG power spectral feature. 
According to the statistics analysis of 12 subjects, 
experimental results revealed the effective 
improvement of feedback training on signal feature 
and reliable control of EAS. 

Several previous studies have shown the benefit of 
acupuncture for motor improvement in stroke 
rehabilitation [17-20]. However, the effectiveness of 
acupuncture on motor functional recovery has been 
seriously challenged by the results reported in recent 
clinical trials [21-22]. The poor autonomy for the 
patient to control EAS device restricts its application 
and makes it a technical bottleneck for further 
popularization. In the current study we targeted a 
self-control electroacupuncture system for clinical 
needs. Our results in the present study are promising. 
Acupuncture stimulation offered important benefits of 
limbs’ motor when combined with BCI training. 

Additionally, previous studies have shown that 
these applications of the matching pursuit (MP) 
method to EEG recordings demonstrate the ability of 
this method to provide continuous detailed 
decompositions of captured activity into component 
waveforms [23]. In our study MP-Fisher is a valuable 
tool for time–frequency analyses of dynamic activity 
of EEG as the advance of MP algorithm, which is 
consistent with previous results. 

Previous studies have demonstrated that the 
Mahalanobis classifier based on the use of the full 
covariance matrix of features is able to classify EEG 
patterns during imagination of left and right hand 
movements [24]. Such recognition has been 
performed by using data from few EEG electrodes at a 
high level of accuracy. The classification performance 
by using data from the C3 and C4 electrodes of such 
method are statistically equivalent to those obtained 
by using four recording electrodes (C3, C4, P3, P4) 
[24]. Thus, it was used to apply for our study. 

After extracting the PSD from the recorded EEG 
data, the value of ERD can be acquired. This paper 
made use of ERD phenomenon evoked by imaginary 
movement to observe the change of EEG signal in the 
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training process and two EEG experiments (with 
feedback and without feedback). Against the absence 
of this exploration of the relativity of EEG features for 
training, especially relative research problems about 
how training effects the change of these features, the 
feature of EEG can be strengthened using the training 
process and feedback tache. It is proved that training 
can intensify EEG features and the EEG features after 
the whole training process for subjects of both groups 
show significant enhancement. In addition, the 
introduction of feedback tache can improve the effect 
of training; the EEG features of the subjects in the 
group with feedback were obviously better than those 
in the group without feedback. Beside, the subjects 
were tested by an on-line system after feedback 
training and the highest experimental accuracy rate of 
them could reach above 76.7 % equally, with highest 
one at 90.9 %. Thus, it can be realized that the function 
of transforming imaginary movement into 
self-acupuncture stimulization and possess higher 
application prospects of serving disabled people to 
recover their upper limbs, which was worth making 
further research and extension. 

 
 

6. Conclusions 
 
The development of a scientific electrical 

acupuncture stimulization has made it possible to 
consider a wide variety of clinical applications that 
have been demonstrated. Acupuncture has a great 
potential of being used for rehabilitation. This 
research provides the basis for the development of 
BCI-control-EAS system which might help patients 
with severe paralysis to regain control over their body, 
which is worth making further research and extension. 
Using the fMRI, however, the neurobiological 
evidence of specificity of the acupuncture has been 
provided by EAS [25]. The important next step in 
acupuncture research is to have a better understanding 
of the neurophysiologic mechanism of acupuncture in 
order that the therapeutic effectiveness of acupuncture 
can be further increased. 
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Abstract: In multi-sensor tracking system, the track-to-track association problem is to determine whether a set of 
local tracks from different sensor systems are represent the same target. This problem is usually formulated as a 
binary hypothesis test, and the most common statistics is defined as the squared Mahalanobis distance (SMD) 
between the kinematic state estimates of two tracks. In this paper, three types of SMD algorithms are investigated, 
i.e., the SMD algorithm, the cumulative SMD algorithm, and the Discrete Wavelet Transform (DWT) algorithm 
which can be regarded as a generalized SMD ratio algorithm. The first one can be looked as singlescan algorithm, 
and the rest two are multiscan approaches. From another viewpoint, the first two are time domain algorithms, and 
the last one is a transform domain algorithm. The probability distribution functions of statistics defined by these 
algorithms have been discussed under the assumption that the estimates errors are independent across time. The 
Operating Characteristic Function is used to describe association performance. It shows that the multiscan 
algorithm performs better than the singlescan algorithm. As to multiscan algorithms, the DWT algorithm is 
superior to time domain algorithm. But better algorithm is more sensitive to the residual bias because the statistic 
based on SMD of target state estimates is directly contaminated by the bias. Copyright © 2013 IFSA. 
 
Keywords: Multi-sensor data fusion, Multi-target tracking, Mahalanobis distance, Track-to-track association, 
Discrete wavelet transform, Operating characteristic function. 
 
 
 
1. Introduction 

 
In hierarchical multi-sensor tracking systems, each 

sensor system processes sensor data from its own 
sensors to generate and maintain single-sensor or 
locally-fused tracks, and a central fusion center that 
fuses the sensor tracks into a set of system tracks. The 
track-to-track association (T2TA) problem is to 
determine the pairing of sensor level tracks that 

correspond to the same true target from which the 
sensor level tracks originated. It must be resolved 
before these tracks can be fused. 

A number of algorithms have been proposed to 
resolve T2TA problem. In the simplest scenario of two 
tracks source from two independent tracking systems, 
T2TA is usually formulated as a binary hypothesis 
testing problem, and the most classical test statistic is 
defined as the squared Mahalanobis distance (SMD) 
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of the difference of kinematic state estimates [1]. 
Bar-Shalom [2] has pointed out that the errors of state 
estimates belong to the same target are not 
independent whereas the two tracking systems are 
independent because of the same process noise and 
revised the statistic formula. Ref. [3] has analyzed the 
performance of this algorithm, but the method is 
complex. Recently, some efforts are focused on 
developing novel statistic, such as feature-aided 
association, position topology association [4, 5]. 
Others are concerned with multiple targets assignment 
cost or join registration and association [6, 7]. All 
these algorithms are hard to exactly analyze the 
performance. 

All approaches mentioned above belong to 
singlescan algorithms which just deal with the current 
track data. From the perspective of hypothesis testing, 
multiscan algorithm which uses historical information 
as while as the current data should have more test 
power. Ref. [8] directly extends singlescan SMD 
algorithm to multiscan algorithm by using cumulative 
sum of multiframe SMD as the statistic. Ref. [9] 
demonstrates this algorithm can not reach the 
theoretical performance because estimation errors are 
dependent across time. Ref. [10] presents an exact 
algorithm for calculating the test statistic accounting 
for the crosscorrelation.  

We mainly investigate the theoretical test power of 
T2TA algorithms based on SMD in this paper. Three 
types of SMD algorithms are discussed in detail, i.e., 
the SMD algorithm [1, 2], the cumulative SMD 
algorithm [8], and the Discrete Wavelet Transform 
(DWT) algorithm [11, 12] which can be regarded as a 
generalized SMD ratio algorithm. The first one can be 
looked as singlescan algorithm, and the rest two are 
multiscan approaches. From another viewpoint, the 
first two are time domain algorithms, and the DWT 
algorithm is a transform domain algorithm. The 
distributions of testing statistics have been discussed. 
The Operating Characteristic Function (OCF) is used 
to compare the performance of different algorithms.  

This work is based on the following assumptions:  
1) sensors measure targets independently; 2) all tracks 
are updated synchronously; 3) all tracks have same 
length and 4) estimate errors of track states are 
independent across time in the multiscan algorithms. 

The rest paper is organized as follows. The 
notations and the hypothesis test model as well as the 
performance metrics are discussed in Section 2. In 
Section 3, we look in sight the singlescan test use 
SMD as the statistics, and discuss some methods to 
deal with dependent error and residual bias. Section 4 
describes two multiscan algorithms, the cumulative 
SMD test and the DWT ratio test, and compares the 
performance under typical tracking scenarios. 
Conclusions are in Section 5. 

 
 

2. Notations and the Hypothesis Test 
 
Consider the simplest T2TA problem to decide 

whether two tracks from two independent tracking 

systems i and j represent the same target. Let i
kx  and 

j
kx  denote the n-dimensional true target states at time 

instant k, ˆ i
kx  and ˆ j

kx  denote the corresponding state 
estimates, i

kP  and j
kP  denote the covariance matrix. 

Denote the difference of the two estimates as 
 

 ˆ ˆ ˆij i j
k k k= −δ x x . (1) 

 
This is the estimate of the difference of the true 

states 
 

 ij i j
k k k= −δ x x . (2) 

 
Suppose all the history estimates and covariance 

matrices until time k are available at the fusion center. 
The hypothesis of whether the two tracks have the 
same origin is 

 
• H0 : ij

k =δ 0  at any time k ; 
• H1 : ij

k ≠δ 0 . 
 
The statistics, denoted by D, is defined as 

functions of SMD in all algorithms discussed in this 
paper. The test threshold T can be chosen to satisfy 

 
 0P{ | H }D T α> = , (3) 

 
where, P{} represent the probability, α  is a given 
level of significance. 

Then the test is 
 
• Accept H0 , if D T< ; 
• Accept H1, otherwise. 
 
To evaluate the performance of a T2TA algorithm, 

we define four metrics, probability of correct 
association PCA, probability of false dismissal PFD, 
probability of correct reject PCR and probability of 
false association PFA, as following, 

 

 

CA 0

FD 0

CR 1

FA 1

{ | }
{ | }
{ | }
{ |

H

}

H

H
H

P P D T
P P D T
P P D T
P P D T

= ≤
= >
= >
= ≤

. (4) 

 
Obviously, PFD is the type I error probability (or 

α–error) of the track association hypothesis test, and 
PFA is the type II error probability (or β–error).  
We have 

 
 CA FD FA CR1,   1P P P P+ = + = . (5) 

 
By use Eq. (3) and Eq. (4), PCA and PFD can be 

obtained directly as 
 

 CA 1P α= − , FDP α= . (6) 
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To calculate PFA and PCR, we must have a specific 
alternative hypothesis, i.e. we must give hypothesis H1 
a specific assumption that there is a distance 

0ij
k k≡ ≠δ v  between the two targets, then we can 

calculate the probability by integral calculus of the 
probability density function (PDF).  

A more convenient tool to evaluate performance is 
the OCF. The OCF of a hypothesis test is the 
probability that the test fails to reject H0 as a function 
of θ, where θ is the unknown parameter. It is defined 
as [13] 

 
 0( ) (test fails to reject H )Pθβ θ = , (7) 

 
and the plot of OCF is the so-called OC curve. 

By using OCF, PFA and PCR are evaluated as 
 

 FA CR( ),   1 ( )P Pβ θ β θ= = − . (8) 
 

and PCR is also called the test power. 
Two important distributions, the noncentral 

chi-square distribution and the noncentral 
F-distribution, will be used when discuss the statistic’s 
distribution. 

If statistic D is a noncentral chi-square random 
variable with noncentrality parameter U and n degrees 
of freedom, denoted by 2 ( )nD Uχ∼ , its characteristic 
function is [14] 

 

 / 2( ) (1 2 ) exp
1 2

n
D

jtUjt jt
jt

φ − ⎧ ⎫
= − ⎨ ⎬

−⎩ ⎭
, (9) 

 
and the probability can be evaluated by 

 

 / 21 sin( / 2)P{ } ( ) jtT
D

tTD T jt e dt
t

φ
π

+∞ −

−∞
< = ∫ . (10) 

 
If statistic D is a noncentral F-distributed random 

variable, denoted by ( , ; )D F n m U∼ , which is 
defined as 

 

 
/
/

X nD
Y m

= . (11) 

 
where 2 ( )nX Uχ∼  and 2 (0)mY χ∼ , and its PDF is 
[14] 

 

 

( ) 2

2

2

/2

0 2 2

1

/ 2
( )

B( , ) !

                     

n

n m

n

k kU

D m n
k

k
k

e U np x
k k m

m x
m nx

+

+−∞

=

+
− +

⎛ ⎞= ×⎜ ⎟+ ⎝ ⎠

⎛ ⎞
⎜ ⎟+⎝ ⎠

∑
, (12) 

 
when 0x ≥  and zero otherwise. The term B() in Eq. 
(12) is beta function. 

 

3. Singlescan Test and Performance 
 

3.1 SMD Test 
 
Suppose the estimates error of different sensor are 

independent, Gaussian, and unbiased, the SMD 
association algorithm define statistic as following 

 
 T 1

SMD
ˆ ˆ( )ij ij

k k kD −δ P δ , (13) 
 
where 
 

 i j
k k k= +P P P . (14) 

Under H0 , 
 

 ˆ ( , )ij
k kNδ 0 P∼ , 2

SMD nD χ∼ . (15) 
 
Given the significance level α , we can get the 

threshold  
 

 2
SMD ,nT αχ=  (16) 

 
and PCA can be obtained directly by Eq.(6).  

Define the normalized squared distance at time 
instant k as 

 
 T 1

k k k kU −v P v . (17) 
 
Under H1, 
 

 ˆ ( , )ij
k k kNδ v P∼ , 2

SMD ( )n kD Uχ∼ . (18) 
 
Then PFA can be evaluated by Eq. (9) and Eq. (10). 
 
 

3.2. Dependent Errors 
 
Eq. (13) and Eq. (14) assumes that state estimate 

errors in system i are independent of those from 
system j. This is not true because of the same process 
noise when estimates belong to the same target. If that 
is the case, then Eq. (14) must be replaced with [2] 

 
 i j ij ji

k k k k k= + − −P P P P P , (19) 
 
where ij

kP  and ji
kP  are the cross covariances due to 

common process noise. 
 
 

3.3. Residual Bias 
 
Consider the case where ˆ ij

kδ  has been corrected for 
bias, but some residual bias still remains. It may arise 
from maneuver or transformation biases between two 
systems for tracks on the same target. 

Let ˆE{ }ij
k k≡b δ  denote the residual bias at time 

instant k. Define the normalized squared bias as 
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 T 1
k k kW −b P b , (20) 

 
Under H0, 
 

 2
SMD ( )nD Wχ∼ . (21) 

 
In practice, the residual bias is unknown in most 

occasions. If we ignore the unknown residual bias and 
still use central chi-square distribution threshold to 
make the test decision, PCA doesn’t subject to Eq. (6) 
and is degraded severely. 

If ignored the residual bias, Fig. 1 shows PCA 
decrease rapidly as W increases especially when n is 
small. This is coincident with the result in Ref. [3]. 
Thus it is necessary to remove the effects of biases in 
the SMD. 

In recent literature [15], approaches are discussed 
to deal with the existence of residual bias as well as 
covariance jitter in Mahalanobis distance. It shows the 
bias problem is significant. So we introduce two 
methods to correct residual bias when calculating 
SMD. 

Case I: kb  is exactly known. Eq. (13) can be 
substituted by 

 
 T 1

SMD
ˆ ˆ( ) ( )ij ij

k k k k kD −− −δ b P δ b . (22) 
 
Under H0,  
 

 2
SMD nD χ∼ , (23) 

 
and under H1, 
 

 2
SMD ( )n kD Uχ∼ , (24) 

 
where 
 

 T 1( ) ( )k k k k k kU −= − −v b P v b . (25) 
 
 

 
 

Fig. 1. The probability of correct association PCA  
is deteriorated by the ignored residual bias W. 

 
Case II: kb  is unknown, Gaussian but can be 

estimated. Suppose ˆ ij
kδ  and ˆ

kb  are independent, and 

ˆ
kb  is a linear unbiased estimator of kb , with known 

covariance matrix kQ , and 
 

 ˆ ( , )k k kNb b Q∼ , (26) 
 

then, Eq. (13) can be replaced with [15] 
 

 T 1
SMD

ˆ ˆˆ ˆ( ) ( ) ( )ij ij
k k k k k kD −− + −δ b P Q δ b . (27) 

 
Under H0,  
 

 2
SMD nD χ∼ , (28) 

 
because 
 

 ˆ ˆ (0, )ij
k k k kN− +δ b P Q∼ . (29) 

 
Under H1, since 
 

 ˆ ˆ ˆ( , )ij
k k k k k kN− − +δ b v b P Q∼ , (30) 

 
yield 

 
 2

SMD ( )n kD Uχ∼ , (31) 
 

where the normalized squared distance kU  is 
 

 T 1ˆ ˆ( ) ( ) ( )k k k k k k kU −= − + −v b P Q v b . (32) 
 
In practice, it is assumed that the two tracking 

systems can estimate the residual bias and its 
covariance independently. Denote the residual bias 
estimates as 

 
 ˆ ˆi i i

k k k= −b x x , ˆ ˆj j j
k k k= −b x x , (33) 

 
and the covariance matrices as 

 
 ˆcov( )i i

k k=Q b , ˆcov( )j j
k k=Q b . (34) 

 
In Eq. (27), the ˆ

kb  and kQ  can be calculated as 
following 

 
 ˆ ˆ ˆ ,  i j i j

k k k k k k= + = +b b b Q Q Q . (35) 
 
 

4. Multiscan Test and Performance 
 
4.1. Cummulative SMD Test 
 

An intuitional method to extend singlescan test to 
multiscan test is to use cumulative sum of SMD over 
the most recent m frames of track data. It is called 
cumulative SMD (CSMD) algorithm or sliding 
window algorithm [10]. The test statistic is defined as 
[8]  
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 T 1
CSMD

1

ˆ ˆ( )
k

ij ij
l l l

l k m
D −

= − +
∑ δ P δ . (36) 

 
Assuming the estimates errors of different sensor 

are independent, Gaussian, unbiased, and all 
estimation errors are independent across time, under 
H0,  

 
 2

CSMD ~ nmD χ , (37) 
 

and under H1,  
 

 ( )2
CSMD ~ nmD Uχ , (38) 

 
where  

 

 T 1

1 1

k k

l l l l
l k m l k m

U U −

= − + = − +

= =∑ ∑ v P v . (39) 

 
Obviously, SMD test is the special case of CSMD 

test while m = 1. 
It must be noted that those assumptions, such as 

unbiased, independent across time, are not true in 
practice. The approaches to eliminate the effects of 
common process noise and residual bias have been 
discussed above. Ref. [12] shows a method to 
calculate the exact statistic accounting for the 
crosscorrelation. 

The hypothesis test of T2TA problem is a test 
about the expectation of the true states distance, and 
the test parameter ij

kδ  is a vector. The OCF can not be 
directly used to evaluate the performance of different 
algorithms in this occasion, and a scalar variable 
should be introduced to act as the test parameter.  

We define the mean normalized squared distance 
U as 

 

 
1

1 k

l
l k m

U U
m = − +
∑ , (40) 

 
and the hypothesis test of T2TA problem can be 
transformed to 
 

• H0 : U = 0 ; 
• H1 : U ≠ 0 . 

 
Now, the OCF of CSMD test can be defined as a 

function of U , that is 
 

 0
2

CSMD ,

( ) P {test fails to reject H }
P { ( )}

U

nmU

U
D mUα

β
χ

=
= <

, (41) 

 
Given α = 0.05, n = 2 (suppose target states only 

contain 2-D position data), Fig. 2 shows three typical 
OCF curves of CSMD algorithm for m = 1, 2, and 4. 
While 9U = , ( )Uβ = 0.2293, 0.0569 and 0.0027 
respectively. Given ( ) 0.2Uβ = , U  = 9.7, 6.0,  
and 3.7.  

To understand these data, we just discuss a special 
case that the covariance matrix is constant across time, 
i.e.,  

 
 2 2( , )l diag σ σ= ≡P P , (42) 

 
yield, 

 

 

T 1

1

T
2

1

E2

1

1 1

1

k

l l l
l k m

k

l l
l k m

U
m

m

D

σ

σ

−

= − +

= − +

=

⎛ ⎞= ⎜ ⎟
⎝ ⎠

=

∑

∑

v P v

v v , (43) 

 
where ED  is the average squared Euclid distance.  

If the Euclid distance between the two targets is 
3σ  constantly, i.e., 9U = , then PFA = 22.9 %, 5.69 %, 
and 0.27 % respectively with m = 1, 2 and 4. 

On the other hand, to guaranty PFA ≤ 0.2, the 
Euclid distance between two targets should no less 
than 3.11σ , 2.45σ and 1.76σ  for m = 1, 2, 4 
respectively. It means the performance is better while 
window size increasing. 

 
 

 
 

Fig. 2. Theoretical OCF curves of CSMD test  
(α = 0.05, n = 2). 

 
 

4.2. DWT Ratio Test 
 
CSMD algorithm can be regarded as time domain 

approach. Ref. [11] presents a T2TA algorithm in 
transform space using DWT, and the formal formula 
of statistic is deduced in Ref. [12]. The essential idea 
of this algorithm is that deterministic signal and noise 
exhibit different features in wavelet domain, I.I.D. 
Gaussian white noise series still keep white with 
identical statistical properties, but the signal energy is 
concentrated mostly in the lower scale space.  

The matrix form of 2J  frames track estimate 
differences, regarded as n-dimension time series, is 
denoted by 
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 T 2
1 2

ˆ ˆ ˆ[ , , , ]
Jij ij ij ij n

k m k m k
×

− + − +∆ = ∈δ δ δ R . (44) 
 
The orthonormal DWT matrix W can be divided 

into J0+1 submatrices [16]: 
 

 

0 0

0

00

TT T T 2 2
1 0

T

,1 ,2 ,2 1, ,

T

1 2

, , , , 1, ,

, , ,

, ,

J J

J j

J J

J J

j j j j j J

J

J J

−

−

×

=

⎧ ⎡ ⎤= ∈ =⎣ ⎦⎪
⎪ ⎡ ⎤=⎨ ⎣ ⎦
⎪
⎪ ⎡ ⎤= ⎣ ⎦⎩

W W W V

W

V

…

… …

…

…

w w w

v v

R

, (45) 

 
where { }, ,  1, ,2J j

j k k −= …w  and { }0,  1, ,2J J
k k −= …v  are 

the orthonormal bases of the j-th wavelet space and the 
J0-th scale space respectively. When J0 = J, W is a 
standard DWT. When J0 < J, W is a partial DWT. 
Both of them are orthonormal transformation. 

Assuming the covariance matrix is constant across 
time, i.e., k ≡P P , the ratio of energy in high 
resolution wavelet space to energy in lower resolution 
scale space can be defined as the statistical test [12], 

 

 
0

0 0

1 1 T

DWT 1 T
1 1

2 tr ( )

tr ( )

J ij ij
J J

ij ij
D

− −

−

⎡ ⎤∆ ∆⎣ ⎦
⎡ ⎤∆ ∆⎣ ⎦

V P V

W P W
, (46) 

 
where, tr() is trace function of square matrix, the 
recommend value of 0J  is 1J − . 

According to Eq. (46), DWT algorithm can be 
regarded as a generalized CSMD method, which test is 
a ratio between two cumulative SMDs after partial 
orthonormal transforming. 

Ref. [11] shows that, under H0, 
 

 0 1
DWT (2 , 2 )J J JD F n n− −∼ , (47) 

 
and under H1, suppose all of deterministic signal 
energy can be concentrated to the lower scale  
space, then 

 

 0 1 T 1
DWT

2 1

(2 ,2 ; )
J

k
J J J

l l l
l k

D F n n− − −

= − +
∑ v P v∼ . (48) 

 
The OCF of DWT test is also defined as a function 

of U , that is 
 

 0 1
DWT( ) P { (2 ,2 ; )}J J J

UU D n n mUFαβ − −= < , (49) 
 

where the mean normalized squared distance U is 
defined in Eq. (40) with 2Jm = . 

To check out the practical performance of DWT 
algorithm, according to Ref. [11], simulations has 
been done in scenario of two parallel flying targets and 
two cross flying targets respectively, see Fig. 3 and 
Fig. 4. Suppose there are two sensors, each sensor 
only track and report one target of these two. We want 
to know whether CSMD and DWT algorithm can 
distinguish these two tracks are different targets. 

Other scenarios may be taken into consideration but 
these two are convenient to calculate. 

Targets velocity S is 1 Ma constantly. The track 
reporting periods of both systems are 1 s. Covariance 
matrices are 

 
 2 2

1 1( , )i diag σ σ=P , 2 2
2 2( , )j diag σ σ=P , (50) 

 
where 

 
 1 100σ = , 2 300σ = . (51) 

 
In the parallel scenario (Fig. 3), 2d∆  is the 

constant squared Euclid distance between two targets. 
For a given U , 2d∆  can be calculated as 

 

 
2 2 2

1 2
5

d ( )

10

U

U

σ σ∆ = +

=
. (52) 

 
 

 
 
Fig. 3. Trajectories of two parallel moving targets. 

 
 
In the cross scenario (Fig. 4), one target crosses the 

other at the middle of the track trajectory, the angle 
between the two trajectories is denoted by θ .  

 
 

 
 

Fig. 4. Trajectories of two crossing targets. 
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Given θ , yield 
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According Eq.(53), θ  is a function of U , 
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It should be mentioned that in this cross scenario 

U  is limited by  
 

 2 2 2
1 285 / ( )U S σ σ≤ + , (55) 

 
and when the two targets moving face to face U reach 
the maximum value. 

Fig. 5 is theoretical OCF curves of CSMD and 
DWT test and simulation results. The ‘DWT’ curve is 
the theoretical OCF curves of DWT algorithm under 
the assumption of perfect signal energy shrinkage 
effect, which means all signal energy is concentrated 
in the J0-th scale space and only noise is left in wavelet 
space. The ‘SimP’ curve is simulation results of two 
closely parallel tracks using DWT algorithm based on 
the average of 1000 Monte Carlo runs, and the ‘SimC’ 
curve is of two closely cross tracks. The simulation 
parameters are selected as α = 0.05, n = 2, m = 16,  
J = 4, J0 = 3.  

In Fig. 5, it shows DWT algorithm is superior to 
CSMD algorithm both in theoretic and simulation’s 
performance. While 1U = , the PFA of the four curves 
are 46.5 %, 33.8 %, 20.4 % and 20 % respectively. 
The DWT algorithm is perfect to distinguish two 
parallel tracks because of the perfect energy 
concentrating effect of DWT. Unfortunately, the 
DWT algorithm is worse than CSMD algorithm if 
regard U  as residual bias. 

 
 

 
 
Fig. 5. Theoretical OCF curves of CSMD and DWT test and 

simulation results (α = 0.05, n = 2, m = 16, J = 4, J0 = 3). 

5. Conclusions 
 

In this paper, T2TA algorithms based on SMD 
have been revisited. The performance of singlescan 
SMD algorithm, multiscan cumulative SMD 
algorithm and a generalized SMD ratio algorithm 
based on DWT has been compared using binary 
hypothesis test. Some techniques about residual bias 
removing have also been discussed for calculating 
SMD. Under the assumption of estimates errors 
independent across time, the following can be 
concluded according to the performance comparison 
of those algorithms. 

1) Multiscan algorithm performs better than 
singlescan algorithm. 

2) The performance of a test statistic based on 
distance in some transform domain, such as Discrete 
Wavelet Transform, may be improved than time 
domain approaches. 

3) The OCF curves also imply that better algorithm 
is more sensitive to residual bias. The reason is that 
the bias directly contaminates the testing 
statistics—SMD. Using bias removing technique or 
developing other measure, such as target feature, 
attribute and/or topology, combined with kinematic 
states to describe track similarity, maybe more 
suitable to resolve T2TA problem. 
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Abstract: Based on the researches on controlling urban artery traffic, a hierarchical control method for traffic 
signals at artery multi-crossings is proposed. This control method, which uses wireless sensor networks and fuzzy 
control method, has two layers of WSN. The first layer is a data collecting layer which consists of terminal nodes and 
sink nodes. This data collecting layer is responsible for collecting and transmitting vehicle information to the second 
layer after data fusion at the single crossings. The fuzzy controller, nested in the sink nodes, is used to accomplish 
traffic light control and adjusting on-line the green ratio in all directions at crossings. The second layer is the control 
layer, composed of coordinator nodes in which the fuzzy controller is nested. The coordinator nodes are used to 
receive the traffic data detected by the first layer, the real traffic data and the forecasting traffic datas are input into 
the fuzzy controller. The fuzzy controller determines the signal cycles at the artery. Simulation results have shown 
that this method is superior to the ordinary fuzzy control, effectively reducing queue length of vehicles and traffic 
delays. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Intelligent traffic, Fuzzy control, Neural network, Traffic flow forecasting. 
 
 
 
1. Introduction 

 
The fuzzy control does not need any accurate 

mathematical models. It is especially suitable for high 
random traffic control systems. In 1977, Pappis [1] and 
others designed a two-phase fuzzy logic controller for 
a single intersection. In the simulation to an ideal plane 
intersection, such a control algorithm could reduce 
traffic delays around 7 % than traditional control 
method. Since then, on the basis of this design, many 
researchers had made further development .While 
comparing set-timed control or sensor control with 
system performance, they also got a more positive and 
superior result of average waiting time [2-4]. 

One of the key intelligent traffic system 
technologies is traffic data acquisition. In present, the 
majority of traffic information is being transmitted by 
wire which has a bad effect on protection of roads 
during designing, influencing the normal regulation of 
cars, reducing the budget and so on. Because of its 
good functions, such as low-power- consumption, 
self-organizing, distributed computing and easy 
disposer, the wireless sensor networks are widely used 
in information collections and intelligent control 
systems. As researches have shown that wireless senor 
networks have many outstanding features, they can 
provide an effective mean for intelligent traffic 
systems to acquire data [5, 6]. 
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Traffic flow forecasting plays an important role in 
traffic control system. Adopting present traffic data at 
real time incessancy to predict traffic flow in several 
minutes is a first-floor condition for carrying out traffic 
control and guidance. In the past years, making use of 
all sorts of different scent methods, many experts and 
scholars have already designed different kinds of 
models for traffic flow forecasting. Neural network has 
been used to forecasted traffic flow for its strong ability 
of nonlinear mapping [7, 8], and the result are good.  

Synthesizing local and overseas researches on 
crossing signal controls, we have found that control 
schemes using the WSN and the fuzzy neural work 
combined together to control traffic arteries are rare, 
and their theory and practice are not perfect. Learning 
from the previous researches, we have combined the 
wireless senor network, the fuzzy control method and 
the neural network forecasting technology to build a 
low-cost and practical hierarchical control system for 
traffic arteries. The WSN detects the number of vehicles 
entering the crossings from traffic arteries to achieve the 
wireless real-time transmission. The objective is to 
minimize the average queuing length. The fuzzy control 
method is used to on line adjust the prime green light 

delays in all directions at the crossings and the signal 
cycles at arteries. 

 
 

2. Control Model and Algorithm 
 

2.1. Control Model 
 

The system uses two layers of control models, as 
shown in Fig. 1. The first layer is the data collecting 
layer, composed of terminal nodes and sink nodes. They 
form a cluster, while the sink nodes work as the heads of 
the cluster, and other data collecting nodes work as 
members. Terminal nodes are located at each crossing 
for traffic count. Sink nodes are used to collect the data 
from data collecting nodes. The data are transmitted to 
the second layer after data fusion. The fuzzy controller, 
nested in the sink nodes, is used to accomplish traffic 
light control and adjusting on-line the green ratio in all 
directions at crossings. The second layer is the control 
layer which is composed of coordinator nodes. The 
fuzzy controller, nested in the coordinator node, is used 
to determine the signal cycles at arteries and adjusting 
on-line, which then is being inputted to sink nodes at 
each crossing. 

 
 

 
 

Fig. 1. Two-Rank WSN control model. 
 
 

2.2. Control Algorithm 
 

In the traffic control system, the harmonious cycle 
at each crossing cycle cannot change too frequent, 
otherwise the traffic delay loss caused by the change of 
the solution would outstrip the benefit gained by the new 
scheme9. In this article we have assigned six cycles as a 
time period, in which signals and phases used in the 
artery are kept unchanged, but the green ratio can be 
adjusted in real-time. 

Step 1: The coordinator nodes calculate the phase 
difference ωi (i=1,2,3,…, m) among the crossings at the 
arteries, and unify the cycle T and the green ratio at each 
crossing according to the previous traffic flow data. Data 
are sent to the sink nodes at the crossings to initialize the 
cyclic variable n=0. 

Step 2: In the cycle T period, the sink nodes at the 
artery crossings start the green light signals in sequence, 
basing on the phase difference ωi. The fuzzy controller, 
nested in the sink nodes, is used to accomplish traffic 
light control and adjusting on-line the green ratio in all 
directions at crossings. 

Step 3: At the end of a given cycle time, the sink 
nodes, which use the data sent by the terminal node, 

compute the vehicle queue length P of the green light 
phase and the queue Q of the next green light phase at the 
crossings, and transmit the data to the coordinator nodes. 

Step 4: Use n=n+T to check the validity of n>6T. If it 
is valid, then go to step 5. If not, return to step 2. 

Step 5: Using the fuzzy control method, the 
coordinator nodes use the data of the traffic flow by the 
sink nodes at the crossings and by the forecasting model 
to determine the cycle and phase difference so that the 
average vehicle queue length is kept to a minimum. 
Return to Step 2. 

 
 

3. The Wireless Sensor Networks  
and its Node Hardware Design 

 
3.1. The Wireless Sensor Traffic Information 

Collecting Network 
 

The wireless traffic information collecting network is 
made up of the terminal nodes, the sink nodes and the 
coordinator nodes, as shown in Fig. 2. The terminal 
nodes, disposed on the roadside, are used to collect the 
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signals from the observation area, to process the original 
signals, to extract the vehicle information, and to 
transmit the traffic information through the wireless 
network. The sink nodes gather and fuse the data from all 
the terminal nodes at the crossings, and transmit the 
traffic information to the coordinator nodes [10, 11]. 

 
 

3.2. Hardware Design of the Nodes 
 

The hardware structure of the nodes is the same and 
the only difference between them is in software 
configurations. Each wireless sensor node is made up of 
a data acquisition module, a processor module, a wireless 
communication module and a power supply module, as 
shown in Fig. 3. 

The data-processing module and the wireless 
communication module consist of a Chipcon's SOC chip 

CC2430, which is a new generation of a Zigbee wireless 
single chip computer with a positioning engine. The 
CC2430 integrates the Zigbee RF front-end, the memory 
and the controller into a single chip. It includes an 8051 
processor kernel and an IEEE 802.15.4 RF transceiver, 
which is a high-performance RF transceiver CC2420, 
and supports the Zigbee low-rate communication 
standards. It has a 32 MHz internal clock and its power 
consumption is only 7.0 mA at the work peak level in the 
processor core. Wireless transceiver consumes 24 ~ 27 
mA. It supports a 4-grade low-power mode. To 
implement wireless data transmitting and receiving, it 
controls the operation of the entire sensor node, 
including the storing and processing of the data 
collected. The single-chip microcomputer in CC2430 
communicates with the sensor by its figure port [12]. 

 

 
 

 
 

Fig. 2. Wireless traffic information collecting network. 
 
 

 
 

Fig. 3. Sensor node structure. 
 
 

4. Design of Fuzzy Controller 
 

The system includes two fuzzy controllers: a green 
light delay fuzzy controller and a signal cycle fuzzy 
controller. The green light delay fuzzy controller is 
located in the sink nodes. The signal cycle fuzzy 
controller is located in the coordinator node. The green 
light delay fuzzy controller adjusts the green ratio for 
each direction of the crossing according to the real-time 
traffic flow data at the crossing. The signal cycle fuzzy 
controller determines the signal cycles on the arteries 
according to the real traffic flow and the forecast traffic 
flow. 

 

4.1. Design of Green Light Delay Fuzzy 
Controller 

 
4.1.1. Fuzzy Process of Input and Output 

Variables  
 

There are two inputs (green light phase vehicle queue 
length P and next green light phase vehicle queue length 
Q) and an output (the green light delay △G). The 
universes of discourse of input variables P and Q are 
{0,2,4,6,8,10,12,14,16,18,20}. The fuzzy set of P and Q 
are defined as {p1 (very short), p2 (short), p3 (shorter), 
p4 (middle), p5 (longer), p6 (long), p7 (very long)}. 
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Their membership function assignment is shown as 
Table 1. 

The universes of discourse of output variable △G are 
{0, 3, 6, 9, 12, 15, 18}. Its fuzzy set is defined as {g1 
(very little), g2 (little), g3 (less), g4 (middle), g5 (more), 
g6 (much), g7 (very much)}. Its membership function 
assignment is shown as Table 2. 

 
 

4.1.2. Fuzzy Control Rule 
 

According to of control experiences of traffic 
policemen, the following green time delay fuzzy control 
rules can be summed up as shown in Table 3. 

According to of control experiences of traffic 
policemen, we can sum up 49 green time delay fuzzy 
control rules: 

Rule 1: if P is very long and Q is very long then G is 
much; 

Rule 2: if P is very long and Q is long then G is very 
much; 

Rule 3: if P is very long and Q is longer then G is 
very much; 

Rule4: if P is very long and Q is middle then G is 
very much; 

Rule 5: if P is very long and Q is shorter then G is 
very much; 

Rule 6: if P is very long and Q is short then G is 
very much; 

Rule 7: if P is very long and Q is very shorter then G 
is very much; 

and so on, all fuzzy control rules as shown in  
Table 3. 

 
 
 

Table1. Membership function assignment table of P and Q. 
 

 
 
 

Table 2. Membership function assignment table of G. 
 

 
 
 

Table 3. Green time delay fuzzy control rule table. 
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4.2. Signal Cycle Fuzzy Controller 
 

In the traffic control system, the cycle should keep 
the same in order to ensure harmonious traffic signals at 
artery and steady phase difference, accomplishing green 
wave control for traffic artery. 

 
 

4.2.1. Traffic Flow Forecast 
 

The adaptive weight model base on neural network 
and Linear regression. Its input variable is road 
parameters, and the output variable is weight vector 
quantities. The error between forecast data and the real 
data is been used to train the neural network. 

Due to the relevant between crossroads with periods 
of cars, 24 hours are divided into m time slot according to 
different ways to choose the corresponding linear of 
regression model in different time. Regression 
coefficient uses the neural network method of offline 
training acquisition to acquire it according to historical 
data. And according to regression model, it can calculate 
the prediction vehicle number of the certain crossing. 

 
 

4.2.1.1. Linear Regression Model  
 

0 1t t tY a a X   t=1,2,...,m 

 

T is a time slot in a day. X  is the vehicle number 

coming from the last traffic light crossroads. 0ta , 1ta  are 

the Corresponding regression coefficient respectively. 

tY  is the prediction vehicle number of the certain 

crossing. 
 
 

4.2.1.2. The BP Neural Network Model 
 

This text has used the BP nets neural network of 
training regression coefficients. The learning process of 
the BP is made of the model of forward-propagating and 
EBP. In propagation process, input information through 
implied unit which is in depth analysis and then headed 
the output layer. If the output layer can’t meet the 
expected output, it will back the propagation process and 
make the error between the actual regression coefficient 
values and regression coefficient value of the output 
network return along the original connected pathways. 
By change the connection weights of the hidden layer 
neurons, it can minimize the error and switch to the 
positive propagation process. In this interactive method, 
it can make the error less than the set value13. The neural 
network model is Fig. 4. 

Set tX  as Input vector:  

 

1 2 3( , , )tX x x x  t= 1,2,…,n 

 

In formula: n is training example; 1x  is the number 

of vehicle that come from last traffic light intersection, 

2x  is the time, 3x  is the number of non-green lights 

around two green lights, unit of input layer is 3. 
 
 

 
 

Fig. 4. NN model. 
 
 

Input vector is: 
 

0 1( , )t t tA a a  

 
Hidden layer number of neurons chooses 2*3+1=7. 

Effect function chooses in (0,1) to get Sigmoid 
function value continuously: 
 

( ) 1/(1 )xf x e   (1) 

 
The input and output of hidden layer unite is 

respectively as follows: 
 

3

1
j ij i j

i

H w x 


   =1,2,...,7. (2) 

 
3

1

1/[1 exp( )]j ij i j
i

h w x 


     j=1,2,...,7. (3) 

 

In formula, ijw  is the most important connection 

between input layer and hidden layer; j  is the threshold 

of hidden layer unit; j is the number of hidden layer unit. 
The input and output of output layer unit is 

respectively as follows: 
 

7

1
p jp j p

j

O v h 


   p=1,2 (4) 

 
7

1

1/[1 exp( )]p jp j p
j

U v h 


     (5) 

 

In formula, jpv  is the most important connection 

between hidden layer and output layer; p  is the 

threshold of output layer unit. 
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In procession of transmission error reversely, the first 
thing is to set calculation for error, and then set NO. k  
as a training samples with actual output and expected one 

 
2

2

1

1
( )

2k kp kp
p

E A U


   (6) 

 

kA  is output expectation, in order to make kE  

reduce by gradient principle, jpv  is proportional to the 

negative of k

ip

E

v




, namely: 

 

k
jp

jp

E
v

v
 

  


 (7) 

 

it can deduce that: 
 

jp kp jv d h   (8) 
 

p kpd    j=1,2,...,7, p=1,2, k=1,2,...,n. (9) 
 

  is the rate of study  
 

( ) (1 )kp kp kp p kpd A U U U   . 

 

It’s the same to the importance of hidden layer and to 
the threshold adjustment quantity, as follows: 

 

ij kj iw D x   (10) 

j kjD    i=1,2,3, j=1,2,...,7, k=1,2,...,n. (11) 

 

In formula, 
2

1

( ) (1 )kj kp jp j j
p

D d v h h


   

 
 
4.2.2. Signal Cycle Fuzzy Controller 
 

Signal cycle fuzzy controller has two inputs: 
saturation X, sum Y of the queue length in next green 
light phase and the forecast traffic flow in 15 seconds, 
one output: cycle increment △C. 

 
 

4.2.2.1. Fuzzy Process of Input and Output 
Variables  

 
The universes of discourse of input variables X are 

{0.40, 0.55, 0.70, 0.80, 0.85, 0.90, 0.91, 0.92, 0.94, 0.97, 
0.99}, Its fuzzy set is defined as: {VerySmall, Small, 
Medium, High, VeryHigh}, shortly, {VS, S, M, H, VH}. 
Its membership function assignment is shown as  
Table 4. 

The universes of discourse of input variables Y are 
{0, l0, 20, 30, 40, 50, 60, 70, 80, 90, 100}, Its fuzzy set is 
defined as: {VeryShort, Short, Medium, Long, 
VeryLong }, shortly, {VS, S, M, L, VL}. Its 
membership function assignment is shown as Table 5. 

The universes of discourse of input variables △C are 
{-10, -8, -6, -4, -2, 0, 2, 4, 6, 8, 10}, Its fuzzy set is 
defined as: { VeryShort, Short, Medium, Long, 
VeryLong }, shortly, {VS, S, M, L, VL}. Its 
membership function assignment is shown as Table 6. 
 
 

Table 4. Membership function assignment table of X. 
 

 
 
 

Table 5. Membership function assignment table of Y. 
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Table 6. Membership function assignment table of △C. 
 

 
 
 

4.2.2.2. Fuzzy Control Rule 
 

A large number of research and application indicate 
that adjusting cycle time should keep saturation reach 
around 0.9 2, while at this point traffic ability is the 
largest and delay is the smallest. Experience shows, as 
saturation is small than 0.9, cycle should be reduced to 
improve the traffic efficiency at crossings, otherwise 
cycle should be increased. Meanwhile, when traffic flow 
is bigger, cycle should be increased. On the contrary, 
when traffic flow is smaller, cycle should be reduced. 

According to of control experiences, we can sum up 
25 cycle increment fuzzy control rules as following: 

Rule 1: if X is VS and Y is VS then △C is VS; 
Rule 2: if X is VS and Y is S then △C is VS; 
Rule 3: if X is VS and Y is M then △C is VS; 
Rule4: if X is VS and Y is L then △C is M; 
Rule 5: if X is VS and Y is VL then △C is H; 
Rule 6: if X is S and Y is VS then △C is VS; 
Rule 7: if X is S and Y is S then △C is S; 
Rule 8: if X is S and Y is M then △C is M; 
Rule 9: if X is S and Y is L then △C is M; 
Rule 10: if X is S and Y is VL then △C is H; 
Rule 11: if X is M and Y is VS then △C is S; 
Rule 12: if X is M and Y is S then △C is M; 
Rule 13: if X is M and Y is M then △C is M; 
Rule 14: if X is M and Y is L then △C is H; 
Rule 15: if X is M and Y is VL then △C is VH; 
Rule 16: if X is H and Y is VS then △C is M; 
Rule 17: if X is H and Y is S then △C is M; 
Rule 18: if X is H and Y is M then △C is H; 
Rule 19: if X is H and Y is L then △C is VH; 
Rule 20: if X is H and Y is VH then △C is VH; 
Rule 21: if X is VH and Y is VS then △C is M; 
Rule 22: if X is VH and Y is S then △C is H; 
Rule23: if X is VH and Y is M then △C is H; 
Rule 24: if X is VH and Y is H then △C is VH; 
Rule 25: if X is VH and Y is VH then △C is VH. 

 
 
5. Simulation Experiments 
 

Provided there is a highway including three 
crossings, where east-west direction is the artery, while 
south-north direction is the branch. Saturation flow on 
artery is 3600 PUC/h, while Saturation flow on branch is 
1800 PUC/h. The distance between each two crossings is 
600 M, as shown in Fig. 5. Traffic flow of reaching 
vehicles obeys Poisson distribution, while traffic flow of 
leaving vehicles obeys negative index distribution. 

Proportion of traffic flow for turning left and going 
straight and turning right is 1:2:1. 

 
 

C ro s s in g 1 C ro s s in g 2 C ro s s in g 3

 
 

Fig. 5. Diagram of three crossings on artery. 
 

 
We developed a program by VC# to make a 

simulation in different traffic flow 400, 600, 800, 1200, 
1400, 1600, 1800, 2000 /h for the fuzzy neural control 
algorithm, summed up average vehicle queue length and 
compared them with common fuzzy control method 
[14]. Simulation results are shown in Table 7. 

 
 

Table 7. Simulation result comparison of the new control 
with ordinary fuzzy control. 

 

 
 
 

From Table 7, we notice that the new control has no 
obvious advantage comparing with ordinary controls. 
But when the traffic flow gets heavier, i.e. the average 
traffic flow in the artery direction exceeds 1200 /h, the 
average queue length is reduced obviously by the new 
control. When the average traffic flow in the artery 
direction exceeds 2000 /h, the new control still works 
better, but the ordinary fuzzy control will cause a solid 
traffic jam. 
 
6. Conclusions 
 

In this paper, we have applied the wireless sensor 
network and the fuzzy control to the traffic signal control 
system and have used the hierarchical control method to 
accomplish the intelligent control on traffic arteries. The 
system takes advantage of the wireless sensor network, 
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such as low power consumption, self-organization and 
distributed computing, to complete quick vehicle data 
acquisition. Meanwhile, by using the fuzzy control and 
neural network technology, the system has achieved a 
good immediacy and control precision, while traffic 
delays are greatly reduced. 
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Abstract: A novel Brillouin Optical Time Domain Analysis sensors, BOTDA(R), has been developed, which can 
monitor steel corrosion in concrete structures and various insulation structures. The application of distributed 
BOTDA(R) technology in heating supply pipe corrosion detection is discussed in this paper. According to the 
characteristics of derictly buried heating supply pipe, we have designed the optical fiber corrosion sensors for the 
prefabricated pipe, and the sensors were arranged in the junction of pipe section. Accelerated corrosion tests were 
used to demo the acid soil environment. Quantitative evaluation was derived formula for steel pipe corrosion. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

The corrosion of steel has become a worldwide 
problem. A long period of pipeline corrosion in harsh 
environments is particularly serious [1]. With the 
accelerated process of urbanization in China, China's 
heating supply pipe network scale has expanded year 
by year. According to the statistics of 2001, the length 
of district heating supply pipelines in China has 
reached 60 thousand kilometers with a growth rate of 
about 8 % per year [2]. Pre-insulated pipe 
direct-buried technique is widely used in heating 
supply pipe network in China. This installation 
method has advantages of short construction period, 
low cost etc. Almost all of the new heating supply 
pipelines have adopted this technique. But long-period 
buried pipelines with higher soil pH, especially in pipe 

joints would show relatively severe corrosion caused 
by the damage of protective layer during the 
Installation. At the present in china, 90 % accidents of 
directly-buried heat supply network system are caused 
by corrosion [3]. Fig. 1 is a picture of actual corrosion 
pre-insulated pipe and the pipe has run about 5 years 
underground. We don’t know the situation of 
corrosion because the pipelines were buried under the 
soil and hidden by the protection layer and insulation 
layer. 

We don’t know the situation of corrosion because 
the pipelines were buried under the soil and hidden by 
the protection layer and insulation layer. With the 
effective corrosion monitoring to these sites, we can 
evaluate the change of the allowable stress so as to 
warn the corrosion of buried pipelines and avoid the 
blindness of pipe replacement. 
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Fig. 1. Corrosion pre-insulated pipe. 
 
 
Based on above considerations, we need to select 

some appropriating corrosion sensors for monitoring 
the buried pipelines. But the performance and 
durability of the traditional corrosion sensors often 
cannot meet the actual needs of this condition [4, 5]. In 
recent years, BOTDA (R) technology is developing 
rapidly and this technology has been successfully used 
in many field, such as structure health monitoring, fire 
detection in a building, concrete temperature 
monitoring etc. [6-9]. Because of its good features 
such as durability, distributed measurement, frees 
from electromagnetic interference, corrosion 
resistance and low cost, it can be used for the 
corrosion of buried heat pipe monitoring [10]. This 
paper presents an actual application of BOTDA (R) 
technology for underground prefabricated heat-supply 
pipe-line monitoring methods. With this technique, 
we can build up an early warning mechanism to the 
underground pipeline and enhance the reliability of 
heating supply pipe network. 

 
 

2. Experiment Design 
 
2.1. Basic Principles of BOTDA(R) 
 

Brillouin optical fiber sensing technology is 
combination of the Brillouin scattering and OTDR 
(Optical Time Domain Reflectometry) technology to 
achieve the distribution of fiber strain or temperature 
measurement. The shift that Brillouin frequencies of 
the scattered light related to the light frequency shift is 
named as Brillouin frequency shift. It can be 
expressed as [11]: 

 

aB nvf 2 , (1) 

 
where, Bf  is the Brillouin frequency shift, n  is the 

refractive index of fiber core, av  is the sound velocity 

and λ is the wavelength of incident light. 
The Brillouin frequency shift is proportional to the 

change of temperature and strain that can be show as: 
 

  kTkf tB , (2) 

where 
Bf  is the change of Brillouin frequency shift, 

T  is the temperature difference between the initial 

environment and the testing environment,   is the 

strain change, tk  is the temperature coefficient of 

Brillouin frequency shift and k  is the strain 

coefficient of Brillouin frequency shift.  
The T can be measured by additional thermometer. 

If T is very small in the experimental environment, it 
can be ignored. 

In our research, we are more concerned about the 
strain change and the temperature change which can 
be compensated. The temperature difference of hot 
water inside of pipeline and the installation 
environment are easy to measure.  

 
 

2.2. Design of the Optical Fiber Sensor 
 

There are three layers in the traditional 
prefabricated pipe, namely, protective layer of 
polyethylene, polyurethane insulation layer and the 
steel pipeline shown in Fig. 2. 
 
 

 
 

Fig. 2. Prefabricated pipe. 
 
 

The black section is protective layer, the white 
section is insulation layer and the metal section is pipe 
(The general metal is Q235). The hot water flows in 
steel pipe.  

The installation of Brillouin optical fiber corrosion 
sensor is shown in Fig. 3.  

 
 

 
 
Fig. 3. The arrangement of BOTDA(R) optical fiber  

corrosion sensor. 
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For the actual engineering, we can select some key 
locations to arrange the BOTDA(R) sensors. There are 
many weld connection in the pipeline and these 
positions are easy to be corroded place. The 
connection position of steel pipe is the preferred 
position for the corrosion detection. The Brillouin 
optical fiber corrosion sensor can be winded to the 
joint of steel pipe before the foam- in-place is done. 
Then the derivation fiber can be drag to the ground 
and the derivation fiber should be armoured.  

The BOTDA(R) optical fiber corrosion sensor is 
shown in Fig. 4 and it has been devoped by the 
intelligent research institution of Dalian University of 
Technology [12]. 
 
 

 
 

Fig. 4. BOTDA(R) optical fiber corrosion sensor. 
 
 

The experiment of pre-insulated pipe corrosion is 
designed as follows: 

1) A length of 1.2 m of DN76 ×5 pre-insulation 
pipe was used for experimental purposes. One end of 
the insulation layer and the protective layer was 
broken open and the steel pipe was exposed. The open 
section of steel pipe was polished for the experiment. 
The outside diameter was changed to 73.8 mm and the 
thickness was 3.5 mm. 

2) The outside of steel pipe was wrapped by 
unbending optical fiber continuously with single 
layer. The length of optical fiber was about 15 m. It is 
needed to wind the optical fiber with a certain 
pre-stress to ensure close contact with the surface of 
the pipe and the optical fiber. 

3) The optical fiber ends were fixed to the pipe 
with epoxy glue, and polyurethane were foamed on 
site. Some Polyethylene materials were adhered 
outside of the polyurethane. The common optical 
fibers with a protective cover (armored optical fiber) 
were drawn out to the soil along axial direction. 

4) Experimental section of pipe was buried into the 
soil, and the soil should be kept moist by spraying a 
certain concentration of sulfuric acid to accelerate the 
corrosion of metal. 

 
 

2.3. Evaluation of Steel Pipe Corrosion 
Formula 

 
The formula derived in this paper is only suitable 

to Brillouin fiber corrosion sensors for monitoring 
corrosion evaluation of the results. Some basic 
assumptions are used for the formula derivation in this 
paper. 

1) The actual thickness of the fiber layer is very 
small; it is approximately 2.3 ‰ of the pipe diameter. 

So the fiber layer has little effect on the measurement 
result. The fiber layer thickness is ignored in the 
derivation process. 

2) The corrosion is uniform and the section of 
testing pipe is round in shape. All of the corrosion 
products at the testing part are supposed to remain 
within the fiber layer rather than spill outside the fiber 
layer.  

3) The ambient temperature of laboratory is 
constant. The affection of the temperature change can 
be avoided in the experiment. 

Steel corrosion rate of mass loss is expressed by δ 
and defined as: 
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(3) 

 
where Do is the outside diameter of steel pipe (no 
corrosion), D1 is the outside diameter of steel pipe 
rusted, to the exclusion of rusty scale, Di is the inside 
diameter of steel pipe, ρ is the density of steel pipe.  

The thickness of pipe is equal to half of outside 
diameter minus inside diameter of steel pipe. 
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where e  is the thickness of steel pipe.  

The steel corrosion rate of mass loss δ can be 
written as: 
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The measured optical fiber strain is expressed by ε 

and defined as: 
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where D2 is the total pipe outer diameter including 
rusty scales. The steel pipe diameter after rusting 
satisfies the following relationship:  
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where η is the volume expansion ratio of rust scales. 

Eq. (7) can be written as: 
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Combining the Eq. (5), Eq. (6) and Eq. (8), η can be 
expressed as follow: 
 

 
  1

2 0

002 





iDDe

DDD




  (9) 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 74-80 

 77

The difference of D2 and Di is small when the 
corrosion is not too heavy. So it can be considered as: 
 

12 



io

o

DD

DD
 (10) 

 

The ratio of 
e

Do  is a constant for a special series type 

of steel pipe and it is expressed by c. Then: 
 

 12 



 c

 (11) 

 

The Eq. (11) is the relationship expression of pipe 
corrosion detected by the BOTDA (R) sensor. When 
we get the thickness of corrosion we can evaluate the 
corrosion of buried steel heating supply pipe through 
comparing the exiting data [13].  
 
 

3. Corrosion Experiment 
 

In order to shorten the experimental time, the 
electrochemical method was used to accelerate the 
steel pipe corrosion. The tip of experimental steel pipe 
was immersed in NaCl solution and the concentration 
of brine water was 5 %. A steel plate in the brine water 
was used as negative magnet and the experimental 
pipe was used as positive magnet. A voltage-stabilized 

source accelerated 16-22 V voltage constantly. The 
Fiber Optic Brillouin Analyzer, DiTest STA200 
Series shown in Fig. 5, was use for data acquisition.  

 
 

 
 

Fig. 5. DiTest STA200 Series. 
 
 
The sampling interval time was set as 1.0 hour and 

the sample distance was 0.41 m, the space resolution 
ratio was 1.0 m. The effective length of measurement 
optical fiber is about 4.0 m, so the valid measurement 
point is 7 as shown in Fig. 6 we selected 5 
measurement points as the continuous measurement 
points to analysis the data.  

 
 

 
 

Case 1 
 

 
 

Case 2 
 

 
 

Case 3 
 

 Valid measurement point invalid measurement point. 
 

Fig. 6. The distribution of valid measuring points on the optical fiber. 
 
 

4. Results  
 

We made two test specimens named No. 4 and  
No. 6 for the corrosion experiment separately and 
similar results were obtained. So we just talked over 
the results of specimen No. 4. The corrosion 
experiment of specimen No.4 was lasted about two 
days until the strain detected by Brillouin Analyzer 
basically did not change or it was in downward trend. 
The measure domain of optical fiber was about 4 m.  

We got at least 7 valid effective measurement 
points in the testing. Take data in five strain peaks to 
analyze, which were 34.59 m, 35.0 m, 35.4 m, 35.81 m 
and 36.22 m from the starting point position of the 
fiber loop. The detection state of Brillouin optical 
fiber corrosion sensor after corrosion is shown in Fig. 
8. As a comparative figure, Fig. 7 showed the initial 
state of pipe before corrosion. 

The average strain value of each point was used to 
express the strain variation over time (1-25 hour) 
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changes of the BOTDA(R) Fiber Optical Sensors, as 
shown in Fig. 9. 

 
 

 
 

Fig. 7. Optical fiber sensor before corrosion. 
 
 

 
 

Fig. 8. Optical fiber sensor after corrosion. 
 
 

 
 

Fig. 9. The diagram of strain-time relationship. 
 
 

At the same time, a 3D map for 
distance-time-strain relationship was drawn by the 
ORIGIN software as shown in Fig. 9. (take the valid 
data point position of 30.11 m, 30.52 m, 30.93 m, 
31.34 m, 31.74 m, 32.15 m, 32.56 m, 32.96 m, 33.37 
m, 33.78 m, 34.18 m, 34.59 m, 35.0 m, 35.4 m, 35.81 
m, 36.22 m, 36.63 m, 37.03 m, 37.44 m, 37.85 m, 
38.25 m, 38.66, 39.07 m, 39.47 m, 39.88 m, 40.29 m)  

Strain with time change trend of the effective point 
fiber can be seen from Fig. 9 and Fig. 10. We can 
obtain the mass loss ratio δ by measuring the change 
of pipe diameter fore-and aft corrosion and solving the 
equation (3).  

6.675.326.73e2DD oi   

 
The measurement value of D1 is 72.8 mm. The 

volume expansion rust η can be obtained by making δ 
and ε into equation (11).  
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In this experiment η is equal to 1.15 and it is 

thought a constant value during the experiment. So 
making the experiment data into equation (11), the 
biggest mass loss ratio is:  
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Fig. 10. The diagram of distance-time-strain relationship  
of points on the optical fiber. 

 
 

The corrosion change of pipe is shown in Fig. 11. 
The strain resolution ratio is 6 . Though we just do 

two specimens, the optical fiber corrosion sensor can 
detect the mass loss from 0 to 14.8 % for steel pipe and 
the experimental results can be obtained repeatedly.  
 
 

 
 

Fig. 11. The relation between the mass lost rate of steel pipe 
and time of the specimen No. 4. 
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5. Discussion 
 

Comprehensive analysis shows that the Brillouin 
optical fiber corrosion sensor has the following good 
features: 

(1) The sensor has a good sensitive characteristic 
in the trial beginning one hour. It indicates that the 
sensor has a good sensitivity characteristics effective 
monitoring for the early corrosion phase. 

(2) The sensor can detect the mass loss up to 
14.8 % and this measurement range is sufficient to 
meet the actual needs of the heating supply pipe 
network project. 

(3) The sensor has good linearity, it can be used 
in the real-time corrosion monitoring of underground 
buried pipe. 

The cost of Brillouin optical fiber corrosion sensor 
and the whole monitoring loop is very low. The main 
component of the fiber is SiO2, chemically stable. 
Brillouin optical fiber corrosion sensor has durability 
for corrosion monitoring in prefabricated insulating 
steel pipe under long-term rusting and harsh 
environment.  

Furthermore, we need to measure the internal 
corrosion and pressure of the heap-supply pipe when 
estimate the healthy situation of pipeline, but it is not 
convenient for the optical fiber to do that. So, it is 
necessary turning to some other sensors or methods to 
accomplish the whole health monitoring. There are 
many available methods can be used to detect the 
internal corrosion of steel pipe. A simple method is 
gravity drop method [14]. The heating supply system 
is stable relatively, so we can select one or two 
experiment pipe sections and assign some gravity drop 
slice into the pipe. The corrosion velocity and status 
can be measure by the gravity drop.  

 
 

6. Conclusions 
 
In this paper, we design a Brillouin optical fiber 

corrosion sensor which can be used in the corrosion 
detection of underground heating supply pipelines. 
The experiment is ongoing now and the preliminary 
results are very satisfactory. It is suitable for the out 
wall corrosion of steel pipe. In addition to this use, 
Brillouin optical fiber corrosion sensor can be used in 
the detection of water supply pipe, drain water pipe 
and gas supply pipe too. 
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Abstract: It is well known that wireless sensor network become more and more popular in modern 
communication systems. The DOA estimating theory is used to renew system topology and routing method of the 
whole network which is of great important in military communication. In this work, we raised an enhanced DOA 
(Direction of Arrival) estimating method which is used in wireless military sensor networks with uniform circular 
array. The array based sensor network is widely used in battlefield communication or emergency communication. 
Compared with traditional DOA estimating method such as ESPRIT and MUSIC, our new method has better 
performance but lower calculation consumption. From the simulation results, we can also infer that our method 
has better performance in Block Error Rate (BER) and lower mean-square error when the SINR of the received 
signal is poor, which is meaningful for establishing and maintaining a stable and perfect battlefield 
communication. Copyright © 2013 IFSA. 
 
Keywords: DOA, WSN, Wireless communication, Self-organized network, Military sensor network. 
 
 
 
1. Introduction 
 

In wireless sensor networks, DOA estimation 
theory is very common and important for establishing 
network topology and renews sensor nodes locations 
of the whole environment. Military sensor network 
with uniform circular array is usually used in poor 
transmission conditions and is required high 
survivability and flexibility [1, 2]. 

The wireless sensor network recently becomes 
popular for its convenience in many conditions [3-5]. 
In water communications, sensors are deployed using 
plane, the self-organized character will help the 
establishment of networks [6, 7]. However, there exist 
a problem that how to find out the exact position of 

next transmission node to make the transmission more 
energy efficient. The power supply of sensor network 
always is limited, so the method to locate transmission 
node is one main target of the problem. 

Estimation of Direction of Arrival (DOA) [8-10] is 
one possible solution. Other solutions such as GPS 
(Global Position System), TOA also make sense. But 
the DOA method is the one that can be adopted easily 
by only adding some signal processing technique 
integrated in chips. Of course, TOA has the same 
advantage but weak in accuracy. So in this work, we 
only talk about DOA method. 

Traditional DOA estimating methods such as 
ESPRIT and MUSIC [11] are still widely used for 
their good performance. The gradual unbiased 
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estimation value of these methods will require spectral 
peak searching for MUSIC [12] and rotating 
deformation for ESPRIT [13], which will seriously 
strict the utilize of these method. Of course, recently, 
some enhanced method such as using sparse signal 
processing [14, 2, 6] and array signal processing [2]. 
The estimation based on UCA (Uniform Circular 
Array) is a special array signal processing method. 
The distribution of multi antennas help estimate the 
angle using a phase difference. 

In this paper, based on the scenario of wireless 
military sensor networks, e.g. water sensors, we 
present an enhanced independent component analysis 
(ICA) based DOA estimation method used in uniform 
circular array. From simulation results, we proved that 
our method has better performance and lower 
calculation consumption. 

This paper is organized as follows. Part 2 gives the 
description of real scenarios. In Part 3, we formulated 
the mathematical description of signal model and our 
method. In Part 4, simulation assumptions and result 
are given with analysis. Conclusions are given  
in Part 5. 

 
 

2. Description of Scenario 
 

In Fig. 1, we illustrated the scenario using a 
schematic diagram. Sensors are deployed freely 
around the given area and any adjacent sensors can 
communicate with each other through the direct way. 
Of course, the multi-hop is also available in real 
scenario, but in this work, we do not study the 
multi-hop scenario. 

 
 

 
 

Fig. 1. Scenario of Sensor Network. The deployment  
of multi transmission node constitutes a network, with multi 

path and complex transmission power, etc. 
 
 

Estimation of DOA is used to determine adjacent 
available nodes that main node can adopt transmission 
in a high success rate. 

The UCA is defined the antenna configured with 
multi antennas separated with fixed distance to make 
the difference of phase and received power as is given 
in Fig. 2.  

There are 8 antennas located in a circle using 
centralized deployment. While considering any 
antenna with zero phase, the phase of received signal 
from adjacent antennas can be described using the 
description such as ( )j wdAe  , where A  is the power 

of received signal and d  is the distance from 
zero-phase antenna. 
 
 

 
 

Zero phase

 
 

Fig. 2. Description of Uniform Circular Array. 
 
 

3. Problem Formulation and Optimization 
 

In order to estimate the pattern of target array, we 
take independent component analysis method. The 
independent component analysis system is used to 
maximum the non-Gaussian feature of the separated 
signal. Fig. 3 is the flow chart of the signal processing 
process. 

The separation matrix W  can be easily calculated 
by Robust ICA described in reference [2, 15, 16]. 

 
ˆ HS W X  (1) 

 
When number of signals equals the number of 

arrays, then -1Â W ; if it is less than number of 

arrays, Â  is defined generalized inverse of W : 
 

1ˆ ˆ ˆ( )H HA XS SS   (2) 
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Fig. 3. Flow Chart of Signal Processing Process. 
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Consider a M -dimension isotropy uniform 
circular array with r  radius circular. 

k  and k  are 

azimuth and pitch angles of the thk  signal, ( )lx t is 

the output of the thl  array. 
 

1
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The steering vector of the thk  signal is defined as 
follows: 
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The estimating value of the steering value 

ˆ( , )k ka θ φ  has only phase difference compared with 

ideal steering value, that is, for the thl  array, we have: 
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ˆangle( ( , )) 2l k k la θ φ K     (5) 

 
where   is the phase difference and 

lK  is the 

correction factor for cycle correction, we will give our 
method to solve the two factors in Section 3.1 and 3.2. 
 
 
3.1. Cycle Correction Method 
 

Cycle correction is very important for independent 
component analysis (ICA) where many researchers 
ignore the influence of non-ideal cycle [16]. Regular 
value of aperture of the circular array is 0.8~4, from 
equation (5) we can easy infer that the steering vectors 
may exceed [0,2 ) . In our method, we found there 

are three useful properties which may cancel the 
influence of non-cycle influence. The following is the 
detailed demonstration of the three properties. 

Property 1: Phase summary of steering vectors 
from same signal equals zero for the uniform circular 
array is central symmetry [3]. Described in 
mathematical equation: 
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Property 2: The numeric area of lK  should 

satisfy: 
 

ˆ ˆ( ( , ) ( ( , )

2 2
l k k l k k

l

angle a angle ar r
K

   
   

      (7) 

for the roundedness of cosine: 
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Property 3: Phase difference of adjacent element 

of steering vectors from same signal will satisfy 
sinusoidal variation 4. That is: 
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Property 1~3 finish the cycle correction operation, 

so we can calculate and after cancelling the influence 
shown in equation (5). 

 
 

3.2. Cancel Phase Difference   
 

Consider a normalize operation with estimation 
value of steering vector ˆ( , )k ka θ φ . It is easy to know 

that corresponding rows of ideal steering vector and 
estimated value are equal: 
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where angle  is the phase after correction of cycle 

taken in part 3.1. We will have equations totally and 
each two of them can get value of k  . The analytic 

solution of the angle is: 
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3.3. Our Enhanced Algorithm 
 

From the discussion above, we have finished the 
mathematical analysis of DOA in uniform circular 
array. In this part, we will give our process of the 
enhanced algorithm [17]. 
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Our algorithm is described as follows: 
1) Determine the number of received signals; 
2) Separate the signal using ICA and get  
3) Calculating array pattern using equation (2) 
4) Do cycle correction using the method discussed 

in part 3.1 
5) Do phase correction using the method discussed 

in part 3.2 
6) When the DOA of received signal is near, 

correct the received signal using: 
 

2Hˆ( , ) arg max ( , ) ( , )φ a φ a φ    (15) 

 
Note that step 6 is used when DOA of received 

signal is less than  .   will decrease when 
number of arrays increase. The searching method 
described in equation (15) will help improve 
performance when DOA of received signal is near. 

 
 

4. Simulation and Analysis 
 
In this part, we present three different simulations 

to evaluate our method. We randomly generated  
4 sensor nodes and SCME as the fading channel 
environment. We are to check whether our method 
works well. If not strictly declared, our result is done 
through 1000 times Monte Carlo simulations. 

 
 

4.1. The Method of Calculating SINR of 
Required Sensor Node 

 
The wideband system is used widely in recent 

sensor networks, so in our simulation, we use the 
parameter and scenario used in 3GPP LTE Self 

Organized Networks with wideband and multi 
transmission stream.  

In spatial domain, multi antenna help increase 
degree of freedom, so multi stream transmission is 
adopted. Different from traditional single antenna 
method, the estimation based on UCA cannot be done 
when number of received antenna is smaller than 
transmit antenna. 

Thus, we use the SCME channel to simulate the 
real channel environment which is also widely used in 
3GPP related work. The SCME channel model 
describes the correlation of time, spatial and 
frequency domain in a statistical model. This part has 
been proved in our previous work listed in reference 
[18]. 

In any sample period t , channel information of the 
thu  received antenna and the ths  transmit antenna can 

be drawn from SCME model using the equation (16): 
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where K is the racian factor, SF  is the variance of 

shadowing, sd  and ud  are the distance of antenna 

array of transmit node and receive node. 
If line of sight (LOS) scenario applied in the 

scenario, equation (16) must be written in equation 
(17). 

Define ( )jH n  is the channel matrix between 

transmission node i   and the interference 
transmission nodes j ,  ( )txP j  is the transmit power of 

the thj  node, and  loss
jP  is the pathloss from the  node. 
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( )W n  denotes the detector , n  is the substream 

indicator), we can easily get the expression of detector 
of the thi  node: 

 
* 2 -1

0(

        

) ( ( ) ( ) )

( )

j j j j
tx loss

j j j
tx loss

W n P P H n H n I

P P H n





 
 (18) 

 

( )D n is the required signal for target node, which 

is drawn from: 
 

*( ) ( ( ) ( ))j j j
tx lossD n diag W n P P H n  (19) 

 
I is the interference between sub streams with 

definition: 
 

* ( ) ( ) - ( )j j j
tx lossI W n P P H n D n  (20) 

 
The received signal power of the target user is 

significantly the square of the absolute value of ( )D n , 

where the interference and noise can be defined using 
the same method. 

 
2 *
0( ( ) ( ))signal kkP diag D n D n  (21) 

 
2 * 2 *

0( ( ) ( ) )noise kkP diag W n W n II    (22) 
 

2 * *
int

1

( ( ) ( ) ( ) ( ))
iN

j j j j
erference tx loss j kk

j

P diag P P W n H n H n W n


 
(23) 

 

( )

int

( ) signalj
k

noise erference

P
SINR n

P P



 (24) 

 

While beamforming adopted, the result has some 
different in forms. For example, define jV the 
beamforming vector, then received signal from the 

thr antenna and the thn subcarrier can be described 
using the following equation: 
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After the combination of maximum rate, the 
predicted received signal could be defined using the 
MMSE detector, which is proved to be the optimal 
method of linear detector (if non-linear method is 
allowed, DPC method proved to be a better one). 
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(26) 

By separating the required signal and interference, 
the SINR of target node can be described using the 
equation below. The single layer with beamforming 
transmission can be solved in a relatively simple way. 
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If multi-layer beamforming transmission be used 

between sensors, the solution also has some 
difference. 

The dimension of jV  has changed to T layerN N , 

compared with only number of antennas below. The 
SINR of the thk  layer and the thn  subcarrier can be 
written using: 
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The signal part is a matrix that only the diagonal 

contain the power of the received signal, which can be 
written by: 
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So far, we have fully analyzed the condition that 

multi antenna and multi stream scenario are applied. 
In real sensor worlds, MIMO OFDM has been adopted 
with the development of personal wireless 
communications. 
 
 
4.2. Comparison of MSE 
 

First we test the veracity of our method. Define 
there are two non-coherent signal, the DOA of them 
are (55.1, 23.2)/degree and (86.4, 37.1)/degree for 
sensor 2 and sensor 3. The compared algorithms are 
UCA-ESPRIT and High-Resolution MUSIC. 

In Fig. 4, the SINR distribution provided by 
section 4.1 is given. From this figure, we can infer that 
by applying pathloss and shadow fading, the 
performance of deploying sensors will not only affect 
by distance, but also influenced by shadowing. The 
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shadowing will also influence the accuracy of 
estimation method. 

Fig. 5 and 6 shows the Mean Square Error (MSE) 
of pitch angle estimation and azimuth estimation using 
the three methods. The x label indicates the received 
SNR, y label indicates the MSE. 

 
 

SINR Distribution of Our System
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Fig. 4. Compare of Pitch Angle Estimation. 
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Fig. 5. Compare of Pitch Angle Estimation. 
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Fig. 6. Compare of Azimuth Estimation. 

From these figure, we can infer that: 
1) When the SNR is low, our method performs 

better than other two commonly used method, 
compared with enhanced MUSIC, the performance is 
near, but when applying the independent analysis, the 
incensement is about 5 %; 

2) When SNR increases, our method works  
stable. 

 
 

4.3. Simulation Result when DOA is Close 
 

It is mentioned in equation (13) that our method 
may perform better when the coming DOA is very 
close, so define the DOA of sensor 2 as (20,20) and 
the DOA of sensor 3 gradually changes from 20.1 to 
23/degree.  

Here we define the success of estimation as: 
1) When the intervals of DOA is less than 1 

degree, the difference between estimated DOA and 
real DOA is less than half of the interval; 

2) When the interval of DOA is more than  
1 degree, the difference is less than 0.5 degree. 

From the simulation result, we can see that when 
the coming DOA is very near, our method has higher 
probability to make the correct evaluation. 
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Fig. 7. Compare of Success Rate. 
 
 

4.4. Comparison of Time Consumption 
 
Compared with other two methods, we use profile 

tool to make a direct evaluation provided by Matlab 
software. Simulation environment is the same  
in part 4.2. 

From Fig. 8, we can see the time consumption of 
these three methods. Our method cost less for our 
method will not need searching spectral peak; this is 
meaningful if we take our method into real sensor 
network. 
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Fig. 8. Compare of Time Consumption. 
 
 
5. Conclusions 

 
In this paper, we present an enhanced DOA 

estimating method that is suitable for military 
self-organized wireless sensor networks. The uniform 
circular array (UCA) is a widely used in military 
sensor networks, the ICA method is proved effective 
than traditional E-MUSIC and E-ESPRIT. Simulation 
result proves that our method has better performance 
and lower time consumption compared with widely 
used E-MUSIC and UCA-ESPRIT, especially when 
the SNR is low, our method still have good 
performance. This is meaningful for military use. 
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Abstract: Underwater acoustic communication has the characteristics of multipath effect and frequency 
selectively attenuation. Aiming at these characteristics, this paper proposes a Multi-Rate model based on channel 
feature based on OFDM (Orthogonal Frequency Division Multiplexing) technology. With the frequency 
selectivity of underwater acoustic channel and the link distance, the optimal carrier frequency can be derived. The 
pilot in OFDM symbol can be used to attain the SNR of each sub-carrier, and the optimal modulation mechanism 
can be determined by the preset threshold. So we can get the maximal transmission rate under different link 
distances. This model addresses the problem of ISI (inter-symbol interference) caused by multipath in acoustic 
channel, and improves the throughput as well as transmission efficiency in underwater sensor networks. The 
simulation results show that under different link distances, the theoretical bandwidth can be obtained by the 
frequency selectivity of underwater acoustic channel, different sub-bands and modulation mechanisms can be 
obtained by channel estimation, and finally the maximal transmission rate can be acquired. 
Copyright © 2013 IFSA. 
 
Keywords: Underwater acoustic sensor networks, Acoustic channel, Multi-rate, Orthogonal frequency division 
multiplexing, Channel estimation. 
 
 
 
1. Introduction 
 

In recent years, UASNs (Underwater Acoustic 
Sensor Networks) have drawn broad attentions in 
scientific research, social services, and military 
applications and so on. UASNs can be widely applied 
in underwater target tracking and environment 
monitoring, etc [1, 2]. Compared with remote sensing 
methods, UASNs can provide real time in-situ 
information for shallow-water and deep-sea 
monitoring. However, unlike terrestrial wireless sensor 
networks, UASNs could not use electromagnetic wave 
as communication media due to its quick absorption in 

water. Therefore, acoustic signal is often used as a 
transport carrier in UASNs [3]. Underwater acoustic 
channel is a complex random channel with variable 
time-space-frequency parameters, low carrier 
frequency, long transmission delay, narrowband, 
strong noise, multipath interference, and many other 
transmission attenuation factors. Therefore, 
underwater acoustic communication becomes a highly 
challenging wireless communication area. The 
propagation speed of underwater acoustic signal 
(approximately 1500 m/s, with variation due to minor 
changes of pressure, temperature, and salinity of water) 
is five orders lower than electromagnetic wave 
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propagation speed. Such high propagation delay will 
not only limit the interactive application, but also 
prolong the response time of communication. 

At present, although the acoustic modem can 
elevate the data transmission rate to 10 Kbps, it cannot 
adaptively adjust the transmission rate to the distance 
and carrier frequency, and it also has some drawbacks 
in autonomous networks. In the non-uniform 
distributed deployment, UASNs with single carrier and 
fixed transmission rate can significantly enhance the 
efficiency of data transmission. 

 
 

2. Related Work  
 

Currently, in the research of multi rate technology, 
it is commonly implemented by different encodings 
and modulations. IEEE 802.11b [4] provides four rates 
of 1, 2, 5.5 and 11 Mbps, while IEEE 802.11a [5] 
provides eight rates of 6, 9, 12, 18, 24, 36, 48 and  
54 Mbps. They support multiple rates in the physical 
layer, but in the MAC layer there are only definitions 
on different transmission rates for different types of 
frames (data frame, management frame and control 
frame), without regulations on how to select and 
change suitable transmission rate according to channel 
state for data frame. Literature [6] adopts the 
mechanism of variable lengths for spread spectrum to 
realize multi rates. Literature [7] uses grid encoding to 
realize multiple rates and multi-broadcast, the network 
nodes encode the received packets to reduce the 
redundant data.  

As far as we know, in the area of UASNs, there are 
few literatures focused on the Multi-Rate and relevant 
technologies. Literature [8] considers the case when 
there are users with different needs on Quality of 
Service (QoS), some of them are rate-fixed and some 
are rate-variable, and presents a method of sub carrier 
allocation and power control for OFDM in case of 
multiple users and multiple rates. 

This paper bases on the characteristics of UASNs, 
in order to solve the problem of multipath and 
Inter-Symbol Interference (ISI) in acoustic channel and 
realize high data transmission rate, it is planned to 
adopt OFDM. In the requirement of certain power and 
data bit error rate, the Signal to Noise Ratio (SNR) can 
be derived by channel estimation. Sub-carriers adopt 
different modulations according to the thresholds of 
SNR in different modulations. The practical maximal 
data transmission rate can be obtained by using the 
corresponding encoding and modulations of different 
subcarriers with the effective subcarriers. 
 
 

3. Underwater Acoustic Model 
 

3.1. Attenuations  
 

In underwater acoustic channel, signal attenuation 
or path loss can be expressed as [9]:  
 

 
0( , ) ( )k lA l f A l f , (1) 

where l is distance, f is signal frequency, A0 is a 
constant, k is the diffusion factor, A(l,f) is the 
absorption coefficient in dB. The acoustic signal is 
given:  
 

010log ( , ) / 10log 10log ( )A l f A k l l a f     (2) 
 

The first item is total diffusion loss, the second 
item is absorption loss. Diffusion factor k depends on 
the geometry of signal propagation. In general, k=2 in 
spherical diffusion, k=1 in cylinder diffusion and k=1.5 
in experienced diffusion (it is similar in the case of 
radio channel and k is 2-4). The absorption coefficient 
is denoted by experienced value usually. The formula 
is given by Ainsile and McColm [10].  
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where a(f) is in dB/km and f is in kHz. S is the salt 
degree in permile, T is the temperature in °C, pH is the 
Potential of hydrogen of the sea. 
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The commonly used experienced formula is:  
 

20.036 /f dB km   

 
 
3.2. Noise 

 
The environmental noise can be modeled by these 

four aspects: tide turbulence, ship traffic, surface 
waves and thermal noise. Many environmental noises 
can be described as Gaussian distribution and 
continuous power spectrum density. The following 
formulas are used to denote the four noises by 
frequency function in unit of every μPa and every Hz 
as the frequency of kHz.  

 
10 log ( ) 17 30 logtN f f   

10log ( ) 40 20( 0.5) 26log 60log( 0.03)sN f s f f     
1/210log ( ) 50 7.5 20log 40log( 0.4)wN f w f f    

10log ( ) 15 20logthN f f    
 

The tide turbulence only influences the very low 
frequency f < 10 Hz. When f = 10 Hz - 100 Hz, the 
dominant noise is ship traffic, if it is simulated as the 
influence factor of ship s, the value of s is 0 or 1 to 
represent the low activity or high activity. In 100 Hz – 
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1000 Hz (the primary frequency range for acoustic 
communication), the surface waves caused by wind is 
the main source of environmental noise. Finally, when 
f > 100 kHz, the main noise is thermal noise.  

The overall p.s.d. of the ambient noise is N(f)=Nt+ 
Ns + Nw + Nth. The noise decreases with frequency, 
thus limiting the useful acoustic bandwidth from below. 
In a certain frequency domain, the logarithm of noise 
power spectrum density can be used to denote linear 
attenuation, and can be replaced by this estimation 
formula.  
 

 
110 log ( ) logN f N f  , (4) 

 
 

3.3. Signal to Noise Ratio and Optimal 
Frequency  

 
The narrowband SNR is: 

 
 / ( , )

( , )
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P A l f
SNR l f

N f f



, (5) 

 
where Δf is the bandwidth of received signal (centered 
as f0). 

Calculate the logarithm of Eq. 5 and can derive: 
 
10log ( , ) 10log 10log( ) 10log( ) 10logSNRl f P N A f      (6) 
 

Substitute Eq. 1-4 into Eq. 5, set distance l as a 
constant, calculate dSNR/df of Eq.4, we can have: 
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(7) 
 

When dSNR/df=0, SNR is the smallest, Eq. 7 is 
transformed to solve the linear equation of higher 
degree with f.  
 
 
3.4. Bandwidth  

 
We define the 3 dB bandwidth B(l) as that range of 

frequencies around f0(l) for which 
SNR(l,f)>SNR(l,f0(l))/2, and it equal to: 
 

 
0( , ) ( , ( )) / 2SNR l f SNR l f l , (8) 

 
For every distance l, we begin by finding the 

optimal frequency f0 (l), and setting the initial value of 
the constant k and fl(n)= f0+ k. We then proceed 
iteratively, increasing f in each step by a small value, 
until the condition (8) is satisfied. In particular, if fl(n) 
denotes the current value of f, for which SNR is still 
below the desired threshold, so the following 
operations are performed in the nth step: 

(1) Determine fl(n) to derive the current 
SNR(l,fl(n)). 

(2) Compare SNR(n) and SNR0. If SNR(n)>1/2SNR0, 
increase k and continue the procedure, until 
SNR(n+1)<1/2SNR0, then the fl(n) is the highest 
frequency. 

(3) Calculate the lowest frequency using the same 
iteration, and the propagation is B(l)=[fmin(l), fmax(l)] 
centered at f0(l). 
 
 
4. Multi-Rates Basing on OFDM 
 

The basic idea of OFDM is to divide the available 
frequency band into many sub bands, high data flows 
are modulated on these sub bands and transmitted 
simultaneously. Therefore, the transmission rate of 
every sub band can be greatly decreased and the 
symbol period is extended, so the ISI is reduced. In the 
receiver, the sub bands are demodulated independently 
to derive multiple low-rate data flows. After parallel to 
serial transformation, higher-rate data flows are 
obtained. 

When nodes distance is unchanged, from literature 
[9], the optimal carrier frequency and 3 dB bandwidth 
can be gained. Considering the practical available 
bandwidth of the devices, we can take the cross set 
between 3 db bandwidth and device bandwidth as the 
practical available bandwidth. After that, with different 
modulations and subcarrier numbers, there are several 
types of multi transmission rates technologies: 

(1) Ignoring the practical channel status, using 
fixed modulations and changing subcarrier numbers to 
realize variable multi transmission rates. 

(2) Ignoring the practical channel status, limiting 
the subcarrier number and using different modulations 
to realize multi transmission rates. 

(3) Considering the practical channel status, using 
fixed modulations, removing some subcarriers with 
strong interference and changing subcarrier numbers to 
realize variable multi transmission rates. 

(4) Considering the practical channel status, 
limiting the subcarrier number, adopting different 
modulations by different channel qualities to realize 
variable multi transmission rates. 

(5) Considering the practical channel status, 
selecting different subcarrier numbers and modulations 
according to different channel qualities to realize 
variable multi transmission rates. 

Comparatively, the last scheme is the optimal 
technology for variable multi-rates. 

 
 

5. Multi-Rates Basing on Channel 
Estimation 
 
The technique of adaption is to change modulations 

(constellation numbers), encoding ratio and 
transmission power to send more data and improve the 
efficiency of spectrum usage. Combining OFDM with 
adaption, the gain of system channel capacity can be 
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enhanced and excellent system performance can be 
derived. 

The multi-rates basing on channel estimation in this 
paper means that, with fixed power, we can choose 

maximized modulations which satisfy the requirement 
of BER to get the maximized channel capacity under 
the help of estimated SNR of subcarriers. The block 
diagram is shown in Fig. 1. 
 
 

 
 

Fig. 1. The principle framework of OFDM system. 
 
 

In order to achieve adaptive transmission, 
transmitter or receiver must have the effective 
knowledge of channel status. Channel status mainly 
denotes the SNR in the receiver. In this case, an 
adaptive policy should take the following steps: 

(1) SNR threshold selection: the threshold is the 
least SNR satisfying the demand of BER, with given 
signal power and modulation. 

(2) Channel parameters estimation: in order to 
select suitable transmission parameters in the next 
transmission slot, estimate the channel transfer 
function reliably and derive SNRs of all subcarrier 
channel. 

(3) Adaptive parameters transfer: with the SNR and 
the threshold of subcarriers, nodes can choose suitable 
modulations and send this result to the transmitter. So 
the transmitter will adjust its modulations in the next 
transmission slot. 

The threshold of SNR can be derived by 
experiments. From the relation between different BER 
and SNR when using different modulations in OFDM 
with a fixed transmission power. So a minimal SNR 
that satisfy the need of BER is found. Channel 
estimation can use the simple LS estimation. From the 
pilot data X and received demodulated signal Y, we 
can get ĤLS =X-1Y, then SNRi=Pi |ĤLS(i) |2/N. 

The implementation process is as follows. First, by 
the link length and the attenuation model of acoustic 
signal, the optimal carrier frequency and 3db 
theoretical bandwidth is found. Combining with 
available bandwidth of device, the practical 
transmission bandwidth is derived. By the delay 
expand of channel, the intervals and frequency of sub 
bands is determined. Calculating the theoretical 
available subcarriers numbers, the transmitter send the 
pilot data at first, and the upper frequency conversion 
uses the optimal carrier frequency in light of different 
link distances. The receiver demodulates the pilot by 
FFT, gets the SNR of all subcarriers and selects 

reasonable modulations of subcarriers with 
comparison of thresholds. Then it sends the 
modulation parameters to the transmitter, the 
transmitter select effective subcarriers and the 
corresponding modulations basing on the feedback of 
receiver. By the effective subcarrier numbers, the 
encoding policy and modulations of subcarriers, and 
the practical available maximal data transmission rate 
is finally obtained. 

 
 

6. Simulation and Analysis 
 
6.1. Simulation Setup  

 
In the same channel, we make comparisons on the 

bit error rate (BER) between the mechanism of 
Multi-Rates basing on channel estimation and that of 
fixed transmission rate. The simulation parameters are 
as follows. The device frequency range is 2 Hz -  
200 kHz, the delay spread of underwater acoustic 
channel is 45 ms, the subcarrier interval is 5 Hz and the 
channel is Rayleigh attenuation model. The initialized 
modulations of all subcarriers are BPSK, and the 
encoding carrier adopts the rate of 3/4.  
 
 
6.2. Simulation Result 

 
(1) Relation between distance and optimal carrier 

frequency. 
As demonstrated before, there is frequency 

selectivity in underwater acoustic channel. Fig. 2 is the 
illustration of the optimal carrier frequency with 
different distances in the Yellow Sea and the East Sea. 
It can be deduced that the carrier frequency is 
negatively proportional to distance. When the distance 
is less then 10 km, with the increase of distance, carrier 
frequency decreased significantly. 
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Fig. 2. Optimal carrier frequency with different distances. 
 
 

(2) Relation between band and carrier frequency.  
Fig. 3 shows the relation between band and carrier 

frequency, we can see that signal attenuation is 
negatively proportional to the distance. The frequency 
selectivity strengthens with longer distance, and the 
channel bandwidth is also negatively proportional to 
the distance. In short range transmission, the 
bandwidth is relatively wide. While the distance is 
around 5 km, the bandwidth sharply decreased. 
Apparently, single carrier transmission cannot obtain 
high transmission rate in this case.  
 
 

 
 

Fig. 3. Relation between bandwidth and distance. 
 
 

(3) Relation between link maximal transmission 
rate and link length  

Fig. 4 is the maximal transmission rate when link 
length is 1 km, 5 km and 10 km using QPSK. It is clear 
that the maximal transmission rate of channel is 
negatively proportional to the distance. With the 
increase of distance, the maximal transmission rate 
reduces gradually. This is because as link length 
increases, channel bandwidth decreases. 

 
 

Fig. 4. Relation between maximal transmission rate  
and distance. 

 
 

7. Experiment and Analysis  
 

7.1. Experimental Design 
 
The test system is shown in figure, which mainly 

consists of two sets of Universal Software Radio 
Peripheral (USRP) and two transducers (T218, D70). 
Basically USRPs are used as digital baseband and 
intermediate frequency of wireless communication 
systems, which can realize all waveform related 
processing, such as modulation and demodulation; 
digital up-conversion and digital down-conversion; 
sampling and interpolation, etc. The transmitter USRP 
performs source production, modulation, D/A 
conversion, and the electrical signal will be loaded to 
transducer after audio power amplifier. Transducer 
T218 is mainly to convert modulated signals into 
acoustic signal and through the underwater acoustic 
channel, transducer D70 will convert the received 
acoustic signal to electrical signals. Finally after signal 
amplification, the receiving terminal finishes 
corresponding A/D conversion, filtering and 
demodulation. 

The configuration for the experiment contains four 
Cascaded Integrator Comb (CIC) to realize digital 
down converter (DDC). CIC filter is a high 
performance filter based on adder and delay apparatus, 
which is mainly used in spectrum formation and signal 
suppression for frequency outside the band. 

Digital down converter (DDC) have two main 
functions as shown in Fig. 5. First, the signal from the 
intermediate frequency band is switched to baseband. 
Second, after the input signal (IF) multiplying the 
constant frequency (usually intermediate frequency) 
index signal, the resulting signal is complex and 
concentrated on zero frequency. If the factor N is 
adopted in signal sampling, the bandwidth of low 
frequency pass filter is [-Fs/N,Fs/N], then the sampler 
from [Fs, Fs] to[-Fs/N,Fs/N] will be removed. So 
actually, factor N can reduce the useful signal 
bandwidth. 
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Fig. 5. Block diagram of the communication systems. 
 
 

In practice, the extraction factor is used to set the 
OFDM signal bandwidth. USRP has four high-speed 
12 AD converters with sampling rate of 64 m per 
second symbol. In theory, it can be used as a digital  
32 M bandwidth. But practice bandwidth is 3 ~ 14 KHz 
or so, so reasonable extraction factor is needed to 
adjust the signal bandwidth. In addition, the range of 
AD converter is 2 V peak to peak values and the input 
is difference of fifty ohm, which is 10 mw power  
(10 dBm). Before ADCs there is a programmable gain 
amplifier (PGA) to amplify the input signal, so that in 
case of weak input signal, the whole range of ADCs 
cam still be used. The maximal PAG is 20 db. When 
the gain is zero the maximum input is difference of 2 V 
peak to peak value. When using 20 dB, only 0.2 V peak 
to peak value for differential input signal can achieve 
maximum range. 

The following factors should be considered in the 
experiment: 

(1) Bandwidth 
Due to the characteristics of underwater acoustic 

channel, the impact of low frequency sound absorption 
and attenuation is weaker than that of high frequency 
band. In addition, the resonant frequency of the 
transducer T218 is 22 kHz, but in practice 22 kHz is the 
central frequency. The bandwidth of the transducer is 
[16 kHz, 30 kHz] and the optimal bandwidth is  
[21 kHz, 24 kHz]. In the experiment, the frequency is 
ranged in [16 kHz, 30 kHz] with consideration of the 
channel and equipment characteristics. 

(2) Data rates 
Data rate is mainly determined by symbol rate in 

OFDM, effective subcarrier number and modulation 
mode. In the experiment the lowest data rate is  
960 bit/s and the highest is 14.4 kb/s. 

(3) Modulation  
Due to the high utilization rate, phase is extensively 

applied in underwater acoustic communication so that 
BPSK and QPSK are used here. Moreover, 
higher-order quadrature amplitude modulation (QAM) 
is also widely used way used in underwater acoustic 
communication system. However, by testing 16 QAM, 
64 QAM and 256 QAM show high bandwidth 
utilization, but at the same time bring very high error 
rate. So in our test, QAM-8 is used with good 
communication quality. 

Table 1 is system parameters under bandwidth of 
1.3 kHz and 2.6 kHz, central frequency of 22 kHz and 
carrier interval of 5.08 Hz case; Table 2 shows the 
corresponding relations between each modulation 
mode and data rate after conversion; Table 3 is system 
parameters under bandwidth of 3.2 kHz and  
6.4 kHz, central frequency of 22 kHz and carrier 
interval of 12.52 Hz; Table 4 shows the corresponding 
relations between each modulation mode and data rate 
corresponding relation after conversion. 

 
 

Table 1. System parameters 1. 
 

Subcarrier interval 5.08 Hz 

Frequency band 20.7 kHz~23.3 kHz 

Centre frequency 22 kHz 

Number of subcarrier 256,512 

Number of effective subcarrier 240,480 

OFDM effective Symbol period 196.85 ms 

Length of Cyclic Prefix 49.21 ms 

OFDM Symbol period T’ 246.06 ms 

Modulation BPSK, QPSK, 8QAM 
 
 

Table 2. Modulation and data rate 1. 
 

 BPSK QPSK 8QAM 
Number of effective 
subcarrier 

240 240 240 

Transmission rate 0.96 kb/s 1.92 kb/s 2.88 kb/s 
 
 

Table 3. System parameters 2. 
 

Subcarrier interval 12.52 Hz 

Frequency band 18.9 kHz ~ 25.1 kHz 

Centre frequency 22 kHz 

Number of subcarrier 256, 12 

Number of effective subcarrier 240, 480 

OFDM Symbol period 99.84 ms 

Length of Cyclic Prefix 19.96 ms 

OFDM Symbol period T’ 79.87 ms 

Modulation BPSK, QPSK, 8QAM 
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Table 4. Modulation and data rate 2. 
 

 BPSK QPSK 8QAM 
Number of 
effective subcarrier 

480 480 480 

Transmission rate 4.8 kb/s 9.6 kb/s 14.4 kb/s 
 
 

7.2. Experimental Results and Analysis 
 

Fig. 6 is the comparison between different 
modulation mode and bit error rate with the  
256 subcarriers while the effective subcarrier number 
is 480. According to the experimental results, when 
modulation mode is BPSK, channel transmission rate 
is 0.96 KB/s, and the communication rate is low, bit 
error rate is 0.001 or so. When the modulation order 
increases, data rate also becomes higher. When using  
8 QAM modulations, the bit error rate is 0.0043. 
 
 

 
 

Fig. 6. Block diagram of the communication systems. 
 
 

Fig. 7 is the comparison different modulation mode 
and bit error rate with 512 subcarriers between, while 
the effective subcarrier number is 480, the 
communication rate for BPSK, QPSK and 8QAM are 
1.92 Kb/s, 3.84 Kb/s, 5.76 Kb/s respectively. We can 
get similar results from Fig. 6 and Fig. 7. Comparing 
the two figures, we can see that with the same BPSK 
modulation mode, when the subcarrier number and 
bandwidth increase, the communication rate and bit 

error rate also increase. And under 8 QAM modulation, 
the effects of bandwidth is more remarkable. 

 

 
 

Fig. 7. Relationship of modulation and BER 2. 
 
 

As the chart shows when changing system 
parameters, adjusting cycle prefix length to be  
19.96 ms, and still choosing the symbol length as four 
times of the cycle prefix, the bit error rate relationship 
is demonstrated in Fig. 8. with comparison, it can be 
inferred that the increasing data rate and bandwidth 
will significantly increase the error rate. 

 
 

 
 

Fig. 8. Relationship of modulation and BER 3. 
 
 

Fig. 9 and 10 are the waveform in time domain and 
frequency domain with the central frequency of  
22 kHz, bandwidth of 6.2 kHz and BPSK modulation 
mode through the software radio platform. 

 
 

 
 

Fig. 9. OFDM time-domain waveform. 
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Fig. 10. OFDM frequency domain waveform. 
 
 

8. Conclusions 
 
In underwater communication networks, the 

acoustic channel has strong frequency selectivity. 
Aiming at the characteristics of underwater acoustic 
channel, this paper proposes a method of Multi-Rates 
using OFDM basing channel estimation, a relation 
model between transmission rate and distance is 
derived. By building the model of Multi-Rates, the 
network throughput and transmission efficiency will be 
improved as a whole. 
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Abstract: In wireless sensor networks, the sensor nodes need to collaborate with each other to transmit packets to 
the destination. However, some malicious nodes are not cooperative. The paper introduces a new reputation-based 
mechanism to stimulate nodes to forward packets for other nodes and enforce the security of the networks. All 
nodes are encouraged to maintain a good reputation so that their packets can be forwarded by other nodes, and a 
node will be isolated and punished if it acts maliciously. The impact of collisions and interference on nodes’ 
reputation is reduced, and nodes can have chance to restore cooperation after being mistaken for the selfish ones. 
The low competitive nodes that do not have enough energy to help other nodes can also be treated well. While 
searching a route to the destination, the factors of reputation, remaining energy and the distance to the destination 
are taken into consideration. Simulation results show that our strategy can achieve relatively high throughput even 
when there are malicious nodes in the networks. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks, Reputation mechanism, Cooperation, Collision, Security. 
 
 
 
1. Introduction 
 

In recent years, as an important part of the Internet 
of Things, wireless sensor networks (WSN) have 
gained great attention for its unique characteristics and 
novel applications. A typical WSN is composed of a 
large number of power-constrained, tiny sensor nodes 
[1]. These sensor nodes are deployed in various fields 
like military, disaster management, industry 
environmental monitoring, agriculture farming, etc. 
Because of the power-limited nature of the sensor 
nodes and the possible hostile application 
environments in WSN, we have to solve some 
important problems, including efficient energy 
management and the security [2]. 

With the widely applications of WSN, the 
requirement of security becomes more complexly. 

Since the wireless sensor networks are often deployed 
in hostile environments, sensor nodes can easily be 
captured by the attacker. The traditional security 
mechanisms which are based on cryptography can 
only resist external attacks, and are unable to resist the 
internal nodes which are captured by the attacker [3-5]. 
Therefore, an effective security mechanism is needed 
to identify the captured sensor nodes, and take 
corresponding measures to reduce the losses. As an 
effective supplement of the cryptography measures, 
trust management has already become an effective 
mechanism to protect the security of WSN. 

As the sensor nodes have limited resources and the 
network application is relatively single, the way of 
using of authentication in trust management is not 
suitable for WSN. Therefore, the researches on trust 
management in WSN mainly focus on the sensor node 
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trust value evaluation methods to enhance the security 
of the network [6]. During the process of trust 
evaluation, the incompleteness of information will 
lead to the deviation of the evaluation results and even 
mistake a cooperation node for a selfish node. In order 
to ensure the accuracy of the trust value, the indirect 
trust evaluation value from its neighbors is often used 
by a node to fix its own direct trust evaluation value, 
and this is the basic idea of the reputation based trust 
mechanism. Reputation mechanism is a kind of 
effective method in evaluating trust value, and this 
paper is based on reputation mechanism to evaluate 
whether a node can be trusted or not. 

In WSN, due to the limitation in energy resources 
and communication range of the sensor nodes, each 
node is the potential routing node and ought to 
forward the incoming packets for other nodes [7-8]. 

However, some misbehavior nodes will not be 
cooperative, and will not properly execute the 
operation like routing, forwarding, etc. The 
misbehavior nodes can be divided into selfish nodes, 
malicious nodes and low competitive nodes.  

Selfish nodes do not cooperate, saving battery life 
for their own communication, but they do not damage 
other nodes [9].  

Malicious nodes disturb the normal order of the 
network by dropping incoming packets deliberately, 
issuing error routing messages in order to misdirect 
the path [10].  

Low competitive nodes cannot provide service for 
other nodes as their energy is lower. 

Some incentive mechanisms have been proposed 
to detect and isolate the misbehavior nodes and ensure 
the security of WSN [11-14]. Incentive mechanisms 
can be divided into credit-based systems and 
reputation-based systems [15]. In credit-based 
systems, each time a node acts as a relay and forwards 
a packet, it will receive payments, and such credit can 
later be used by this node to encourage other nodes to 
be cooperative. If a node has no credit to pay, it will be 
isolated and none of the nodes will help it to forward 
packets. In reputation-based strategies [16-18], the 
behavior of a node is measured by other nodes in the 
network, and the misbehavior nodes will be isolated 
by the network. 

At present, the evaluations of a node’s reputation 
in WSN are mainly from the communication angle. A 
generally used reputation-based system is the RFSN 
model which is proposed by Ganeriw and Srivastava, 
and this system uses the watchdog mechanism to 
evaluate a node’s reputation [19]. The reputation is 
composed of direct reputation (Rij)D and indirect 
reputation (Rij)ID, that is Rij=(Rij)D+(Rij)ID. In RFSN 
scheme, the Beta probability function is used to 
compute the trust value of a node, that is  
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, (1) 

 

where Rij is the reputation of node j which is 
maintained by node i, j and j means the 

communication between node i and node j. TRANS 

(trust routing for location-aware sensor networks) is a 
secure mechanism based on the trust mechanism, and 
can make sure that packets can be transmitted to the 
destination through a secure route which is composed 
of trusted nodes [20]. Each sensor node computes the 
trust value of its neighbor nodes and does not select 
the lower reputation nodes as its relay nodes.  

These reputation-based schemes only consider the 
factors in communication, and ignore other factors. 
One problem is that refusing to forward the incoming 
packets is a normal behavior when the energy of a 
node is decreased to a certain threshold, and saving 
energy to transmit its own data later is more important 
than acting as a relay. But if a node does that, it will be 
isolated and punished in the traditional reputation 
systems. Another problem is that it is not always 
possible to perfectly estimate how a node behaves due 
to interference and collisions, so sometimes the 
cooperative nodes may be mistaken for the selfish 
ones. These situations may cause the cooperative 
nodes be isolated in error, and the connectivity and 
throughput of the network decrease accordingly. 

In this paper, a reputation-based mechanism is 
proposed to stimulate cooperation (RBMSC for short) 
among nodes and punish the non-cooperative 
behavior. The reputation, remaining energy and the 
distance to the destination are both taken into 
consideration in our routing scheme. A relay node can 
decide whether to help the sending node to forward 
packets according to the reputation of the sending 
node, and the reputation depends on the behaviors of 
the sending node in the previous time slot. In our 
scheme, a node can have chance to restore its 
reputation after being perceived as a selfish node 
falsely, and the low competitive nodes can get help 
from the other nodes in the networks. 

The rest of this paper is organized as follows. 
Section 2 introduces the network model and our 
proposed reputation model. Section 3 gives a detailed 
description of our reputation-based routing algorithm 
and discusses its performance. Section 4 presents the 
simulation results of our approach. Finally, we give 
the conclusions in Section 5. 
 
 
2. Model Definition 
 
2.1. Network Model 
 

(1) The network is a connected graph and consists 
of N sensor nodes. 

(2) All the sensor nodes including the Sink node 
are stationary, and each node has unique ID value. 

(3) The sensor nodes in the network include 
cooperative nodes and non-cooperative nodes. The 
non-cooperative nodes are malicious nodes. These 
nodes drop the arriving packets deliberately, but do 
not attack other nodes actively.  

(4) All the nodes are rational, and their main target 
is to maximize their payoff value. 

(5) The time is divided into slots, and the nodes 
can transmit several packets during one time slot. 
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2.2. Reputation Model 
 
In WSN, as the nodes need to collaborate with 

each other to transmit data to the destination, the 
credibility of the nodes is an important measurement 
for the security of the networks. In our model, each 
node uses a watchdog mechanism to monitor the 
behavior of its neighbors, and evaluates their 
reputation based on the monitoring results. We 
assume that the misbehavior nodes drop the incoming 
packets deliberately, but they do not damage other 
nodes. 

In our model, we use the packets forwarding ratio 
to evaluate the reputation of a node. Each node has a 
reputation list that stores the reputation of its 
neighbors. At the end of a time slot, each node 
computes the packets forwarding ratio of its neighbors 
that it has observed during this time slot and sends the 
value to its other neighbors. Here, we suppose node j 
is the sending node, and node i is the receiver. We let 

k
iN  be the set of neighbors that node i has discovered 

in time interval k. k
ijS  is the number of packets sent to j 

in time slot k (k≥0), and k
ijF  means the number of 

packets j actually forwarded in time slot k. At the ends 
of the time slot k, node i computes the packet 
forwarding ratio [21]. 
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and proceeds to send this value to its neighbors. With 
the values gathered from all the neighbors, node i 
computes the average indirect packet forwarding ratio 
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In Eq. (3), ( )k

mj Dp  is the packet forwarding ratio of 

node j that is perceived by node m, and the average 
value is weighted with the perceived packet 
forwarding ratio that node i measured from node m. 
Using this method, even if a node spreads a false value 
to improve a selfish node’s reputation, it will have a 
small impact on the average since the other nodes give 
low value. This method can help to avoid Sybil 
attacks. 

Using the direct observation value ( )k
ij Dp  and the 

indirect observation value ( )k
ij IDp , the forwarding ratio 

of node j at time slot k can be computed as 
 

 ( ) ( )k k k
j ij D ij IDp p p    (4) 

 
where , [0,1], 1      . It must be stressed that 

if there is no incoming packet arriving at node j during 
time interval k, node i will not execute the above 
computation, and just using the previous transmitting 

history to evaluate the reputation of node j, that is 
1k k

j jp p  . 

In WSN, due to collisions and interference, it is not 
always possible to detect whether a node forwards a 
packet or not. Meanwhile, it is hard to measure the 
probability that a packet has been forwarded but is not 
overheard by its neighbors. In order to stimulate 
cooperation, we adopt a strategy that can efficiently 
punish the non-cooperative nodes, and the nodes that 
have made a mistake unintentionally can get back in 
good standing by cooperation in the next stage. Based 
on the packets forwarding ratio of node j which is 
computed by node i at the end of time slot k−1, the 
reputation of node j at time slot k can be expressed as 
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where 1k

jp   is the average packet forwarding ratio of 

node j which is perceived by its neighbors, 1
,

k
j RBMSCp   is 

the packet forwarding ratio under RBMSC. If 
1 1

,
k k
j j RBMSCp p  , it means node j is perceived to 

forwarding more packets than it should under RBSMC, 
the reputation value of node j will be above zero. Here, 
we define the function 
 

 1, 1
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To reduce the impact of collisions and interference 

on the reputation of a node, the receiving node i 
compares its reputation with that of the sending node j, 
and will punish the sending node if its reputation is 
higher than the sending node. The punishment can be 
expressed as 
 

 
, ( ), 0k k k

i RBMSC i jq f R R k   , (7) 

 
where ,

k
i RBMSCq  is the dropping probability of node i to 

the incoming packets from node j. That is to say, node 
i can punish node j if it has higher reputation than node 
j at the time interval k. Then, under our proposed 
approach RBMSC, aiming at the incoming packets 
that are from node j, node i should adopt the packet 
forwarding ratio 
 

 
, ,1 , 0k k

i RBMSC i RBMSCp q k    (8) 

 
 
3. The Reputation-based Secure Routing 

Algorithm 
 
3.1. Algorithm Description 
 

While searching a route to the destination, each 
hop is a game between a sending node and a relay 
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node. When a routing request message is arriving, a 
node can decide whether to drop or forward packets 
for the sending node according to its residual energy 
and the reputation of the sending node. The sending 
node can select the suitable node as its next hop relay 
according to its payoff value. The pseudo code 
description of the relay node selection process can be 
seen in algorithm 1, and the detailed steps of the 
reputation-based routing algorithm are as follows:  

Step 1: A sensor node j has packets to send at time 
slot k. It will send packets to the destination directly if 
the destination is within its communication range 
(Line 1-7). Otherwise, the sending node sends a route 
request message to its neighbors (Line 8). 
 

Algorithm 1：The reputation-based secure routing  

j-the sending node i-the receiving node 

BEGIN  
1: //node j has data to be transmitted at time slot k 
2: compute dsink  

3: if(dsink<R) then  
4: {  
5: senddata(sink, j)  
6: return  
7: }//endif 
8: broadcast(req)  
9: //node i receive route request message from node j 
10: if(i has a route to sink) then  
11: { ack(route, j)  
12: senddata(route, j)  
13: return  
14: } 
15: else 
16: { 
17: if(Erem,iEth) then  
18: { 
19: if(Erem,j<Eth) then  
20: ack(j)  
21: else{ 
22: compute ui(k)  
23: if(ui(k) 0) then  
24: { compute ,

k
i RBMSCp   

25: send ack(j) with probability ,
k
i RBMSCp   

26: } //endif 
27: } //endif 
28: } //endif  
29: } //endif 
30: //node j receive some ack message 

31: compute uj(k) aiming at each ack  
32: i=max(uj(k))  
33: reply(i)  
34: //node i receive ack message from node j 
35: act as a sender and execute line 6-31  
END 

 

Step 2: Some nodes receive the route request 
message. If a receiving node i is the destination or it 
has a route to the destination, it will send a reply 
message including the full source route in reverse 
order, and go to Step 5 (Line 9-11). Otherwise, node i 

will drop the route request message if its remaining 
energy Erem is below a given threshold Eth, as it is 
important to save energy than to gain reputation. If 
Erem≥Eth, the node predicts the sending node’s 
remaining energy based on the communication history 
of the sending node, and will send an ACK message to 
the sending node when the sending node’s energy is 
lower than Eth. Since it may be the aiming of saving 
energy for data collecting that caused the sending 
node to drop packets in the previous slot, and we 
should not isolate it for the connectivity of the network. 
Except for these situations, node i will evaluate the 
reputation of the sending node from the 
communication angle. Firstly, node i computes its 
payoff value ui(k), and will not refuse to forward 
packets for the sending node if the value is below zero. 
If ui(k)≥0, node i computes the packet forwarding ratio 

,
k
i RBMSCp  that it should adopt, and sends an ACK 

message to the sending node with the probability of 

,
k
i RBMSCp (Line 15-29). 

Step 3: After a while, the sending node receives 
some ACK messages. For each ACK message, the 
sending node computes its payoff value. Then, the 
sending node selects the node that can maximize its 
payoff value as its next hop relay, and sends a reply 
message to the relay node (Line 30-33). 

Step 4: When the reply message arrives at the relay 
node, a new game between the relay and its next hop is 
begun. In the new game, the relay acts as a sending 
node, and it will find a suitable node as its next hop. 
The new sending node puts its node ID into the source 
route and forwards the route request message to its 
neighbors. Then, go to Step 2 (Line 34-35). 

Step 5: When the reply message arrives at the 
original sending node, a routing path is picked out, and 
the sending node can send packets along this path 
(Line 12-13). 
 
 
3.2. The Payoff 
 

In WSN, all the sensor nodes want to maximize 
their own payoff. Therefore, the routing selection 
process can be taken as the game between sending 
nodes and relay nodes. Here, we assume that node j is 
the sending node and node i is the receiver. Each node 
is a rational user and wants to maximize its own 
payoff. The payoff function of each node is the sum of 
the virtual utility value and physical utility value. 
Therefore, when it acts as a relay at time slot k, the 
payoff of the node i can be expressed as  
 

 
, ,( ) ( ) ( )i v i c iu k u k u k   , (9) 

 
where , ( )v iu k  is the virtual utility of node i and 

, ( )c iu k  is the physical utility,  and  are the weight 

parameters, and 1   . 
Here, the reward that a relay node receives is equal 

to the reputation of the sending node, which means if a 
relay node helps a higher reputation node it will get 
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more virtual utility , ( )v iu k . As forwarding a packet 

consumes energy, we define the physical utility of a 
relay node , ( )c iu k  to be in proportion to the energy 

consumption of transmitting a packet. To facilitate the 
calculation, we use the maximum energy consumption 
of transmitting a packet, which is Emaxc. Then, 
according to the radio energy dissipation model, the 
value of Emaxc can be compute by Eq. (10). 
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Thus, if node i forwards packets for node j at time 

slot k, its payoff function can be express as 
 

 1000
( ) maxck

i j

E
u k R

e

  , (11) 

 
where k

jR  is the reputation of node j that is computed 

by node i, and the value of e is 1J. As the value of Emaxc 
is very small, for example, when the length of the 
packet is 4000 bit and the communication radius is  
50 m, by computing Eq. (10), the value of Emaxc is 
equal to 0.0003J. Therefore, we set 1000 as the 
accommodation coefficient so as to balance the ratio 
of physical utility value and virtual utility value.  

To enhance the energy efficiency and security of 
the networks, the payoff function of the sending node j 
is defined as 
 

 ,

,

1000
( ) dest i totk

j i
rem i

E E
u k R

eE

  , (12) 

 
where k

iR  is the reputation of node i which is 

evaluated by node j, Edest,i is the evaluation of the 
energy cost of node i if it sends a packet to the 
destination directly. Etot is the initial energy of a node, 
and Erem,i represents the remaining energy of node i. 
Using Eq. (12), we can make sure that the node which 
has relatively high reputation, more remaining energy 
and is close to the destination will be selected as the 
next hop of node j. 
 
 
3.3. Performance Analysis 
 

In our proposed reputation-based model, we can 
see from Eqs. (7) and Eqs. (8), the packet forwarding 
ratio ,

k
i RBMSCp  that node i adopts in time slot k is 

consistent with the reputation of node j, that is k
jR . 

We can also conclude from Eqs. (5) and Eqs. (6) that 
the reputation of node j is decided by its packets 
forwarding ratio in time slot k−1, that is 1k

jp   . 

Therefore, when node i receives a packet from node j 
at time slot k, the packet forwarding ratio ,

k
i RBMSCp  is 

decided by the forwarding behavior of node j during 
time slot k−1. In other words, if node j behaves well, 
its packets will be treated well in the next time slot. 

Otherwise, if node j does not follow the packet 
forwarding ratio ,

k
i RBMSCp  that it should adopt in time 

slot k−1, it will be punished and no node will help it to 
forward packets. According to the sending node’s 
payoff function (Eqs. (12)), the lower reputation node 
will also not be selected as the relay node. 

Since no node can have more gain if it does not 
follow our proposed scheme, as a rational node, each 
node will be cooperative and forward packets for its 
neighbors with higher probability. So we can conclude 
that no node can gain by deviating from the expected 
behavior in RBMSC. When both nodes use RBMSC, 
the full cooperation is achieved, that is 1k k

i jp p  , 

for all 0k  . 
Under our strategy, the nodes that drop the packets 

deliberately will be isolated and punished. This can 
resist some attacks such as selective forwarding 
attacks. In the meanwhile, it can avoid Sybil attacks 
since the average value in Eq. (3) is weighted with the 
perceived packet forwarding ratio of node i measured 
from node m. Therefore, our strategy can enforce the 
security of the networks. 
 
 

4. Simulation 
 

In order to evaluate the performance of the 
proposed scheme, we deploy a network of 100 sensor 
nodes in an area of 100×100 meters target field. The 
simulation is implemented on OMNeT++ [22]. All 
nodes are scattered over the area randomly, and each 
node has the same maximum energy at the beginning. 
Two sensors are able to communicate with each other 
if they are within the transmission range. The sensor 
nodes perform a measurement task and periodically 
report to the sink node. The communication radius of a 
sensor node is set to be 50 meters, and within this 
distance the energy cost follows the free space 
propagation mode [23]. 

Fig. 1 indicates the average throughput of the 
networks in two cases, no malicious node and twenty 
percent of malicious nodes in the networks.  
 
 

 
 

Fig. 1. Throughput vs. time. 
 
 

We can see from Fig. 1 that when there are 
malicious nodes in the networks, the average 
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throughput is just a little less than that when all the 
nodes acts normally. The throughput keeps steady 
even when there are malicious nodes in the networks. 
The reasons behind that are no node will select the bad 
reputation nodes as its next hop relay, and the 
malicious nodes will forward other nodes’ packets 
actively in the next time slot to restore its reputation if 
they are punished during one time slot. 

Fig. 2 compares our strategy with two strategies in 
terms of throughput versus times, one is the RFSN 
scheme and the other one is the repeated game scheme 
proposed by Ref. [17].  

 
 

 
 

Fig. 2. Throughput vs. number of malicious nodes. 
 
 

The simulation results in Fig. 2 show that the 
throughputs of all three approaches are decreased 
while more malicious nodes are introduced in the 
network. Our strategy RBMSC has better performance 
than the other two strategies. In repeated game, the 
intrusion detection system (IDS) evaluates the 
reputation of a node based on the history of all games. 
Therefore, if a node is mistaken for a misbehavior one 
in one game, this will affect it all the time, and it may 
be isolated forever. In RFSN model, the Beta 
probability function is used to predict the packet 
forwarding ratio of a node. The reason of lower 
throughput in RFSN is that it only considers the 
communication factor, so it may mistake a 
cooperative node or a low competitive node for a 
misbehavior node and punish the node, this will cause 
the decrease in throughput. In RBMSC, the collisions 
and interference that caused by the communication 
environments are considered, and the low competitive 
nodes can be treated well, so the throughput is higher 
than that of other strategies even in hostile 
environments. 

In the third group of experiment, the percentage of 
malicious nodes is set to 10 %, and the number of the 
sensor nodes that sending data simultaneously is 
varying from 10 to 30. From Fig. 3 we can see that 
when there are more sensor nodes that sending data 
simultaneously in the network, the throughput of the 
network will be decreased due to the collision of the 
packet. However, our proposed scheme has relatively 
high anti-interference ability when compared to other 
schemes. 

 
 

Fig. 3. Throughput vs. number of data sender. 
 
 

Based on the above simulation results, we can 
conclude that our proposed reputation-based secure 
routing scheme has strong fault-tolerant ability in 
resisting packet collisions and environmental 
interference. Our scheme can stimulate “rational” 
selfish nodes to be cooperative so as they can gain 
good reputation. The low competitive nodes can get 
help from other nodes. The “irrational” selfish nodes 
will be excluded from the routing path, and will not 
affect the performance of the network. 
 
 
6. Conclusions 
 

In this paper, we propose a new reputation-based 
mechanism called RBMSC. In this approach, all nodes 
share the perceived packet forwarding ratio with its 
neighbors. The low competitive nodes can get help 
from other nodes. The impact of collisions and 
interference to the reputation of the nodes is reduced. 
The nodes that made a mistake unintentionally can get 
a chance to restore cooperation. The malicious nodes 
that do not follow RBMSC will be isolated and 
punished. Our approach can achieve full cooperation 
as no node can gain if it deviates from the expected 
behavior. Moreover, the simulation results show that 
RBMSC can achieve a higher throughput than the 
other strategies. 
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Abstract: The safety status of LNG tank vehicle is monitored in real time by using a particular decision-tree 
algorithm. The Data acquisition system for the algorithm consists of 8 heterogeneous sensors installed on the LNG 
tank vehicle, which includes a gas sensor, a temperature and a humidity sensor, a pressure sensor, a liquid level 
sensor, an accelerometer, an angle sensor, and a door-switch sensor. Some data sets of different running modes of 
the tank vehicle were used to training the decision-tree, and the others were used to evaluate the status of the 
vehicle. A simulation system was also established to experimentally verify the accuracy of the algorithm and the 
results of the experiments show that the monitoring system is good enough for practice usage.  
Copyright © 2013 IFSA. 
 
Keywords: Multi-sensors, Decision tree algorithm, LNG tank vehicle, Safety status. 
 
 
 
1. Introduction 
 

Human-made disaster due to accidents of 
hazardous chemicals transportation caused a 
tremendous calamity and casualty every year all over 
the world. 

In the past 20 years, in one hand, rigorous 
managing measures and rules have been issued to 
prevent the disasters [1–7]. In China, many 
regulations had been completed in compulsory to the 
hazardous materials from storage, transportation, 
usage and waste. In United States, the research has 
being studied from 1968, and lots of dangerous 
experiments were made to get more accurate data. 
Since there are many accidents and many experiments 
data, dataset for the hazardous materials were 
established in Unites State, Italy and Germany to 
analysize the transportation rout, to prevent the danger 
occurred. 

In another hand, with the development of the 
science and technology, various techniques have been 
studying to automatically monitor the status of the 
transportation vehicles [8–12]. And the sensor 
technologies have been developed rapidly, sensors 
began to be adopted to monitor the hazardous 
materials. And at the beginning, only one sensor was 
used to measure the data. Then the sensor system was 
established to monitor the whole process. Therefore, 
the process for transportation can be monitored in real 
time. It is very popular to monitor the process by 
GPRS in the recent years. 

As the progress of industrialization, more and 
more LNG tanks are transported by vehicles or ships 
in mainland of China. This paper describes a 
monitoring system for LNG tank vehicle by using 
multiple sensors and decision-tree algorithm. The 
multiple systems were made by 8 heterogeneous 
sensors and all the data were transmitted by GPRS. 
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Decision-tree classification techniques have been 
successfully used for a wide range of classification 
problems in aerospace [13], geography [14], computer 
[15], and industry control [16–17], respectively. In 
this paper, we assess the utility of decision tree 
classification algorithms for the task of safety status 
from 8 heterogeneous sensors’ datasets. The 
techniques described here have substantial advantages 
for this problem because of their flexibility, intuitive 
simplicity, and computational efficiency. 

 
 

2. Multiple Sensors Monitor System 
 
Fig. 1 shows the framework of the system [18]. 

There are three segments: the guardian of the tank, the 
terminal detector and the remote control center. The 
guardian of the tank consists of 8 sensors for detecting 
the content of LNG tank and the vehicle's run status. 
Three of them are used to detect whether there is a 
leakage status in the LNG tank, which are pressure 
sensor, liquid level sensor and LNG sensor, 
respectively. For the leakage status, the LNG gas 
sensor would play an important role to make decision. 

Two of them are used to observe ambient environment 
which is temperature sensor and humidity sensor. 
When these two signals are very high, the tank will be 
dangerous with a higher probability. An accelerometer 
and an angle sensor are used to monitor the vehicle 
running modes. If there is an override or the angle is 
over, it shows the tank is also dangerous .The last one 
is used to check whether there is unlawfully opening 
of LNG inlet door of the tank.  

All signals of the sensors are collected to the 
terminal detector. These data are preprocessed first 
and then transmit to the remote center. And these data 
including the vehicle’s position which is obtained by 
GPS simultaneously will be sent to the remote control 
center though GPRS. The safety status of the vehicle 
will be determined by these data in the control center. 
Once there’s any dangerous happened, the alarming 
information will be send to the drivers and transmitted 
to the remoter control center immediately. According 
to the degree of the safety status, different person can 
receive the information messages so that they can take 
some instant processes to avoid accident or to prevent 
lost. 

 
 

 
 

Fig. 1. The framework of the monitor system. 
 
 
Fig. 2 shows the terminal detector. It consists of a 

main CPU, a DTU and other components. Among 
them, the main CPU chip is AD670 which is eight bits 
microcomputer for considering the data acquisition 
speed and accuracy. Data will be sent to the remote 
center through DTU (Data Terminate unit). 
Fig. 3 shows the diagram of the software in the remote 
center. The program will monitor the port, for 
example, 5001 in the host computer. If there data 
undated in the port, the program will make decision by 
data fusion. 
 
 

3. Decision- tree Detection  
and Diagnostics Algorithm 
 
A decision tree learning algorithm was studied 

because it is much easier for human experts to 

interpret than the models produced by some 
competing algorithms such as neural networks or 
support vector machines. Having engineering experts 
examine the decision trees are very helpful for 
verifying them before deploying them [19].The 
decision tree algorithm automatically “learns” a 
decision tree by performing a search through the space 
of possible decision trees to find one that fits the 
training data. However, the key step in any decision 
tree estimation problem is to correct the tree for 
overfitting by pruning the tree back. In this paper, the 
revised decision tree algorithm is based on C4.5, but 
the weight coefficient is added. Here we choose the 
Weka 3-5-8 as the programming tool. 

The particular decision tree for the content of the 
LNG tank is shown on Fig. 4. Here, G1 is the gas 
sensor’s threshold value according to the LNG lower 
explosion limited, G1= 2 %. P1 is the pressure 
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sensor’s threshold value, P1 = 0.74 MPa. L1is the 
liquid level sensor’s threshold value, L1 = 157 cm 
according to the tank’s safety status, respectively. 
Whatever, the data from the liquid level sensor has 
been compensated by the angle sensor and the 
accelerator. GC1, PC1, LC1 and W1 are the weight 
coefficient for the different safety status. In Table 1, 
different values in different status are given according 
to the sensors' rang and the regulations [24-25]. 

The safety status data of the training datasets in 
this paper’s experiments are from the real monitor 
system. These data is from the rehearsal in 2008. The 
router map was shown on Fig. 5. However, the 
dangerous status’s data such as gas release, liquid 
release are from the simulation data by Matlab 7 
according to the sensors’ performance. 
 

 
 

 
 

Fig. 2. The actual terminal detector. 
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Fig. 3. The software diagram for the control center. 
 

 
Table 1. The threshold value for sensors. 

 
Threshold value 

Sensor’s Name (Unit) 
Grade II Grade I 

Safety value Sensor range 

LNG (ppm) 10000 5000 <2000 0~20000 
Pressure (ppm) 1000 700 300~500 0~1500 
Liquid level (cm) 170.7 157.1 <157 0~300 
Temperature (C) >80 <-20 -10 ~ +40 -40 ~ +120 
Humidity (%RH) >90 <10 10~90 0~90 
Angle (°) 20 10° -10~+10 -90 ~ +90 
Accelerator (g) 2 1.1 <0.4 -2~2 
Door switch / Open /closed Open, closed 
Velocity (km/h) 80 60 km/h 0~77 0~100 
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Fig. 4. The revised decision tree of the content  

in the LNG tank. 
 
 

 
 

Fig. 5. The route map of the rehearsal on 2008. 
 
 

Fig. 6 depicted the typical response parameters of 
the gas sensor, the liquid level sensor and the pressure 
sensor in a gas leakage status. The signal from the gas 
sensor began to rise rapidly. Meanwhile, the signal 
from the liquid level would slowly decrease and the 

signal from the pressure sensor would change more 
slowly than the one from the liquid level. 

Fig. 7 shows the parameters in a normal status. All 
sensor's data are in the range of the safety value which 
is shown in the Table 1. 

Fig. 8 shows the parameters in LNG liquid release 
status. The signal from the pressure sensor first 
increase and then decrease, the signal from the liquid 
level sensor decrease, but the signal from the gas 
sensor has not response for the operations. 

These data mentioned above were obtained under 
the conditions of the ambient environment shown in 
Table 2. 

The first experiment, two datasets were used to 
train the decision tree. These two sets each had an 
anomaly at the same liquid level, but it started at two 
different sample times. The decision tree learning 
algorithm was provided with 8 sensor values for each 
time step, 500 seconds lasted. The resulting tree had 
19 nodes shown on Fig. 4. A third dataset was used to 
test the tree, which had an anomaly at the same liquid 
level but again with a different sample time. When 
applied to this test dataset, the tree was 99.9982 % 
accurate which is extremely high accuracy. Only one 
time-step was classified wrong. 

In the second experiment, a dataset was selected as 
follows: four safety statuses named N1, gas senor 
wrong; N2, liquid sensor wrong; N3, gas leakage and 
N4, Liquid release. Six datasets for each safe status 
with different liquid level was simulated in LNG tank. 
The liquid levels are 10 cm, 50 cm, 100 cm, 150 cm, 
200 cm and 250 cm, respectively. The decision tree 
was trained using 6 of these datasets, and tested on the 
remaining 18. The decision tree decided there was an 
anomaly or has another status (out of the four safety 
statuses). From Table 3, the total false alarm rate of 
these experiments is only 0.001 % from the decision 
tree, which is considered perfectly. From Table 4, the 
max missed detection rate is 0.04 % when the liquid 
level was the 10 cm and the safety status is N3. For the 
status N3, the tree does not have a good job until the 
liquid level reaches 150 cm and greater. The missed 
detection rate is zero when the safety status N1 is in 
different liquid level or N2 is in different liquid level. 
It can be seen that the tree performs very well. For the 
status N4, the tree performs well for liquid level 100 
cm and greater. 

 
 
Table 2. The ambient environment parameters. 

 
Sensor Conditions 

1. Temperature sensor 23 C ~24 C 
2. Humidity sensor 40~45 %RH 
3. Door-switch sensor closed 

4. Velocity 59~62 km/h 
5. Angle sensor 3’~4’ 

 
 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 104-110 

 108 

0

50

100

150

200

250

300

350

400

1 101 201 301 401

GAS(X50 PPM)

LIQUID LEVEL(cm)

PRESSURE(MPa)

 
 

Fig. 6. Part of the response data in gas leakage status. 
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Fig. 7. Part of the response data in a normal status. 
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Fig. 8. The typical response curve when the LNG liquid 

released. 
 
 

Table 3. The false alarm rates. 
 

Safety status The false alarm 
rates 

1. Gas senor wrong 0.000 % 
2. Liquid sensor wrong 0.000 % 
3. Gas leakage  0.000 % 
4. Liquid release 0.001 % 

 
 

Table 4. Missed detection rates. 
 

Safety status Missed detection 
rates (%) 1 2 3 4 

10 0.00 0.00 0.04 0.02 
50 0.00 0.00 0.01 0.01 
100 0.00 0.00 0.01 0.00 
150 0.00 0.00 0.00 0.00 
200 0.00 0.00 0.00 0.00 

Liquid level 
(cm) 

250 0.00 0.00 0.00 0.00 

4. The Threshold Value and the Revised 
C4.5 

 

This section will detect the error rate in threshold 
value and the revised C4.5. Fig. 9 shows a response 
curve from a LNG gas sensor during the tank vehicle 
transportation. In the rectangle, there data were from 
the disturbance when the vehicle was through a 
chemical plant. If there is an alarm generate, there is 
an error happened. 

The error rate for the threshold vale algorithm is  
1.5 %, because when the data is over 10000 ppm, the 
alarm signal would generate. But for the revised C4.5, 
the error rate is zero. Compared with the C4.5 which is 
from the weak 3-5-8, the error rate reached 1 %. From 
these results, the revised C4.5 has a perfect accuracy. 
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Fig. 9. The response cieve from a LNG gas sensor  
in transportation. 

 
 

5. Algorithm Verification 
 

A simulation tank cavity was made to verify the 
algorithm. The system is shown in Fig. 10. The AHRS 
system can collect the X, Y and Z accelerator. During 
the process, the content of the tank is water for the 
safety. Nitrogen was injected above the water to keep 
the tank’s pressure. The ambient environment 
temperature was the same mentioned above. The 
liquid level is 282 cm. Table 5 and Table 6 shows the 
results. The accuracy is 100 % after making decision 
by the revised C4.5 algorithm. 
 
 

 
 

1. Pressure transformer, 2. Pressure sensor, 3. AHRS system,  
4. Simulated tank cavity, 5. Signal collector, 6. Gas sensor, 7. Gas 

pipe, 8. Safety valve, 9. Liquid inlet, 10. Gas outlet, 11. Gas inlet, 12. 
Liquid outlet, 13. Differential transformer, 14. Liquid pipe. 

 
Fig. 10. The simulation system for verification. 
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Table 5. The results of situation assessment in grade I. 
 

No. Characteristics Times Result Accuracy 
1. Collision 10 Alarm 100 % 
2. Tilt 10 Alarm 100 % 

3. 
Increasing 
pressure; 
over-pressure 

10 Alarm 100 % 

4. 

Overdrive; 
overdrive and tilt; 
overdrive and 
increasing 
pressure 

10 Alarm 100 % 

5. 
Collision; tilt; 
over-pressure 

10 Alarm 100 % 

6. 
Tilt and 
over-pressure 

10 Alarm 100 % 

7. 

Overdrive; 
Collision; tilt 
over-pressure; 
overdrive and tilt 

10 Alarm 100 % 

8. 

Overdrive and 
Collision; tilt 
increasing 
pressure and 
over-pressure 

10 Alarm 100 % 

 
 
 

Table 6. The results of situation assessment in grade II. 
 

No. Characteristics Times Result Accuracy
1 Collision 10 Alarm 100 % 
2 Tilt 10 Alarm 100 % 
3 Increasing 

pressure 
10 Alarm 100 % 

4 Release gas 10 Alarm 100 % 
5 Gas leakage 10 Alarm 100 % 

 
 
4. Conclusions 

 
A decision tree was used to detect the safety status 

of the LNG tank in this paper. Testing the tree on a 
separate set of data showed that the decision tree has 
very low false alarm rates. And it has very low missed 
detection rates. 

Due to the quantity limitation of the anomaly 
dataset, the accuracy from the decision tree which is 
one of the supervised detection algorithms has a 
discount. Therefore, unsupervised anomaly detection 
algorithms that are trained using only nominal data are 
probably more suitable for this work. 
 
 
Acknowledgements 
 

This work has been funded by the National 
High-Tech Research and Development Program of 
China, (863 Project): 2006AA040102, 
2006AA040104. 
 
 

References 
 
 [1]. R. P. Koopman and D. L. Ermak, J. Lessons learned 

from LNG safety research, Hazardous Materials,  
Vol. 140, No. 412, 2007, pp. 412-428. 

[2] Perri Z. R., Wendy A. W., Wendy E. K., Risk factors for 
acute chemical releases with public health 
consequences: hazardous substances emergency 
events surveillance in the U. S, 1996-2001, BioMed 
Central, 2004, pp. 3-10. 

[3]. P. Cleaver, M. Johnson, and B. Ho, J. A summary of 
some experimental data on LNG safety, Journal of 
Hazardous Materials, Vol. 140, No. 429, 2007,  
pp. 429-438. 

[4]. S. P. Tseng, K. Y. Hwa, and I. Chang, An Automatic 
RFID and Wireless Sensing System on a GHS 
Hazardous Chemicals Management Platform, 
Embedded and Multimedia Computing, Vol. 2, No. 1, 
2010, pp. 1-6. 

[5]. L. L. Holrenthal and M. A. Johnson, Analysis and 
development of a process safety management system, 
in Proceedings of the Southeastcon’93, 1993, pp. 1-4. 

[6]. A. Nehorai, B. Porat, and E. Paldi, Detection and 
Localization of Vapor-Emitting Sources, IEEE 
Transactions on Signal Processing, Vol. 43, No. 243, 
1995, pp. 123-127. 

[7]. L. J Wei, Y. Q Duo and Z. Z Wu, Study on the Method 
and Procedure of Urban Safety Planning for Major 
Hazard Installation, China Occupational Safety and 
Health Management System Certification, Vol. 1,  
No. 1, pp. 15-20. 

[8]. D. P. Sun, Z. A. Tang, G. F. Wei, and J. Yu, A real 
time detector for LPG tank car, Measurement 
Technology, Vol. 26, No. 6, pp. 15-16, 39. 

[9]. S. J. Lee, M. H. Kim, and D. H. Lee, The effects of 
LNG-tank sloshing on the global motions of LNG 
carriers, Ocean Engineering, Vol. 26, No. 10,  
pp. 10-20. 

[10]. J. H. Jiang and Y. W. Gong, Analysis on LNG 
Highway Transportation with Tank—type Container, 
Gas & Heat, Vo1. 24, No. 11, pp. 644-646. 

[11]. P. U. Kurup, An Electronic Nose for Detecting 
Hazardous Chemicals and Explosives, Technologies 
for Homeland Security, Vol. 10, 2008, pp. 144-150. 

[12]. J. H. Peng, Test and Analysis of LNG Tank Container 
Waterway Transportation, Navigation of China, Serial 
No. 71, No. 2, pp. 52-54. 

[13]. R. Ohba, A. Kouchi, T. Hara, V. Vieillard, and  
D. Nedelka, Validation of heavy and light gas 
dispersion models for the safety analysis of LNG tank, 
Journal of Loss Prevention, Vol. 17, 2007,  
pp. 325-337. 

[14]. J. Ilonen, J. Kamaruinen, and H. Kalviainen, 
Automatic detection and recognition of hazardous 
chemical agents, Digital Signal Processing, Vol. 2,  
pp. 1345-1348. 

[15]. Y. J. Yang, Z. D. Liu, and Y. S. Zhao, The Problems 
and Improvement on Hazardous Chemicals 
Emergency, System in China, Industrial Safety and 
Environmental Protection, Vol. 33, No. 12, pp. 36-37. 

[16]. Y. S. Zhang, Z. G. Duan, S. Q. Zhou, and Y. Z. Cao, 
Development of Real-time Condition Monitoring 
System of Transportation Equipment for Hazardous 
Chemicals, Transportation and Computer, Vol. 25, 
No. 6, pp. 106-108. 

[17]. Y. C. Wang, R. Z. Guo, and J. Guo, Dangerous 
chemical sources on-line monitor system based on 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 104-110 

 110 

J2EE, J. Chengdu University of Information 
Technology, Vol. 21, No. 6, pp. 832-836. 

[18]. M. Schwabacher, R. Aguilar, and F. Figueroa, Using 
Decision Trees to Detect and Isolate Simulated Leaks 
in the J-2X Rocket Engine. Aerospace Conference, 
2009:pp. 1-7. 

[19]. C. E. Brodley, M. A. Friedl, and A. H. Strahler, New 
approaches to classification in remote sensing using 
homogeneous and hybrid decision trees to map land 
cover, Geoscience and Remote Sensing Symposium, 
1996, pp. 532-534. 

[20]. Xu P, Lin S., Internet traffic classification using C4.5 
decision tree, Journal of Software, Vol. 20, No. 10,  
pp. 2692−2704. 

[21]. E. Lobato, A. Ugedo, and L. Rouco, On the Use of 
Decision Tree for Posture Recognition, Intelligent 

Systems, Modelling and Simulation (ISMS), 2010,  
pp. 209-214. 

[22]. V. Reichel and W. Zhou, Robust decision tree state 
tying for continuous speech recognition, IEEE 
Transactions Speech and Audio Processing, Vol. 5, 
Issue 8, pp. 555-566. 

[23]. Cui Yuanhui, Tang Zhen-an, Yu Jun, Evaluation of 
transportation in tank vehicle based on extenics 
theory, ICIC Express Letters, Vol. 6, Issue 9, 2012,  
pp. 2409-2414. 

[24]. Explosive gases with electrical equipment part 14: the 
dangerous site classification, GB3836.14 -2000. 

[25]. Explosive gases with electrical equipment part 1: 
general requirements, GB3836.1 – 2000. 

___________________ 
 

2013 Copyright ©, International Frequency Sensor Association (IFSA). All rights reserved. 
(http://www.sensorsportal.com) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

http://www.sensorsportal.com/HTML/IFSA_Publishing.htm


Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 111-118 

 111

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

© 2013 by IFSA
http://www.sensorsportal.com   

 
 
 
 
 

Influence Analysis of Star Sensors’ Sampling Frequency  
on Attitude Determination Accuracy  

 
1, 2 Yuanyuan Jiao, 1 Xiaogang Pan, 3 Jiongqi Wang, 2 Yong Li, 3 Haiyin Zhou 

1 College NineNational University of Defense Technology, Changsha, China 
2 School of Surveying & Spatial Information Systems, The University of New South Wales,  

Sydney, Australia 
3 Department of Mathematics and Systems Science, National University of Defense Technology, 

Changsha, China 
E-mails: jyynudt@gmail.com; jyjy0103@163.com 

 
 

Received: 15 April 2013   /Accepted: 20 June 2013   /Published: 28 June 2013 
 
 
Abstract: The star sensor has been widely used as an important and accurate attitude measurement sensor in 
classical satellite attitude determination systems. This paper analyses the influence of star sensor’s sampling 
frequency on attitude determination accuracy within an Extended Kalman filter (EKF). Simulations are used to 
validate the theoretical analysis and determine the parameters of the influence function. The results show that in 
most scenarios, the influence of the star sensor’s sampling frequency on the attitude determination accuracy can be 
expressed by the characteristic parameter in the influence function, which is not affected by other accuracy 
influence factors. Copyright © 2013 IFSA. 
 
Keywords: Star sensor, Attitude determination, Sampling frequency, Influence analysis. 
 
 
 
1. Introduction  
 

High accuracy attitude determination plays an 
important role in earth-orientation and satellite control 
[1]. As input of the attitude determination algorithms, 
the accuracy of the attitude measurement is regarded 
as the most important influence factor in determining 
the satellite’s attitude. Since star sensor has the highest 
measurement accuracy [2, 3], it is the most widely 
used sensor in satellite attitude determination systems. 

Over the past decade, the problem of attitude 
determination using star sensors has been reported in 
the research literatures, such as, determining the 
attitude by a set of observation vectors of star sensors 
[4-6], and different types of filtering methods using 
the observation vectors of star sensors together with 
the measurement of angular velocity [7-9], deep 
analysis of the star sensor’s measurement model, as 
well as the characteristics of measurement errors [4, 

10-12]. In addition to the aspects above, it has been 
found that the sampling frequency of the star sensor is 
an important factor that has significant influence on 
the accuracy of attitude solution. Farrenkopf gave an 
analytical solution for the steady-state covariance of 
attitude angle’s estimation error for a single-axis 
Kalman filter [13]. Markley and Reynolds then 
modified Farrenkopf’s results to include the effect of 
gyro output noise [14], and derived the relationship 
between the star sensor’s sampling interval and the 
standard deviation of the angular estimation. Based on 
such work, this paper derives the analytical 
representation of the influence of the star sensor’s 
sampling frequency on the widely-used EKF-based 
attitude determination accuracy we defined. The 
quaternion-based EKF in this paper combines the 
measurements from three star sensors and gyros. 

Since star sensor’s measurement accuracy is high, 
the following attitude determination method is 
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commonly used. That is, the angular velocity 
information is used to predict the attitude when the 
star sensor’s measurement data is absent. The attitude 
is updated when the star sensor’s measurement is 
available. Obviously the star sensor’s sampling 
frequency determines the time span of prediction and 
updating in the process of attitude determination. 
Therefore a high sampling frequency can help to 
increase the attitude determination accuracy. 
Nevertheless, since the time of exposure and the time 
of internal circuit and algorithmic processing are 
restricted, a heavier cost has to be paid for the increase 
of the star sensor’s sampling frequency during design 
and manufacturing [15]. Therefore, analyzing the 
influence of star sensor’s sampling frequency on the 
attitude determination accuracy can support the 
requirement analysis for increasing the star sensor’s 
sampling frequency. 

The paper is organized as follows. Following the 
introduction, the measurement model of attitude 
sensors and the equations of the EKF-based attitude 
determination system are presented. The form of the 
influence function of the star sensor’s sampling 
frequency is then analyzed in Section 3 from a 
theoretical point of view. In Section 4, simulations are 
used to validate the theoretical analysis and determine 
the parameters of the influence function. Furthermore, 
the parameters in the influence function are estimated 
and validated in the simulation tests under different 
conditions. Finally, the paper is concluded in  
Section 5. 

 
 

2. Equations of Attitude Determination 
System  
 

2.1. Measurement Model of Gyros and State 
Equation of EKF 

 
The gyros’ measurement model is first introduced. 

It is written as [9]. 
 

g bi g

b

b

b

  



  

 , 
(1) 

 

where g  is the measured angular velocity. bi  is 

the coordinate of the inertial angular velocity of the 

satellite in the body frame. b  denotes the gyro drift. 

g and b  are independent Gaussian white-noise 

processes with 
 
E( ( )) 0k t  , 

T 2E( ( ) ( )) ( ) ( , )k k kt t t t k g b     I    , 

 
where ( )t t  is the Dirac-delta function. 

The EKF state equation can be derived from the 
quaternion based kinematic equation, and it is 

constructed by the first three independent components 
of the error quaternion q  [16,17], which is defined 

to represent the rotation from the estimated attitude q̂  

to the true attitude q . For convenience, the first three 

independent components are denoted as q . With 

the state vector consisting of q  and the estimation 

error of gyro drift b , the state equation for 
T T T

6 1 [ ]X q b     is given by [9,16]: 

 

( ) ( ) ( ) ( )X k k X k W k F  (2) 

 
where, 
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The corresponding discrete form of Equation (2) is 
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2.2. Measurement Model of Star Sensors  

and Measurement Equation of EKF 
 
Assumed that three star sensors are mounted on the 

three axes of the body frame of a satellite, the 
measurement equation of the star sensors’ optical axes 
is given as [11, 16, 17]: 

 
( ) ( , ) ( )k q l k Z h V , (8) 

 
where 
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T
1 11

T
2 2 2

T
3 3 3

( )

( , ) ( )

( )

bi bziz

iz bi bz

iz bi bzl

  
      
      

h A q ll

lh q l h A q l

l h A q

. 

 
In the above equations, T ( )bi qA  is the transfer 

matrix from the body frame to the inertial frame, and 
q  is the corresponding attitude quaternion. 

, ,bzj izjl l ( 1, 2,3j  ) are the coordinates of the star 

sensors’ optical axes in the body frame and inertial 

frame respectively. ( )kV  is the measurement 

random noise sequence, its covariance matrix is R .  
Based on the star sensors’ measurement model, the 

measurement equation for T T T
6 1 [ ]X q b     is 

written as [16, 17] 
 

( )k k kk H


Y X V  (9) 

 
where

TT T T
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,

( )k jZ  is the jth element of ( )Z k ,  
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3. Analysis of the Influence of Star 

Sensor’s Sampling Frequency 
 

According to the formula of the EKF-based 
attitude determination algorithm [16], together with 
Equation. (9) and Equation. (2)-(7), one can see that 
the influence of the star sensor’s sampling frequency 
on the EKF-based attitude determination method is 
mainly represented by the state transformation matrix 

 , 1k k Φ  and covariance matrix of process 

noiseQ . 

Before analyzing the influence of star sensor’s 
sampling frequency, a criterion is defined to measure 
the accuracy of attitude determination.  /k kP  is 

the covariance matrix of estimate error. Since only the 
accuracy of the satellite attitude is of concern, the 
trace of the first three dimensions of the covariance 
matrix  /k kP  can be used as the measure of 

attitude estimation accuracy. For convenience, the 
sub-matrix constructed by the first three dimensions of 

matrix P  is denoted as P . The trace of P  is denoted 
as t r ( )P , which is the criterion of measuring the 

accuracy of attitude determination. 
According to the formulation of the EKF  
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Denote  
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, k r R I . 

 

The accuracy metric t r ( ( / ))k kP  can be 

written as 
 

/ 1 1

1 1
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Combining with Equation (3), one can obtain  
 

/ 1
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(12) 
 

Considering that the rotating angular velocity of 

the satellite is usually small, / 1 ( )k k ii  Ψ  can be 

approximated by a diagonal matrix. 
Denote the element in the ith row and the jth 

column of attitude matrix A  as , , 1,2,3ija i j  . Since 

the directions of the star sensors’ optical axes are 
aligned with the axes of the body frame, one can 
obtain the observation matrix by combining them with 
the form of the observation matrix 
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Then,  
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Considering that the Kalman filter will converge to 
the steady-state, one can assume that the covariance 
after processing all these measurements, ( / )k kP , is 

identical with the covariance ( 1 / 1)k k P  [14]. 

Furthermore, using the average value of the first three 
diagonal components of matrix P  as the accuracy 
index y , Equation (14) can be rewritten as 
 

3 3 3 3
2

1 1 1 1

8 8
3 ii ii ii ii

i i i i

y y Q y y Q
r r   

         
 (15) 

 

Substituting Equation (3-7) and Equation (12), one 
obtains 
 

2 2 2 2 2 2 3 2
1 2 3

2 2 2 2 2 3 2
1 2 3

8 2 6
ˆ ˆ ˆ(3 (2( ) 0.75) ) (

1 3
ˆ ˆ ˆ(2( ) 0.75) ) ( ) 0

4 4

b g

b g

t y t t
r r r

t y t t

    

    

          

           

 (16) 
 

The solution of this quadratic equation represents 
the relationship between the accuracy index y  and 

the star sensor’s sampling interval t . It is a 
polynomial with respect to t . Nevertheless, its 
concrete form is too complex to use. Since the order of 

t  in this solution is between -2 and 1, we use the 

equation 2
1 3 2, 2 1py p t p p       as the form 

of approximated solution, i.e., the influence function 

model, where 3p  is 0. It can be derived from 

Equation (16) as t  approaches to 0. Since the star 

sensor’s sampling frequency is 1 /x t  , the 
influence function model of the star sensor’s sampling 
frequency and the square root of y (used as the final 

accuracy index) is as follows: 
2

1 2, 1 / 2 1py p x p    . 

Notice that when the star sensors’ mounting 
direction is changed, if they are still orthogonal, 
according to the form of observation matrix, the 
analysis result is the same as described above. But if 
they are not orthogonal, then the diagonal element is 

unchanged, but the off-diagonal elements of kΘ  are 

the cosine values of the angles between every pair of 
optical axes. Commonly, the angle is still nearly 90 
degree, hence compared to the diagonal elements, the 

off-diagonal elements of kΘ  are very small. Then, 

kΘ  can still be assumed to be a diagonal matrix. This 

will not affect the above result significantly. 

4. Simulated Experiments  
 
Four sets of experiments with different conditions 

are used to validate the theoretical analysis.  
It is known that the estimated errors of the 

quaternion and attitude angles have a linear 
relationship when the estimated error is small. 
Meanwhile, the estimated accuracy of the attitude 
angles is commonly employed to measure the 
performance. Therefore, instead of the accuracy index 
represented by error quaternion, the average of the 
attitude angles’ estimated error is used as the metric in 
the simulations. This replacement will not change the 
form of the influence function. 

 
 

4.1. Experiment 1 
 

(1) The standard deviation of the gyros’ 
measurement noise and constant drift noise is 

0.05deg/ h
g

  and 0.03deg/ h
b

  .The gyro 

constant drift is assumed to be 
T[1, 1,1]b   deg/h. 

(2) The measurement accuracy of the star sensor is 
assumed to be 10 (3 ) . The mounting direction of 

the star sensors’ axes align with the body frame’s three 
axes. 

Under the above assumed conditions, the 
experiment is conducted by choosing 11 experimental 
points in which the star sensor’s sampling frequency is 
varied from 0.2 Hz to 20 Hz. 

According to the experimental results, the 
influence of the star sensor’s sampling frequency on 
EKF-based attitude determination accuracy is shown 
in Fig. 1. 
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Fig. 1. EKF based attitude determination accuracy  
with different star sensor’s sampling frequency.  

(Star sensor’s measurement accuracy is 10 arc sec.). 
 
 

As can be seen from Fig. 1, the curve has a 
negative exponential form. This characterizes the 
influence of the star sensor’s sampling frequency on 
attitude determination accuracy, which is also 
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consistent with the results of theoretical analysis, i.e. 
this undetermined influence function can be modeled 
as the negative exponential function  
 

2
1 2, 1 0py p x p     (17) 

 
The task is now to estimate the parameters, i.e. 1p  

and 2p . From Equation (17), the model can be 

transformed into the form 1 2ln ln lny p p x  . 

Then, the parameter 2p  can be estimated as 

2p =-0.451 in this experiment by using the principle of 

least squares fitting. Therefore, the inverse 

proportional function model 
0.45

1 /y p x  can be 

used as star sensor’s sampling frequency influence 

function. Similarly, the parameter 1p can be 

estimated as 1p =3.038 using the experimental 

results. Thus the influence function between the star 
sensor’s sampling frequency x and the EKF-based 
attitude determination accuracy y under the 
experimental condition has been established, i.e. 

0.453.038 /y x . 

In order to verify the validity of this influence 
function, the curve of the influence function derived 
above is plotted in Fig. 2. In addition, the curve based 
on the experimental results (shown in Fig. 1) is also 
plotted in Fig. 2 for easy comparison. 
Correspondingly, the fitting errors for all experimental 
points are listed in the first row of Table 1. 

 
 

Table 1. The influence function’s fitting errors with different measurement accuracy (arc sec). 
 

Exp. 1 2 3 4 5 6 7 8 9 10 11 
Star sensor 
10 arc sec 

0.080 0.173 0.048 0.255 0.140 0.077 0.067 0.032 0.017 0.034 0.020 

Star sensor 
18 arc sec 

0.162 0.280 0.074 0.278 0.089 0.019 0.056 0.050 0.085 0.118 0.00006 

Star sensor 
30 arc sec 

0.520 0.451 0.340 0.514 0.039 0.053 0.008 0.146 0.210 0.261 0.155 

 
 
From Fig. 2, it is evident that the curves of the 

influence function and experimental results almost 
overlap. Moreover, data in the first row of Table 1 also 
shows that the fitting error at every experimental point 
limits. This means that the derived influence function 
model can effectively reflect the relationship between 
the star sensor’s sampling frequency and the 
EKF-based attitude determination accuracy under this 
experimental condition. 
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Fig. 2. Comparison between the influence function and 
experiment results. (Star sensor’s measurement accuracy  

is 10 arc sec.). 
 

4.2. Experiment 2 
 

This experiment mainly investigates the influence 
function in relation to different star sensor’s 
measurement accuracy. 

With the same experimental conditions as in 
Experiment 1, experiments are conducted with the 

measurement accuracies of 18 (3 )  and 30 (3 ) . 

The same method as in Experiment 1 is used to 
determine the parameters of the influence function. 
When the measurement accuracy is 18 (3 ) , the 

influence function is 
0.454.897 /y x . When the 

measurement accuracy is 30 (3 ) , it becomes 
0.457.374 /y x . Similarly, for different 

measurement errors, the fitting errors between 
influence functions and the experimental results at 
different experimental points are listed in rows 2 and 3 
of Table 1. 

As seen from the Table 1, when the measurement 

accuracy is 18 (3 ) , the fitting errors at every 

experimental point are mostly smaller than 0.3 (3 ) . 

When the measurement error is 30 (3 ) , the fitting 

errors are all bounded by 0.5 (3 ) . This reflects the 

fact that our derived influence functions are consistent 
with the experimental results, even with different 
measurement errors. It also verifies the fact that the 
form of the influence function we analyzed can 
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effectively represent the influence of star sensor’s 
sampling frequency on the EKF-based attitude 
determination accuracy. 

Fig. 3 illustrates that the curves of the influence 
functions relating the star sensor’s sampling 
frequency and attitude determination accuracy with 
different measurement accuracies, i.e., 10 arc sec 
( 3 ), 18 arc sec ( 3 ) and 30 arc sec ( 3 ) . 
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Fig. 3. EKF based attitude determination accuracy  
with different star sensor’s sampling frequency  

and measurement accuracies. 
 
 

Based on the results in Fig. 3, the forms of the 
influence functions are the same as Equation (17). 
More interestingly, after repeating every experiment 
several times, it is found that the degree of the variable 
x in the influence function is usually -0.45, which is 
consistent with the theoretical analysis. According to 
the properties of the exponential function family, this 
parameter determines the function’s shape. In other 
words it is the intrinsic characteristic of the influence 
relating the star sensor’s sampling frequency and the 
attitude determination accuracy. It doesn’t change 
with respect to star sensor’s measurement accuracy. 
Thus it can be considered the “characteristic 
parameter”. The other parameter is changed for 
different simulation conditions. It may depend on 
other factors, such as the measurement accuracy. It is 
referred to as the “scale parameter.” As seen from  
Fig. 3, the scale parameter increases with decrease of 
measurement accuracy. 

From Experiment 2 the conclusion can be drawn 
that the characteristic parameter of the influence 
function is -0.45 and it determines the influence trend 
of the star sensor’s sampling frequency on the 
EKF-based attitude determination accuracy. The scale 
parameter, however, is closely related to other factors 
such as the measurement accuracy. 
 
 
4.3. Experiment 3 
 

This experiment is to validate whether the 
influence law changes with different values of other 

factors such as gyros’ measurement accuracy and star 
sensor’s mounting direction. 

First, the influence of gyros’ measurement 
accuracy is investigated. All kinds of gyros’ noise are 
changed to 0.03 / h , and other conditions remained 
the same as in Experiment 1. Then, the mounting 
direction of the star sensors is changed as: 

 

 T130 , cos 0 sinbzl    ,

T
sin30 cos ( 1) cos30 cos sin , 2,3k

bzkl k       
 

 
With changing the gyros’ measurement accuracy 

and the mounting direction of star sensor, Fig. 4 
depicts curves of influence function between star 
sensor’s sampling frequency and attitude 
determination accuracy. 
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changed star sensors' mounting direction

10 arc sec in experiment 1
changed gyros' measurement accuracy

 
Fig. 4. The influence relations between star sensor’s 

sampling frequency and attitude determination accuracy 
with gyro’s measurement accuracy and star sensors’ 

mounting direction changed. 
 
 

Fig. 4 shows that when the gyro’s measurement 
accuracy and the star sensor’s mounting direction are 
changed, the form of the influence function relating 
star sensor’s sampling frequency and attitude 

determination accuracy is still 2
1

py p x . A similar 

method as in Experiment 1 is used to estimate the 
parameters in the influence functions, they are 

0.452.885 /y x  and 0.453.786 /y x  respectively. 

Furthermore, the fitting errors between the influence 
function and the experimental data at each 
experimental point are calculated, and the results are 
listed in Table 2. 

As seen from Table 2, when the gyro’s 
measurement accuracy and the mounting direction of 
the star sensor are changed, the maximum fitting error 
between the influence functions of the star sensor’s 
sampling frequency and the experimental results is 
about 0.3 (3 ) . 
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Table 2. The influence function’s fitting errors with different simulation conditions (arc sec). 
 

Exp. 1 2 3 4 5 6 7 8 9 10 11 
Changed 
gyros’ 
accuracy 

0.078 0.235 0.016 0.180 0.106 0.042 0.047 0.010 0.037 0.058 0.0323 

Changed star 
sensors’ 
mounting 
direction 

0.105 0.373 0.156 0.149 0.155 0.032 0.027 0.047 0.070 0.043 0.078 

 
 

Together with the previous two experiments, the 
results indicate that simulated experiments with 
different conditions show the validation of influence 
function model and its estimated parameters. 
Concretely, the results show that: (1) the influence 
function model constructed can effectively reflect the 
influence of the star sensor’s sampling frequency on 
attitude determination accuracy for different situations. 
(2) The influence of the star sensor’s sampling 
frequency on the attitude determination accuracy is 
mostly represented by the characteristic parameter 

2p =-0.45. In most scenarios, this parameter does not 

change with other influence factors.  
 
 

4.4. Experiment 4 
 

The first three groups of experiments are focus 
on theoretical analysis validation. Thus, the simulated 
attitude data is created by attitude kinematic equation 
with an initial quaternion parameter and a set of 
angular velocity information. In this group of 
experiment, attitude data of on orbit satellite is derived 
from STK software. Then, this on orbit data is used to 
verify the previous conclusions deeply. The concrete 
parameters in STK are listed as follows: for a GEO 
satellite, the semi major axis is 42164.1696 km, 
eccentricity is 0 degree, inclination is 0 degree, 
argument of perigee is 0 degree, longitude of 
ascending node is 260 degree, true anomaly is  
0 degree. The propagator used is J2 perturbation. 
Reference attitude is used nadir alignment with ECI 
velocity. The initial quaternion is 0.181783, 0.683341, 
0.181246, 0.683484. The initial angular velocity is 
0.000008376 deg/sec, -0.0000047866 deg/sec, 
-0.0209259 deg/sec.  

The attitude data is derived with 0.5 Hz, 1 Hz,  
2 Hz, 4 Hz, 8 Hz and 10 Hz. The attitude estimation 

results are plotted by real line in Fig. 5. The model 
2

1
py p x , p2=0.45 is still used as the influence 

function, then p1=3.7939 can be obtained as in 
previous experiments.  

For comparison, the results computed by the 
influence function directly are also drawn in Fig. 5. 
The corresponding fitting error is listed in Table 3. 
They are basically within 10% of attitude estimated 
error. 
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Fig. 5. Comparison between the influence function and 

experiment results (STK). 
 
 
These results show that the form of influence 

function, which describes the relationship between 
star sensors’s sampling frequency and attitude 
determination accuracy, is reasonable. And the 
characteristic parameter in the influence function, 

2p =-0.45, is valid even with the on orbit simulated 

data.  

 
 

Table 3. The influence function’s fitting errors with STK (arc sec). 
 

Exp. 1 2 3 4 5 6 
STK  0.089 0.209 0.232 0.060 0.148 0.161 

 
 
5. Conclusions  
 

This paper analyzed the influence of the star 
sensor’s sampling frequency on the EKF-based 

attitude determination accuracy. Theoretical analysis 
was used to construct the form of the influence 
function, and the simulation experiments were 
employed to determine the parameters of this 
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function. The influence functions relating the star 
sensor’s sampling frequency and attitude 
determination accuracy under different conditions 
were determined. The influence function was verified 
by the precise fitting between the influence function 
and the experimental data in simulation experiments 
under different conditions. The results show that the 
influence on attitude determination accuracy of the 
star sensor’s sampling frequency is mostly 
represented by the characteristic parameter in the 

influence function, i.e. 2p =-0.45. The scale 

parameter 1p  in the influence function changes with 

other influence factors, while the characteristic 

parameter 2p  is a constant. 
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Abstract: Focusing on a class of networked control systems built around wireless sensor networks (WSN), the 
controller and the actuator in systems are assumed to be time-driven and the clocks are fully synchronized. The 
observer based on discrete switched systems is designed to detect faults which occur in the system. Firstly, by 
studying the transmission characteristics of data with wireless sensor networks, the augmented fault observer is 
constructed, and the observer is equivalent to the discrete switched system. Secondly, based on Lyapunov stability 
theory, the stability condition of observer can be viewed as a linear matrix inequality and the stability of system is 
proved. When the system is normal, if the given inequality condition is satisfied, the observer system is stable. 
When a fault occurs, the observer can detect the fault by the rapid change of residue. Finally, an illustrative 
example is given to demonstrate the effectiveness of the proposed method. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks, Networked control systems, Fault observers, Discrete switched systems. 
 

 
 
1. Introduction 
 

Wireless Sensor Network (WSN) are usually 
energy constraint, take some cases for example, nodes 
computation ability and its capacity, power provision 
from nodes, under this circumstance, energy 
consumption protocol and useful algorithms are often 
suitable to make longer lifetime of sensor nodes. In 
general, wireless communication often consumes 
much more power than other operations in sensor 
networks, such as sensing, signal processing and 
computation. In this case, source nodes usually transit 
their data to the destination nodes through short range 
wireless links instead of a few longer ones to save the 
energy, the benefit of doing this is to save more energy 
as much as it could, however, doing this can results in 

the increasing of data transmission delay through the 
data transferring. 

Wireless Sensor Networks can be widely used in 
many fields, and lots of applications in real life need to 
deliver a packet before the deadline within a period, in 
this case, the system cannot afford to tolerate the 
communication delay. Consider an application of 
sensor network to monitor the nerve gas attack in the 
battle field, as soon as a sensor node detects the 
presence of the poisonous gas, it should immediately 
report the relevant information, for example, the gas 
concentration level and its geographical location to the 
monitoring center [1]. 

Networked control system (NCS) is shared 
through network system for each element together to 
form a feedback control system with closed loop. In 
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NCS, data from the sensor to the controller, and as 
well as from the controller to the actuator via 
communication network, compared with the 
traditional point to point system link, the control 
scheme based on network reduce the wiring, increase 
system stability, easy to installation and maintenance. 
In recent years, networked control systems are widely 
used in industrial automation, unmanned aircraft, and 
mobile communication system. 

Node location is another hot problem in WSN. 
Wireless sensor network node localization technology 
is through the anchor node coordinates to calculate the 
blind node coordinates, to identify all sensor nodes 
location information. The anchor includes a fixed 
anchor node and mobile anchor node, because the 
fixed anchor’s node random dispersal, the positioning 
precision is not high; mobile anchor node via a path 
planning, can try to cover the entire network, for the 
blind node to provide better quality letter punctuation, 
improve the positioning accuracy of blind node. Using 
mobile anchor node to assist other node localization is 
a more practical approach, but the mobile anchor node 
must effectively planning path, can reduce energy 
consumption, and improve the positioning accuracy. 
So, mobile anchor node path planning problem is the 
basic problem to solve. 

The rest of this paper is organization as follows. In 
Section 2, we present the flourish research result on 
Wireless Sensor Network, including node position 
prediction, localization algorithm for nodes in WSN, 
filter algorithm for diagnosis based on control system. 
In Section 3, we give our model to state our problem 
which we will use in this paper. In Section 4, we 
design our observer based on Lyapunov Function. In 
Section 5, we give the stability analysis. In addition, 
we will give a simulation example to demonstrate the 
efficiency of our analysis. 

 
 

2. Related Work 
 
Wireless Sensor Network (WSN) is known as one 

of the most influential 21 technologies and one of ten 
technologies can change the world in 21 century [2-4]. 
A large number of low cost wireless sensors are 
arranged in the region of interest, sensors quickly form 
a distributed network through self-organization, are 
used in a wide range of applications, such as scientific 
research, military, heath care, and environment 
monitory [5]. Although WSN technology is in rapid 
development in recent years, it’s far from level of free 
and mature usage in applications, there are still some 
open problems to solve, such as node networked 
control problem. Networked control systems are the 
closed-loop control systems using the network as the 
channel of information transmission. The data at 
physical layer between the controller and the 
controlled objects in networked control system is 
transmitted in three ways: wired transmission, 
wireless transmission and mixed transmission. In the 
last study, the research on fault detection for wired 

networked control systems has been widely discussed 
and got many results. [6-9]. But in many newly 
constructed network environments, the wireless 
network plays an irreplaceable role when the 
application objects can move freely or the 
environment where the objects in is difficult to use the 
wired connection. Therefore, the domestic and foreign 
researchers have devoted great attention to the study 
of wireless networked control systems, and this  
study also has been a hot topic in the control  
community [10].  

The system noise statics is often unknown or time 
varying, an extended Kalman filter (EKF)’s 
estimation precision is declined significantly when in 
practical use, and even divergent, in addition, EKF 
will be lost in the system when it reaches the steady 
state. Strong tracking filter (STF) can overcome the 
defects above, but the noise coefficients matrix are set 
in advance just like EKF, lack of the adaptability when 
time varying, and easy lead to over regulation, 
resulting in state pre-measured not smooth enough, 
cause accuracy reduced and even filter divergence. 
Literature [11] proposed an adaptive algorithm with 
improved strength using the limited memory of noise. 
Literature [12] put forward a kind of system noise 
estimation using variable factor matrix, to restrain 
system noise mutation, bur when doing recursive 
estimation for system noise, the selection for 
forgetting factor is arbitrary, and the algorithm does 
not estimate the observation noise, will inevitable 
affect the filtering effect.  

In recent years, the stability of networked control 
systems research has become a new research hotspot, 
many scholars did a lot of useful work. In paper [13], 
it is assumed that the time delay is fixed, in paper [14], 
although the independent random delay and has the 
Markov property under the condition of the stability of 
the system with time delay is discussed, but did not 
consider the data packet dropout problem. In fact, a 
networked control system usually exist random delay 
and data packet dropout. 

Fault-tolerant control is another hot topic, as the 
control systems are becoming larger and larger, more 
complex control algorithm, equipment effectiveness, 
safety and reliability problems attracts more and more 
attention, once fault occurs in control system, it is 
difficult to estimate the harm, so the fault tolerant 
control of networked control system is a great 
theoretical and practical significance research, fault 
tolerant control of networked control system is 
different from the traditional control system fault 
tolerant control, because the data transmission in 
network bandwidth constraints and information 
collisions and other reasons, many cases that would 
make the message transmission inevitably exists 
time-delay and packet dropout problem. This makes 
the fault tolerant control of networked control system 
more complex compared to the general control 
system. Paper [15] modeled a random time delay 
networked control system to a discrete jump linear 
system with Markov delay characteristics, with the 
help of jump linear system theory and fault-tolerant 
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control theory, study the stochastic networked control 
systems with actuator failures. 

Time delay is always the hot topic, paper [16] 
augmented state-space model of this kind of NCS is 
established after some necessary assumptions are 
made. A kind of state observer that can compensate 
large network-induced delays in networked control 
systems is designed based on traditional methods. 
This novel observer can greatly improve performance 
of this kind of NCS. Sufficient and necessary 
conditions for stability of such systems are given. 
Comparison with traditional state observer is done by 
simulation.  

Currently the study of wireless sensor network is 
one of the central issues, but the study of fault 
detection by using wireless sensor network as 
communication channel of networked control system 
is rarely few. Such as the paper [17] and [18], they 
introduced the concept, characteristics, 
communication structure of wireless sensor network 
and its security commands. Also the future direction 
and the latest trends of the research about wireless 
sensor network were pointed out in papers. However 
the description of fault detection was rarely mentioned 
in these two papers, they only emphasized that the 
protocol of wireless network can identify the failure 
nodes. The paper [19] to [20] had researched on fault 
diagnosis just only for wireless sensor network itself, 
not for networked control system, but the fault 
detection method referred in those papers can be 
learned. The paper [21] and [22] only used wireless 
sensor network to detect the faults of other systems. 

Fault detection and diagnosis methods can be 
divided into three types: the method of analytical 
model, based on the signal processing method and the 
method based on knowledge. The method of 
analytical model is developed at first, a clear diagnosis 
model based on fault diagnosis. The accuracy of 
system model based on the signal processing method 
is not particularly high, so they use the signal model to 
deal with the problem. The method based on 
knowledge is accompanied by a system which 
becomes more and more complicated, because it does 
not require an accurate mathematical model of object, 
but also has some "smart" characteristics, so it is a 
vital method. In the three methods mentioned above, 
method of analytical model used most in the network 
control system fault detection and diagnosis, the other 
two are relatively less. 

From the above analysis, we know that most of the 
current papers concerned about several tings of 
wireless networked control systems, such as the 
control, scheduling and routing protocol algorithm 
and so on [23-26], but few study is on the fault 
detection of system. So considering a class of 
networked control systems, this paper provides a fault 
detection method for those systems by analyzing 
transmission characteristics of data and using the 
theory of discrete switched systems. A new idea is 
provided for fault detection of wireless networked 
control systems. 
 

3. Problem Statement 
 

The structure of the network control system is 
shown in Fig. 1. System is composed with controlled 
object, sensors, controllers, actuators, and network. 
Network control system’s workflow is as follows: 
First, sensor node sampling object information, sensor 
data is then sent through the network to the controller 
node, controller node receives sensor data to calculate 
the amount of control, and finally, control information 
of actuator node is send through the network. 

 
 

 
Controlled  Object 

Actuato Sensor 

Controller Controller ...

Network 

 
 
Fig. 1. Networked control system structure diagram. 

 
 

Compared with the traditional point - to - point 
direct control system, the main features of the 
Network control system structure is the direct 
connection of each node, not a point - to - point, thus 
this makes the system have a number of distinct 
features. And due to the intervention of the network, 
some new problems are inevitably resulted in, 
including network-induced delay, packet loss, packet 
out of order, multi- packet transmission information 
scheduling, control and scheduling co-design. So 
when we design and analysis the system, we need to 
consider the impact of these factors on system 
performance. 

There may exist interactive information or 
two-way transmission between sensor nodes in WSN, 
but overall, the task of the network is to establish the 
transmission path from sensor nodes to the base 
station and transmit the data to the base station, this is 
an obviously one-way transmission. 

Consider a class of wireless networked control 
systems shown in Fig. 2. The controlled object is 
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where nRtx )(  is the state vector, mRtu )(  is the 

control vector, lRty )(  is the output vector, 
nRtf )(  is the fault vector. If the system is normal, 

)(tf  is zero, else )(tf  is non-zero vector. fA , fB , 

fC are the appropriate constant coefficient matrixes. 
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Fig. 2. The control structure of WSN. 
 
 

We assume that the controller and the actuator are 
at the same node. They are time-driven and the clocks 
are fully synchronized. Define sample period as T . 
The sample signal has a timestamp from which we can 
get the network delay of the sample signal. The data 
are transmitted in single packet. The output delay may 
be greater than T  by using WSN, but it has upper 
bound. 

The data of sensor received by controller have 
timestamps from which we can get the time delay. 
According to the sample period T , the discrete  
model is 
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where 
TAfeA  , 

T

f
sA dsBeB f

0
, fCC  . 

And assume that ),( CA  is observable. 

Known from the theory of wireless sensor, the 
time delay mainly depends on the transfer count or 

hop count of the data packet in transmission. sc
kd  is 

the time-varying delay of closed-loop networked 

control system. sc
kd  is a cbounded sequence of 

integers through analyzing WSN, namely 

 dd sc
k ,,1,0  , where d  is the upper bound of 

network delay. 
 
 

4. Design Observer 
 

Design the followed observer for system (2) 
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Define the error vector of state estimation  
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Then the error equation is  
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kd  is time-varying, coefficient matrix 
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~~~

  changes by network delay and 

switches on the point 1d . So the observer system 
can be viewed as a switched system. We can know 
from Eq.6 that the delay generated from the hops of 
data in transmission is measurable and the value of 

delay may be the any one between 0 and d . The 
observer system (6) can be described as followed 
discrete switched system. 
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5. Stability Analysis 
 

Lemma 1 [27]: Consider a discrete switched 
system 

kik xAx 1  namely 
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i
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where ri ,,1 , r  is the number of 

subsystems and 1
1
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i
i . If there exists a common 

positive definite symmetric matrix P, so that all 
subsystems are met 
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So the whole discrete switched system is 
asymptotically stable. 

Note that even if each subsystem of switched 
system is stable, the whole system is not necessarily 
stable. The lemma requires all subsystems to have the 
common positive definite symmetric matrix which 
meets the Lyapunov stability, so that can guarantee the 
stability of the entire system. 

Theorem 1: For the observer system described as 
Eq.6, if it has common positive definite symmetric 
matrix P and Q to meet the followed inequality, then 
the observer error system is asymptotically stable. 
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gain matrix. 
Proof: Choose the Lyapunov Function 
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Then 0 kV  is equivalent to 
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According to Schur Complementary Lemma, we 

can get 
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Note that there are P  and 1P  in Eq.11, it should 

be transformed into a linear matrix inequality, so that 
we can solve it directly with LMI toolbox. By left and 
right multiplying ( , )diag I P  at the both sides of 

above inequality, we can get the followed inequality. 
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Note that there are product terms P  and sc
kd

L
~

 in 

the above inequality, they constitute the bilinear 
matrix inequalities, and make it difficult to directly 
solve the gain matrix, therefore, we should do variable 

substitution, define PLQ T

dd sc
k

sc
k

~  into Eq. 12, we 

can get Eq. 8 and the gain matrix of observer 
T

dd sc
k

sc
k

QPL 1~  . The proof is concluded. 

Because there are 1d  matrix inequalities in 

Theorem 1, there are also 1d  gain matrixes of 
observer. When ensuring the stability of error system, 

if make the output error k  to be the residue of fault 

detection, there is kk He , H  is the output 

weight matrix. 
The fault detection logic is 
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where k
T
kk   , and   is the selected 

threshold. 
 
 
6. Simulation Example 

 
In this section, we consider the networked control 

systems built around WSNs described as followed 
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Assume that the sampling period is T = 0.1s. The 

network exists only between sensor and controller. 

The upper bound of the output delay is 1d . The 
requirement is to design a fault observer that can 
ensure the stability of the error system and detect the 
faults effectively. 

The discrete model of the object is 
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Define the output weight matrix IK  , IH  , 

according to Theorem 1, we can get the followed 
matrix by using feasp of LMI toolbox. 
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When 1sc
kd  

 T
d sc

k
L 4143.00643.0  

 
When the system is normal, Fig. 3 shows the 

curves about the state 1x , 2x  of original system 

tracked by fault observer. 
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Fig. 3. The result of state estimation. 

 
 

From the Fig. 4 we can see that there is a certain 
degree of tracking error at the initial stage of the 
simulation, when time goes on, the observer can fully 
track the original system even if not considering the 
uncertainty of modeling and the external disturbance 
input. 
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Fig. 4. The result of fault detection. 
 
 

Assume that the system has step fault at time 
st 6 , the amplitude is 0.4. We take the threshold of 

fault detection as 135.0 , the result of fault 
detection is shown in Fig. 3. 

From the Fig. 3 we can see that the residue changes 
suddenly and overtakes the threshold quickly when 
the fault occurs. So the observer can detect the faults 
of system effectively. Otherwise, the premise of fault 
detection is that the system has ended the transition 
process and the observer has been tracking the original 
system. When the system is in transition process, the 
result of fault detection is not accurate and the 
observer may give the wrong alarms. 

 
 

7. Conclusions 
 

Considering a class of networked control systems 
built around WSNs, this paper designs a fault observer 
with the hypothesis that there is output delay in 
system. And the stability problem of observer is 
transformed into the same problem of discrete 
switched system. Its own switching relates with the 
transfer hops of WSN so as to derive the matrix 
inequality of the asymptotic stability. A simulation 
example is given in paper. The result about fault 
detection in this paper is the preliminary exploration 
and the effective supplement for wireless networked 
control system. Compared to the wired networked 
control system, the study result of fault detection for 
wireless networked control system is still not rich, so 
it needs further exploration and research.  
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Abstract: In this letter, a novel data fusion method, called the single sensor data fusion filter (SSDFF) was 
proposed. It differed from the existed multi sensor fusion algorithms. In the proposed SSDFF, a new process 
model using polynomial predictive filter by expanding the dimension of the state, was firstly constructed. Then the 
local estimation results based on the original model and the proposed model were fused to get the global 
estimation. It was shown that the new process model could be presented whether the original state transition 
density was known exactly or not and the fusion result was better than the local ones. The demonstration results 
verified the effectiveness of the proposed method. Copyright © 2013 IFSA. 
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1. Introduction 
 

Currently there exist two commonly used data 
fusions, or information fusion methods, i.e., 
state-vector fusion and measurement fusion [1-5]. 
Measurement (or centralized) fusion methods directly 
fuse the sensor measurements to obtain a weighted or 
combined measurement and then use a single 
estimator to obtain the final state estimate based upon 
the fused observation. Measurement fusion methods 
generally involves minimal information loss, 
however, it may result in severe computational 
overhead due to overloading of the filter with more 
data than it can handle, thus it may suffer from poor 
accuracy and stability when there is severe data fault. 
State-vector (or distributed) fusion methods use a 
group of estimators to obtain individual sensor-based 
estimates which are then fused to obtain an improved 
joint estimate. In state-vector fusion, the requirements 

of communication and memory space at the fusion 
center are broadened, and the parallel structures would 
lead to increase in the input data rates. Furthermore, it 
leads to easy fault detection and isolation [2, 6]. It is 
also well known that under linear-Gaussian 
assumption (i.e., linear measurements with jointly 
Gaussian noise), optimal distributed fusion is 
algebraically equivalent to centralized fusion if 
measurement noises are uncorrelated across sensors.  

Various information fusion algorithms have been 
reported over the last decades. Carlson developed a 
federated architecture applicable to decentralized 
sensor systems with parallel processing capabilities 
[5]. Kim proposed an optimal fusion filter under the 
assumption of normal distribution based on the 
maximum likelihood sense for systems with multiple 
sensors, and assumes the process noise to be 
independent of measurement noises [7]. Li discussed 
the optimality and efficiency of distributed fusion with 
best linear unbiased estimation, also known as linear 
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minimum mean-square error estimation, and optimal 
weighted least squares estimation [3]. 

We know that the existed methods are concerned 
with multi sensors. Though it does gain benefits from 
multi sensor data fusion, note that combining data 
from multiple inaccurate sensors or from multiple 
highly accurate sensors does not provide a significant 
overall advantage in inference accuracy. And when 
the number of sensors becomes large, adding 
additional sensors does not provide a significant 
improvement in inference accuracy. Note however, 
that adding a new sensor type may have a very 
significant impact in inference capability, because of 
an added dimensionality of observational data [8]. 
Also more sensors may bring more cost, more weight, 
more power dissipation and etc.  

In this letter, we present a data fusion method for 
only one sensor, called the single sensor data fusion 
filter (SSDFF). It differs from the existed fusion 
methods which are based on multiple sensors. In the 
SSDFF, we first construct a new process model using 
polynomial predictive filter by expanding the 
dimension of the state, i.e., the expanded state at the 
current time step consists the original state at the 
current time step and those of several backward time 
steps. The new process model can be proposed 
whether the original state transition density is known 
exactly or not. Then the estimation results based on 
the original process model and the proposed process 
model are fused to a global estimation. The results of 
demonstration example show the effectiveness of the 
proposed method. 

 
 

2. Background 
 

According to Weierstrass approximation theorem, 
for a continuous real-valued signal, it can always be 
divided into lots of sequential closed and bounded 
intervals in which the signal can be uniformly 
approximated by low degree polynomials to any 
degree of accuracy. In this section we recall the 
polynomial predictive filter [10]. Suppose that the 
signal kx  can be modeled as a polynomial with low 

degree L, then we have 
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where lp  are the polynomial coefficients. We may 

have 
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when signal kx  does not fit the polynomial model 

exactly and kw  is an error term. In turns out that 

predictions using polynomial models can be done by 
taking a weighted average of the past few values of the 

signal and that the weighted coefficients are not 
dependent on the signal, but only on the values 
assigned to polynomial degree, number of prediction 
steps and the length of the filter [9, 10] i.e., for exactly 
polynomial signals, a future value Nkx   can be 

obtained as 
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where N and M denote the number of prediction steps 
and the length of the filter respectively, mh  are the 

filter coefficients. Substituting (1) into (3) yields 
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Then, we have 
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which yields, 
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for Ll ,,1 . We know that in the case of FIR filter, 
the noise gain can be expressed as [10] 
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The purpose is to minimize (7) under the 

constraints of (6). This is done using the method of 
Lagrange multipliers by considering (7) as the 
function to be minimized, and the L+1 equations of (6) 
as the constraint functions. Then we can construct a 
Lagrange function as follows: 
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Then we get 
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For example, with 1,1  LN , mh  becomes 
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with 2,1  LN , mh  becomes 
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with 3,1  LN , mh  becomes 
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3. The Single Sensor Data Fusion Filter 

 
3.1. New Model Construction 
 

Firstly we consider the process model. Suppose that 
the true model is as follows: 

 
  kkkk nxfx 1 , (15) 

 
where kn  is the process noise and  kf  is the linear 

or nonlinear function. Note that (15) is reasonable 
because  kf  may not be known. Then according to 

the polynomial predictive filter in last section, we may 
rewrite (15) as follows 
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where 1kw  is the noise term and it is zero if kx  is the 

strictly polynomial signal. Further more, (16) can be 
rewritten in an extended form as 
 

11   kkk WXFX , (17) 

 
where,  
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Suppose that kw  is the white Gaussian with mean 

zero and covariance Q, and it is independent at 
different time steps. Then kW  is also white Gaussian 

with mean zero and covariance Q  and 
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Note that model (17) does not depend no the 

original state transition density  kf , it may describe 

any dynamics of the targets. 
We now consider the correspondent measurement 

model. Suppose that the original measurement model 
is as follows: 

 

kkkk vxHy  , (22) 
 

where kH  is the linear function, kv  is the Gaussian 

white noise with mean zero and covariance R . 
Rewrite (22) according to the extended state, i.e., 
 

kkkk vXVHy  , (23) 
 
where 
 

 0,,0,1 V , (24) 
 
thus we have 
 

kk xXV  , (25) 
 

Now we have the polynomial predictive model, 
which is comprised of (17) and (23), i.e., 
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  11 , (26) 

 

where kX  and ky  are the state and measurement 

respectively, kW  and kv  are the process and 

measurement noises respectively. 
 

 
3.2. Fusion with Multi Model 
 
3.2.1. Linear Models 
 

Suppose the original process and measurement 
models are linear as follows 
 

kkkk nxFx 1 , (27) 
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kkkk vxHy  , (28) 
 
where kF  and kH  are the linear transition and 

measurement matrixes, kn  and kv  are process noise 

and measurement noise respectively, both are zero 
mean and Gaussian white with covariance kQ  and 

kR . 

By applying the Kalman filter (KF) [11, 12] to (27) 
and (28), we have 
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where kkx |1ˆ  , 1|1ˆ  kkx  are the state prediction and 

estimate respectively, kkP |1 , 1|1  kkP  are the predict 

covariance and estimate covariance respectively, 

1kK  is the Kalman gain. 

Then by applying the KF to the proposed model 
(26), we have 
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where kkX |1
ˆ

 , and 1|1
ˆ

 kkX  are the state prediction 

and estimate respectively, ppfkkP ,|1 , ppfkkP ,1|1   are the 

predict covariance and estimate covariance 

respectively, 1kK  is the Kalman gain. Note that we 

may obtain the original state estimate at time k+1, 

1ˆ kx , just by reserving the first component of 1
ˆ

kX  

and discarding the others, i.e., according to (18), we 

may rewritten 1
ˆ

kX  as 
 

 TMkMkkkkkkk xxxX 2|2|1|11|1 ˆ,,ˆ,ˆˆ
   , (31) 

 
and we just need to discard 2ˆ,,ˆ Mkk xx   as follows 
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Now we have two local estimates, let 1ˆkx  and 2ˆkx  

denote the local estimates from the original model and 

the proposed model respectively, i.e., 1ˆkx  from (29) 

and 2ˆkx  from (30) and (32). Then we obtain the global 

estimate as follows 
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1,kP  and 2,kP  are the corresponding estimate 

covariances of 1ˆkx  and 2ˆkx . 
 
 

3.2.2. Nonlinear Models 
 
Suppose the original process and measurement 

models are nonlinear as follows 
 

  kkkk nxfx 1 , (35) 
 

  kkkk vxgy  , (36) 
 
where  kf  and  kg  are the nonlinear transition and 

measurement matrixes, kn  and kv  are the same with 

those in (27) and (28). 
By applying the particle filter (PF) [13 -15] to (35) 

and (36), we have 
 
Initialization: Initialize the particles, 
 

   01|0 ~ xpx i
 , Ni ,,1 . (37) 

 
where,  0xp  is the probability of initial state, N is the 

particle number. 
 
Prediction: Predict new extended particles at time 

k+1 according to 
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where   i
kkkk xxp ||1 |  is the state transition density.  

 
Update: Firstly evaluate the importance weights 

according to the measurement likelihood and 
normalize it, i.e., 
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where  i
kq 1  and  i

kq 1
~

 , Ni ,,1 , are the importance 

weights and normalized importance weights 

respectively,   i
kkk xyp |11 |   is the measurement 

likelihood.  
Secondly resample with replacement N particles 

according to the normalized importance weights, i.e., 
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k

j
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~|   , Ni ,,1 , (41) 

 
Then reset the importance weights, i.e., 
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Estimate:  
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We now do PF on the proposed model. Since the 

original model is nonlinear, according to (23) and (36), 
the measurement model corresponding to model (17) 
should be constructed as follows 

 
  kkkk vXVgy  , (44) 

 
where, V is given in (24). Then by applying the PF to 
the proposed model (17) and (44). 
 

Initialization: Initialize the extended particles 
according to the probability of extended initial state, 
i.e., 

 
   01|0 ~ XpX i
 , Ni ,,1 . (45) 

 

where  iX 0|1  is the extended particles,  0Xp  is the 

probability of extended initial state, N is the particle 
number. 
 

Prediction: Suppose that we have the extended 

particles at time k, i.e.,  i
kkX | , we predict new extended 

particles at time k+1 according to 
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kkk

i
kk XXpX |1|1 |~  , Ni ,,1  (46) 

 

where   i
kkkk XXp ||1 |  is the state transition density. 

From (17), we have that 
 

    QXFX i
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i
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where   ,;x  denotes the Gaussian distribution 

with mean   and covariance  , F and Q  are given 

in (19) and (21) respectively. 

Update: Firstly evaluate the importance weights 
according to the measurement likelihood and 
normalize it, i.e., 
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where  i
kq 1  and  i

kq 1
~

 , Ni ,,1 , are the importance 

weights and normalized importance weights 

respectively,   i
kkk Xyp |11 |   is the measurement 

likelihood. According to (44), we have 
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Secondly resample with replacement N particles 
according to the normalized importance weights, i.e., 
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where  i
kkX 1|1   denote the extended particles after 

resampling. Then reset the importance weights, i.e., 
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Estimate:  
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Then we may obtain the original state estimate at 

time k+1, 1|1ˆ  kkx ,  just by reserving the first 

component of 1|1
ˆ

 kkX  and discarding the others, i.e., 

  1|11|1
ˆ001ˆ   kkkk Xx  . 

Then we may obtain the global estimate as in (33) 
and (34). 
 
 

4. Demonstration Results 
 

4.1. Example 1 
 
Consider a simple example for illustration. 

Suppose that the true signal is as follows 
 

kkkk nxFx 1 , 
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i.e., kF  has a bias in the interval 6030  k . 
Suppose the original process model and measurement 
model are 
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kkk nxx 1 , 

kkk vxy  , 
 

where kn  and kv are the zero mean Gaussian noises 

with covariance Q=100 and R=9 respectively. The 
parameter 2,1  LN  are used in the proposed 
model, and from (19) we have 
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And the parameter Q  used is a constant,  
 

)3,3,3(blkdiag . 
 

Fig. 1 shows the absolute errors of the 
demonstration, where the solid line and solid line with 
plus signs represent the results of the polynomial 
predictive model and the original model, the dashed 
line represent the fusion results of the original and 
proposed models. Fig. 2 is the enlarged form of Fig. 1 
in the area near time step 60. It can be seen from Fig. 1 
and 2 that the fusion results are good even in the 
interval that kF  is abnormal. 
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Fig. 1. Demonstration Results1. 
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Fig. 2. Demonstration Results1-enlarged. 
 

4.2. Example 2 
 
Consider another example for illustration. Suppose 

that the true signal is as follows 
 

kkkk nxFx 1 , 












13010003.1
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else1

k

kFk
, 

 
i.e., kF  has a bias in the interval 6030  k . The 

other parameters are the same with those in example 1. 
Fig. 3 shows the absolute errors of the 

demonstration, where the solid line and solid line with 
plus signs represent the results of the polynomial 
predictive model and the original model, the dashed 
line represent the fusion results of the original and 
proposed models. Fig. 4 and 5 are the enlarged forms 
of Fig. 1 in the area near time step 60 and 

130100  k . It can be seen from Fig. 3-5 that the 
fusion results are good even in the interval that kF  is 

abnormal, i.e., 6030  k  and 130100  k . 
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Fig. 3. Demonstration Results2. 
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Fig. 4. Demonstration Results2-enlarged1. 
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5. Conclusions 
 
We propose a new fusion algorithm based on one 

sensor, i.e., the single sensor data fusion filter 
(SSDFF). In the SSDFF, the global estimate is 
obtained by fusing two local estimates. One is from 
the original state space model. The other is from the 
proposed model, which is presented based on the 
polynomial predictive filter by expanding the 
dimension of the state. It is noted that the presented 
model can be obtained whether the original state 
transition density is known exactly or not. The 
demonstration results show the good performance of 
the proposed SSDFF, the fusion result is much better 
than local ones. 
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Fig. 5. Demonstration Results2-enlarged2. 
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Abstract: Micro piezoelectric vibration generator with high energy density may provide infinite and continuous 
energy for wireless sensor network. In order to improve generating capacity under given dimension, aiming at 
external force and displacement incentive environment, mathematics model of piezoelectric cantilever generator 
generating capacity are established, and influence law of unimorph and bimorph piezoelectric generator structural 
parameter on output voltage are analyzed by finite element simulation. The results show that on external force 
incentive environment, the output voltage increase linearly while length increase and decrease inverse proportion 
while width increase; on displacement incentive environment, the output voltage decrease while length increase 
and don’t change while width vary; meanwhile, relation between thickness ratio and output voltage isn’t affected 
by incentive environment, and bimorph piezoelectric generator with low thickness ratio should be selected at first 
for obtaining higher output voltage. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, Vibration energy harvesting, Piezoelectric vibration generator, 
Microcantilever. 
 
 
 

1. Introduction 
 

Currently, wireless sensor network (WSN) 
technology which detect and monitor structure of 
architecture, road and bridge etc have rapid 
development. The demands of volume, life and energy 
density of power supply is more and more strict 
because of high density and micro dimension of net 
nodes, and traditional supply mode of chemical 
battery have not meet demand of WSN power supply. 
So, new power supply mode has become the urgent 
problem, which solves the development bottleneck of 
WSN.  

If solar, heat and vibration energy which are 
ubiquitous green energy in nature can be converted to 
electric energy, WSN would be provided infinite and 
continuous energy and thus attract particular attention 
recently [1-6]. 

Vibration generator adopting electromagnetic, 
static or piezoelectric principle [7-13] not only can 
conquer the flaw of solar battery needing light 
environment, but also can conquer the flaw of heat 
generator needing temperature grads environment, in 
which piezoelectric generating with the simple 
structure, small size, pollution-free, low cost and large 
energy density has become research hot of power 
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supply of WSN [14-15]. However, output power of 
piezoelectric generating is still limited now, so it 
cannot be more abroad applied. How to enhance 
efficiently the generating capacity of piezoelectric 
generating equipment is a key question to solve  
today [16].  

In recent years, many studies have shown that 
piezoelectric generating capacity depends mainly on 
the material properties, structural parameters, 
frequency and incentive method etc of piezoelectric 
vibrator. L. F. Lou et al [17] analyze the influence of 
thickness ratio, length and width etc structural 
parameter on output voltage by establishing 
simulation model of bimorph microcantilever 
generator (BMG), however accuracy of simulation 
results need further verification because mathematical 
theory models and experiment system aren’t 
established. J. W. Kan et al [18] analyze the influence 
of material properties and thickness ratio etc structure 
and scale parameter on generating capacity by 
mathematics and simulation model of unimorph 
microcantilever generator (UMG) and BMG. J. B. 
Yuan et al [19] design generating testing system of 
UMG, and verify finite element simulation results of 
influence law of thickness ratio on generating capacity 
by experiment. 
 
 
2. Structure and Model 
 

MPG utilizes piezoelectric material deformation 
enduring external force or displacement to generate 
charge so as to convert vibration energy in 
environment to electric energy, and in the specific 
work environment enhancing generating capacity in 
finite scale is important because structure size is 
restricted to volume. So system takes UMG and BMG 
for research object as shown in Fig. 1, and under 
outside force or displacement incentive environment, 
the influence of structural parameters of 
microcantilever length, width and thickness ratio etc 
on generating capacity is analyzed to improve 
generating capacity of UMG and BMG in limited 
volume. The outline dimensions of UMG and BMG 
are basically same, only piezoelectric layer thickness 
of BMG is half of UMG’s, and length is l, and width is 
w, and thickness of Substrate is hm, and thickness of 
piezoelectric layer is hp, and total thickness is h, and 
adopting subscript u and b represents respectively 
unimorph and bimorph. On external force or 
displacement incentive environment, vibration of 
piezoelectric microcantilever obeys the motion 
differential equation of Euler-Bernoulli’s beam, and 
generating electric energy obeys the piezoelectric 
equations, and its boundary conditions are free in 
mechanical and short in electricity. 

According to piezoelectric theory, the surface of 
piezoelectric microcantilever generates free charge as 
its free-end comes into bending deformation enduring 
external force or displacement. Stress of piezoelectric 
layer being subjected and electric field of piezoelectric 
layer generating obeys piezoelectric equations 

{ } [ ]{ } [ ]{ }

{ } [ ]{ } [ ] { }

T

E t

D d T E

S s T d E

  


 
, (1) 

 
where {D} is the displacement, {E} is the electric field 
strength, [d] is the piezoelectric constant matrix, {S} 
and {T} are the strain and stress respectively, [εT] is 
the free dielectric constant matrix at stress constant, 
and [sE] is the short circuit elastic compliant 
coefficient matrix at electric field constant. 

 
 

 
 

(a) Unimorph piezoelectric vibration generator. 
 

 
 

(b) Bimorph piezoelectric vibration generator. 
 

Fig. 1. Microcantilever of piezoelectric vibration generator. 
 
 

Let Young’s modulus of metal substrate be Em, 
Young’s modulus of piezoelectric layer be Ep, 
Poisson’s ratio of substrate be μm, Poisson’s ratio of 
piezoelectric layer be μp, density of substrate be ρm, 
and density of piezoelectric layer be ρp. On external 
force incentive environment, the output voltage u and 
the electric energy w of piezoelectric microcantilever 
are as following respectively: 
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On displacement incentive environment, the 

output voltage u and the electric energy w of 
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piezoelectric microcantilever are as following 
respectively:  
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where g31 is the piezoelectric voltage constant, k31 is 
the electromechanical coupling coefficient,  is the 
thickness ratio,  is the Young’s modulus ratio, 33

T  is 

the dielectric isolation ratio, 33
T is the dielectric 

constant in z direction, and ε0 is the vacuum dielectric 
constant, ε0=8.8510-12 F/m. 
 
 
3. Numerical Simulation and Analysis 

 
Finite element analysis software ANSYS is 

adopted to model and simulate for MPG, and verify 
further results of mathematics model. Stainless steel 
with large elastic modulus is selected as substrate for 
enduring more deformation, and PZT-5H is selected 
as piezoelectric wafer which has three important 
parameters with dielectric constant matrix [εS], 
flexibility matrix [sE] and piezoelectric matrix [e] 
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Solid5 cell and Solid98 cell are suitable for 

piezoelectric analysis in ANSYS software, in which 
Solid5 cell is more suitable for model partition of 
piezoelectric film, and Solid45 cell is adopted to 
substrate, and ideal bond between piezoelectric wafer 
and substrate are supposed, namely displacement and 
force are continuous of bond layer. Performance 
parameter of UMG is shown as in Table 1. Relation 
between structural parameter and output voltage are 
respectively discussed on 1N external force and 
0.1mm displacement incentive environment. 
 
 

Table 1. The parameters of UMG. 
 

Parameters 
Piezoelectric 

Layer PZT-5H 
Stainless Steel 

Substrate 
Density, ρ (kg/m3) 7600 7900 
Young’s Modulus, E 
(GPa) 

60.6 206 

Poisson’s Ratio,  0.289 0.3 
Coupling 
Coefficient, k31 

0.39 － 

Voltage Constant, g31 -9.1110-3 － 
Length, l (mm) 70 70 
Width, w (mm) 15 15 
Thickness, h (mm) 0.7 1.5 

 
 

3.1. Length 
 

Currency command flow is compiled for 
improving efficiency as ANSYS analysis, only the 
thickness ratios of MPG are varied while other 
parameters, such as width, thickness ratio, material 
attribute, etc, are fixed, the relations between output 
voltage and thickness ratio are obtained as shown in 
Fig. 2 and Fig. 3.  

As is shown in Fig. 2, the output voltage of UMG 
and BMG increases linearly while the length 
increases; the output voltage of BMG is higher than of 
UMG at same length. So, BMG is first selected when 
vibration energy is collected on external force 
incentive environment. Moreover, the length should 
be increased as possible considering the situation of 
MPG enduring ability. 

As is shown in Fig. 3, the output voltage of UMG 
and BMG decreases while the length increases, and 
voltage value is inverse ratio to length square; the 
output voltage of BMG and UMG are basic equal at 
same length. So, the length of MPG should be 
decreased as possible when vibration energy is 
collected on displacement incentive environment. 
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Fig. 2. The output voltage vs. length under external force incentive environment. 
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Fig. 3. The output voltage vs. length under displacement incentive environment. 
 
 

3.2. Width 

 
If MPG parameters, length, thickness ratio and 

material attribute etc, are fixed, the relation between 
output voltage and width is obtained by finite element 
simulation as shown in Fig. 4 and Fig. 5.  

As is shown in Fig. 4, the output voltage of UMG 
and BMG shows inverse proportion decreasing trend 
while its width increases; the output voltage of BMG 
is larger than that of UMG at same width. So, BMG is 
first selected to harvest vibration energy on external 
force incentive environment. Moreover, width should 
be decreased as possible considering the situation of 
MPG enduring ability. 

As is shown in Fig. 5, on the displacement 
incentive environment, output voltage of MPG is not 
affected by width; output voltage of UMG and BMG 
are basic equal at same width. 

 
3.3. Thickness Ratio 
 

If the thickness ratios of MPG are only varied 
while other parameters, such as length, width, material 
attribute, etc, are fixed, the relation between output 
voltage and thickness ratio is obtained as shown in 
Fig. 6.  

Influence law of thickness ratio on output voltage 
are basic same on external force and displacement 
incentive environment. The UMG output voltage 

increase at first then decreases with thickness ratio 
increases. The UMG output voltage occur the 
maximum at thickness ratio 0.4, which is its optimal 
thickness ratio. Different from UMG, the output 
voltage of BMG is decreased with thickness ratio 
increases, but its maximum output voltage is about 
three times to UMG. It is obvious that BMG with 
lower thickness ratio is benefit to enhance generating 
capacity. 

 
4. Conclusions 
 

For enhancing power supplying ability of WSN, 
mathematic model of MPG generating capacity are 
established, and influence law of structural parameter 
on output voltage of UMG and BMG are analyzed by 
finite element simulation aiming to external force and 
displacement incentive environment. The results show 
that for gaining larger output voltage, on satisfying 
structural strength and limited dimension range, the 
structure dimension of MPG should be reasonably 
determined according special incentive environment. 
The length of MGP should be increased, and its width 
should be decreased on external force incentive 
environment; the length of MGP should be decreased 
on displacement incentive environment. Moreover, 
BMG with lower thickness ratio should be selected at 
first on external force and displacement incentive 
environment. 
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Fig. 4. The output voltage vs. width under external force incentive environment. 
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Fig. 5. The output voltage vs. width under displacement incentive environment. 
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(a) Under external force incentive environment. 
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(b) Under displacement incentive environment. 
 

Fig. 6. The output voltage vs. thickness ratio. 
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Abstract: To solve the problem that all row signals use the same reconstruction algorithm, a type of Bayesian 
compressive sensing based on importance models is proposed, which reconstructs more important signals firstly 
even if losing some unimportant signals. Compared to Bayesian compressive sensing whose performances is not 
well when sampling ratio is lower, the proposed algorithms can improve reconstruction quality effectively. The 
importance models include two processes, one is judging whether the signal is important and the other is how to 
reconstruct important signals better. In this paper, the improved reconstruction algorithm is based on sparse 
important signal and assigning measures by important weights. The two algorithms give priority to the more 
important column coefficient signals in the reconstruction process. The experimental results show that the 
proposed algorithms have better reconstruction effect than the traditional Bayesian compressive sensing, and 
especially, the performance of reconstruction algorithm based on assigning measures by important weights is 
improved obviously when the sampling rate is relatively low. Copyright © 2013 IFSA. 
 
Keywords: Bayesian compressive sensing, Importance model, Wavelet. 
 
 
 
1. Introduction 
 

Compressive Sensing [1-5] has an extensive 
application perspective in the field of signal 
processing because it breaks through Nyquist theory 
which the sampling rate must be more than two times 
the highest frequency. Sparse representation of image 
is a research hotspot in the compressive sensing. 
Currently, there are many improvements of sparse 
representation of image, which are based on different 
transformations, such as wavelet [1, 6], curvelet [7], 
bandlet [8], contourlet [9], dual-tree complex wavelet 
etc [10]. These algorithms are all only concerned on 
improving the sparse representation of image and use 
the unified reconstruction algorithm to all coefficients 
after sparse transformation, without considering the 
coefficient features. 

Wavelet coefficients have many features [12], 
such as spatial frequency and direction selection, 
energy concentration of frequency domain and energy 
attenuation, spatial clustering of high frequency, the 
similarity between subband coefficients, the relative 
between amplitude etc. The scale features of wavelet 
coefficients [13] and modeling sparse prior by using 
the similarity between subband coefficients [14, 15] 
are used to improve the reconstruction effect of 
Bayesian compressive sensing successfully. In this 
paper, we firstly try to study the feature of wavelet 
energy distribution and wavelet coefficient statistics. 
Then we take full advantage of wavelet coefficient 
features to propose two importance models. They are 
based on sparse important signals and measures 
assigned by important weights respectively. The 
proposed algorithms give priority to the more 
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important column coefficient signals in the 
reconstruction process. The experiment results show 
that compared to the traditional Bayesian compressive 
sensing [11], the proposed algorithms have 
improvements in some extent. Especially, the 
performance of reconstruction algorithm based on 
measures assigned by important weights is improved 
obviously when the sampling rate is relatively low. 

The paper is organized as follows. In section two, 
we introduce the energy distribution feature of 
wavelet coefficients and coefficient statistics in each 
wavelet level. In section three, we introduce the 
importance model. In section four and five, we 
propose the improved algorithms based on sparse 
important signals and measure assigned by important 
weight, respectively. They are two different 
perspectives to reconstruct mainly important row 
signals. Simulation results which are presented in 
section six testify the improved effect of Bayesian 
compressive sensing based on importance models. 
Conclusions and discussions of future work are 
provided in section seven. 
 
 
2. The Feature of Wavelet Coefficients 
 
2.1. Wavelet Energy Distribution 
 

After wavelet transformation like Fig. 1, the 
energy distribution of image is changed. The energy 
formula can be given by: 
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Fig. 1. Three levels of wavelet transformation. 
 
 
Fig. 2 shows energy distribution of wavelet 
coefficients in the three level subbands. X-coordinate 
is corresponding subband and Y-coordinate is energy 
ratio. The left figure shows all subbands. In order to 
better observe the energy distribution in the three 

levels, the subbands except 3LL  subband are 
showed in the right of Fig. 2. We can see that wavelet 
energy decrease level by level and concentrate on high 
level subbands. 3LL  subband is highest. If subband 
coefficients of the higher level can be reconstructed 
better and LL  subband coefficients can be 
reconstructed better, the quality of reconstructed 
image will be improved certainly. 
 
 
2.2. Wavelet Coefficient Statistics 
 

Analyzing the wavelet coefficients in different 
subbands, it is easy concluded that the coefficient 
values in HL  subband and LH  subband are larger 
than those in HH  subband in the same level. As the 
level is higher, the wavelet coefficients are higher. 
Large coefficients are mainly in the LL  subband, few 
in the HL  subband and LH  suband and very rare in 
the HH  subband. Fig. 3 shows the absolute 
subtraction value between HL  coefficients and 
HH  coefficients of each level for a 256  256 Lena 
image. Above the dotted line, the coefficient absolute 
values of HL  subband are larger than HH  
subband, otherwise the opposite. We can conclude 
that most HL  subband coefficients are larger than 
HH  subband coefficients in the same level. 
 
 
3. Importance Reconstruction Model 
 

Most of energy is gathered in the high level 
subband and many large coefficients are in high level 
subband. If we can improve the reconstruction quality 
of column coefficient signals which contain much 
energy or large coefficients, even losing quality 
column coefficient signals containing few energy or 
small coefficients, the overall reconstruction quality 
will be improved. Importance reconstruction model 
can be expressed like Fig. 4. 

The main core of importance reconstruction model 
is how to judge the importance of row coefficient 
signals and how to focus on the reconstruction of these 
important signals. The following section, we consider 
from two directions and propose two reconstruction 
algorithms based on sparse important signals and 
more measures assigned to important signals, 
respectively. 
 
 

4. Improved Algorithm Based on Sparse 
Important Signals 
 
The reconstruction of Bayesian compressive 

sensing [12] can be expressed a problem that suppose 
the prior probability distribution for   is a kind of 
sparse distribution like Laplace distribution and then 

maximize posterior probability to solve 1l  norm 

problem. 
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Fig. 2. Energy distribution of wavelet coefficients. 
 
 

 
 

Fig. 3. HL  coefficients vs. HH coefficients in every level. 
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Fig. 4. Importance reconstruction model. 
 
 

Bayesian compressive sensing mostly uses sparse 
prior. Therefore, if   is sparser, the modeling effect 
of prior distribution is better. 

Suppose image size is M N  pixel. Reconstruct 
wavelet coefficients row by row, which can decrease 
quantity of objection matrix [16]. In fact, this 
reconstruction method is a kind of block compressive 
sensing [17]. Wavelet coefficients   can be 

represented  1 2, ,..., M    and the wavelet 

coefficients in the third level are  1 2 /4, ,..., M   . 

According to the above section, if we reasonably use 
wavelet energy features and wavelet coefficient 

statistics to make  1 2 /4, ,..., M    sparser, the 

whole reconstruction effect will be improved. 
Exchange HL  subband and HH  subband in the 
same level. Fig. 5 shows the kurtosis difference 
between before and after wavelet coefficients 
exchange of 256256 Lena image. From the  
Fig. 5 we can see that kurtosis change of the former 
thirty two line exchanged wavelet coefficients 

 1 2 /4, ,..., Mw w w  is not obvious. Because after 

wavelet translation, the LL subband coefficients in 
the three level are enough large. Even if after 
translation, the kurtosis is not affected. But we can see 
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that kurtosis change of the last thirty two line 

exchanged wavelet coefficients  1 2 /4, ,..., Mw w w  

is obvious which illustrate that the exchange 

 1 2 /4, ,..., Mw w w  is sparser than 

 1 2 /4, ,..., M   . 

We judge the row coefficient signals included high 
level subband as important signals and make them 
sparser. The main procedures of algorithm can be 
described as: 

Step 1: Apply sparse transformation to the original 
image x  and get wavelet coefficients  . In his paper 

we use DWT transformation. Wavelet basis is 8sym . 

Step 2: Exchange HL subband coefficients and 
HH coefficients in each level of wavelet coefficients 
  and get modified wavelet coefficients w . 

Step 3: Reconstruct using BCS row by row and get 
reconstructed modified wavelet coefficients ŵ . 

Step 4: Exchange HL subband coefficients and 
HH coefficients in each level of wavelet coefficients 

ŵ  and obtain wavelet coefficients ̂ . 
Step 5: Apply DWT inverse transformation to wavelet 

coefficients ̂  and obtain reconstructed image x̂ . 
 
 

 
 

Fig. 5. The kurtosis difference between before and after 
exchange of the first 64 line wavelet coefficients. 

 
 
5. Improved Algorithm Based  

on Measures Assigned by Important 
Weights 
 
The previous section we improve the algorithm 

performance via sparse important signals. In this 
section, we will reconstruct better the row signals 
included much energy and large coefficients via 
assigning measure quantity. 

According to the second section about wavelet 
features, high level subbands contain most of energy. 
We try to allocate more measures to high level 
subbands, and decrease corresponding measures to 
low level subbands. Therefore the total number of 
measures is not change. We lose the reconstruction 
quality of unimportant row signals in exchange for a 

better reconstruction of important signals to improve 
the whole reconstruction effect. But some energy is 
scattered in high subbands after wavelet 
decomposition of multilevel, we sort energy of all row 
signals to judge each row importance and then 
allocate more measures to row signals whose 
importance value is higher. The main procedures of 
algorithm can be described as: 

Step 1: Apply sparse transform to the original 
image x  and get wavelet coefficients  . Here, we 

use DWT transformation. Wavelet basis is 8sym . 

Step 2: Obtain energy value of each row 
coefficient signal, sort it and get a sorting index I . 

Step 3: Assign measures according to the  
index I . 

Step 4: Reconstruct using BCS row by row and get 

reconstructed wavelet coefficients ̂ . 
Step 5: Apply DWT inverse transform to wavelet 

coefficients ̂  and obtain reconstructed image x̂ . 
If the measure number of each row is M  before 

reassigning, set a threshold  1,...,T N  to express 

the number of important signals. If the signal index 

satisfies to iI T , we judge it as a important signal, 

then the measure set bM . If the index iI T , it is 

an unimportant signal, then the measure set sM . M , 

bM , and sM  satisfy: 

 

 b sTM N T M
M

N

 
 , (2) 

 

where b sM M M  . Using this assignment 

method, the whole measure number is not change, just 
reallocating once and give more measures to 
important signals to reconstruct accurately. This 
measure allocation method is a simple approach, but it 
is no full use of the energy order. Therefore, we give 
another measure allocation method based on energy 
weights. 

If the index of row signal iI T , measure 

number still sets sM . 

If the index of row signal iI T , set a weight 

factor: 
 

 
1

i
i T

i
i

N I
W

N I






 

(3) 

 
for these row signals. 

According to the weight factor iW , get the 

corresponding measure: 
 

 i i bM Round WTM , (4) 
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where  Round   is rounded value. The mean of 

summation iM  equals to bM , which ensures the 

total measure unchanged. 

Weight factor iW  can be viewed as importance 

factor determining how important of a row signal. It 
meets purpose that more important signals which 
include more energy reconstruct more sufficiently. 
Therefore, it is a good measure assignment method. 
 
 
6. Experiment Results 
 

In this section we mainly compare BCS algorithm 
and improved algorithms based on sparse important 
signals or measure assigned by important weights. To 
introduce easily, the two improved methods can be 
expressed as BCS-Sparsity and BCS-Measure. We 
reconstruct ten 256256 MRI images, using DWT 
transformation. Wavelet basis is sym16 and 
observation matrix is Gaussian random matrix. Set the 
thresholds: 
 

2

N
T  , (5) 

 
3

4bM M , (6) 

 
1

4sM M , (7) 

 
Fig. 6 is the reconstruction results when the 

sampling rate is 0.5. Rerr is expressed as the 

reconstruction error, 
22

/  


. Rerr is closer 

to zero, the reconstruction effect is better. Fig. 6 
shows that Rerrs of the two algorithms both decrease 
and the BCS-Measure algorithm improves effectively 
compared to the original BCS and is superior to 
BCS-Sparsity. 

Fig. 7 shows the reconstruction effect for a MR 
image in the different sampling ratio using BCS, 
BCS-Sparsity and BCS-Measure, respectively. 

Still set the thresholds as equations (5), (6), and 
(7). Use DWT transformation, wavelet basis is sym16 
and observation matrix is Gaussian random matrix. 
We use PSNR to judge the three algorithms. The 
PSNR can be defined as: 

 
2

10

255
10logPSNR

MSE

 
  

 
 (8) 

 
where  
 

    
1 1

2

0 0

1
, ,

A B

i j

MSE x i j x i j
A B

 

 

 
  

, (9) 

and  ,i j  is the pixel point of a A B  image. 

Larger PSNR indicate more closely to the original MR 
image. 
 
 

 
 

Fig. 6. Compare reconstruction effect using three different 
algorithms in the same sampling ratio. 

 
 

 
 

Fig. 7. Reconstruction effect using three algorithms  
in the different sampling ratio. 

 
 

It shows that no matter the sampling ratio changes, 
the PSNRs using BCS-Sparsity and BCS-Measure are 
higher than BCS method. When the sampling ratio is 
0.2188, BCS-Sparsity is improved above 5 dB and 
BCS-Measure is improved about 9 dB. Although the 
improvement using BCS-Sparsity method is smaller 
than BCS-Measure, the distance between the two 
algorithms grows smaller with the sampling ratio 
increasing. It illustrates that BCS-Measure method is 
more superior when the sampling ratio is low and 
BCS-Sparsity method also has some improvement 
effect. 

Set the thresholds as equations (5), (6), (7) and 
 

2

N
M  , (10) 
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wavelet basis is sym16. Fig. 8 compares the 
reconstruction effect for 256256 brain MR image 
using three different algorithms. Fig. 8 (a) is the 
original image, Fig. 8 (b), Fig. 8 (c) and Fig. 8 (d) are 
reconstruction images using BCS, BCS-Sparsity or 
BCS-Measure respectively. It shows that the 
reconstruction images using BCS-Sparsity and 
BCS-Measure are clearer than BCS algorithm. 
 
 

  
 

(a) (b) 
 

  
 

(c) (d) 
 

Fig. 8. 256256 MRI reconstructed images: 
(a) original image, (b) BCS algorithm, (c) BCS-Sparsity 

algorithm, (d) BCS-Measure algorithm. 
 
To observe the image detail clearly, Fig. 9 shows 
partial enlarged detail around the eye. Fig. 9 (a) is the 
partial enlarged detail of original image, Fig. 9 (b), 
Fig. 9 (c) and Fig. 9 (d) are partial enlarged detail of 
reconstruction images using BCS, BCS-Sparsity or 
BCS-Measure respectively. It shows that the details is 
less clear used BCS algorithm, but the reconstructed 
images using the improved algorithms are almost 
similarly clear to original images. It is visual 
illustration of the improvement effect via Bayesian 
compressive sensing based on importance model. 

To illustrate that the main idea of improved 
algorithm based on importance models which are 
emphasis on the reconstruction of important row 
signals and focus on reconstruction of LL  subband 
and high level subband, we show reconstruction 

wavelet coefficients ̂  of 128128 brain image in 
Fig. 10. Set the thresholds as equations (5), (6) and 
(7). Use DWT transformation, wavelet basis is sym8 
and observation matrix is Gaussian random matrix. 
Fig. 10 (a) shows the whole reconstruction wavelet 
coefficients using three algorithms. In Fig. 10 (b), we 
compare the reconstruction wavelet coefficients using 

three algorithms in high level. Fig. 10 (c) shows the 

reconstruction wavelet coefficients in 1HH  subband 

using three algorithms. Fig. 11 shows reconstruction 
error using BCS, BCS-Sparsity and BCS-Measure 
algorithm in different subbands. The reconstruction 
error using BCS-Measure algorithm is all lower than 
BCS in the high level subbands. The reconstruction 
error using BCS-Sparsity algorithm is lower than BCS 

in the high level subbands except 2HH  subband, but 

the difference is not large. From the Fig. 10 and  
Fig. 11, we can see that the two improved methods 
reconstruct better in high level subbands and worse in 
low level subbands than BCS. 
 
 

  
 

(a) (b) 
 

  
 

(c) (d) 
 

Fig. 9. 256256 MRI partial enlarged detail around eye  
of reconstructed images. 

 
 
7. Conclusions 
 

Wavelet coefficients have many features. In this 
paper, we study energy feature of wavelet coefficients 
to see that subband energy in high level is the highest 
and the influence to reconstructed quality is the 
largest. According to the wavelet coefficients 
statistics, we can see that large coefficients 
concentrate mostly in high subband of high energy. 
Taking full advantage of wavelet coefficient features, 
we propose two reconstruction algorithms based on 
importance models. The main idea utilizes the wavelet 
features to judge which row coefficient signals are 
important. And then according the judgment, we 
propose two reconstruction algorithms from two 
directions which are more sparsing or give more 
measures to important signals. 
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(a) The whole wavelet coefficients. 

 

 
 

(b)The wavelet coefficients in high level. 

 

 
 

(c) The wavelet coefficients in 1HH  subband. 
 

Fig. 10. Compare the reconstructed wavelet coefficients using BCS, BCS-Sparsity or BCS-Measure. 
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Fig. 11. Reconstruction error in different subband using 
BCS, BCS-Sparsity and BCS-Measure algorithm. 

 
 
The experiment results analyze the performance of the 
two improved algorithms. When the sampling ratio is 
low, Bayesian compressive sensing based on 
assigning measures by important weight shows the 
relatively good performance compared to BCS or the 
other improved algorithm. But with the sampling ratio 
increase, Bayesian compressive sensing based on 
sparse important signals gradually shows its 
performance. When the sampling ratio reaches some 
value, the two methods have good performance for 
different images. But in general, the two algorithms 
are better than BCS algorithm, which indicate that 
introducing the importance models is effective. In the 
future research, we can introduce wavelet coefficient 
features deeply into compressive sensing to improve 
reconstruction quality. 
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Abstract: A framework of ferro-magnetization on apparent weightiness, through electro-magnetic induction, is 
proposed in this study. Here the integral solution of ferro-magnetization, based on Boltzmann probabilistic theory 
in modified Bessel function, avoids unstable result accessed from traditional Langevin’s analysis. Also, a 
self-designed electromagnetism mechanism measuring gravitational counteraction of testing sample is set up and 
used to evaluate its magnetic behavior on apparent weight. That not only features as a simple device with 
economical cost and easy operation, but also could be further extended to the application of ferro-magnetization 
sensor. While compared to the results measured from Vibration Sample Magnetometer (VSM) for ferro-product 
provided by Matsumoto co., magnetization curve of self-prepared ferro-sample, base on present measuring 
method, shows an excellent agreement within the working region of 0~36 mT , in which the maximum relative 
error 100 %, evaluated from traditional classic Langevin theorem, could be remarkably reduced to 20 %. 
Copyright © 2013 IFSA. 
 
Keywords: Gravitational counteraction, Ferro-magnetization. 
 
 
 
1. Introduction 
 

Formerly the classic Langevin theory, with the 
assumption of colloidal magnetic particles embedded 
in saturation moment, was widely used to determine 
the super-paramagnetic behavior of ferro-fluid [1]. 
Indeed, the ferro-particles are randomly oriented and 
initially have no net magnetization. Under the 
presence of magnetic intensity, the produced dipole 
moment will turn around ferro- particles to field 
direction as shown in Fig. 1, and the aligning 
tendency will continuously increase until the 
saturation magnetization is reached. Hence the 
over-estimation based on the classic model seems to 
be not so surprised. To understand the magnetization 
of ferro-fluid vs. the field intensity, a DC 

electromagnetic experimental device was set up and 
conducted in a rotary shaft to examine the magnetic 
behavior of ferro-fluid [2, 3]. Unfortunately, the rise 
of working temperature, during working process, 
seems to be inevitable and usually results in the 
variation of viscosity to make analytic procedure 
more complicated. Another micro/nanoscale 
pumping device with AC magnetic field was also 
considered to survey the magnetization of ferro-fluid 
[4, 5]. Whether the fluid moves opposite to the 
direction of field (backward pumping) or in the same 
direction of field (forward pumping) primarily 
depends on the frequency of AC power supplied, 
which usually gives rise to another trouble problem “ 
so called magnetization lag“. Generalized from 
previous ferrohydrodynamical application, several 
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additional apparatus should be calibrated to 
guarantee the stability of magnetic behavior. That not 
only makes a tedious experimental procedure but 
also significantly increases the expense of 
experiment [6]. Recently, an advanced measuring 
technology with Vibration Sample Magnetometer 
(VSM) has been developed to characterize the 
magnetization of nanoparticles [7, 8]. By this way, 
relevant magnetic characteristic including effective 
dipole moment, agglomeration of colloidal particles 
and orientation of magnetic particles, could be 
exactly captured and transferred to PC directly. 
Although the measurement made by VSM has shown 
its special advantage over conventional measuring 
methods, the charge for relevant equipment is usually 
too expensive to be affordable for local laboratory. 

To improve above insufficient, a fundamental 
working principle of sensor related to 
ferro-magnetization on ferro-weightlessness draws 
our attention in this study. Here an economical DC 
electromagnetic system with easy operation will be 
self-designed to magnetize the ferro-sample. 
Coupling the action of ferro-magnetization and field 
intensity, an upward magnetic pressure will be 
induced to counteract the gravity effect and which 
reduces the apparent weight of ferro-sample. While 
invoking the balance of weight loss and 
electromagnetic force, ferro-magnetization could be 
successfully carried out by iterating Bessel function 
implicitly. In addition, the discussion of chemical 
precipitation to prepare ferro- sample will be also 
included in this study. 

 
 

2. Analysis 
 

Prior to formulate the modified Bessel function of 
ferro-magnetization on apparent weight loss, several 
reasonable assumptions without losing the overall 
behavior should be made in advance. 
 
 
2.1. Assumptions 
 
1. Compared with external magnetic strength, Van 

der Waals force between the interactions of 
colloidal particles is small enough and can be 
neglected. 

2. Magnetic field induced in the middle region of 
long solenoid is assumed to be uniform.  

3. By the definition of volumetric fraction Φ for 
ferro-particles in reference [1], a linear relation 
M=ΦMS will be taken into account, where the 
symbols of M and Ms indicate ferro- 
magnetization of ferro-fluid and magnetic 
particle respectively. 

 
 
2.2. Governing Equations 
 

While we start analysis process, ferro-particles in 
spatial distribution should be introduced first. 

Initially, ferro-particles in a colloidal solution are 
randomly oriented. However, the changing situation 
will emerge as dipole moment begins to turn around 
to align with ordinary field (see Fig. 1) and the 
tendency will becomes visible if the magnitude of 
field is increased. In other words, further intensify 
ferro-magnetization will produce strong body torque 
to rotate ferro- particles to field direction. Indeed, 
magnetic attraction is primarily dependent on the 
magnetization degree and field intensity and which 
will counteract the ferro-gravity and reduces the 
weight of ferro-sample promptly provided that an 
upward field direction is set. 
 
 

 
 

Fig. 1. Orientation configuration of ferro-particles  
along field direction. 

 
 

Next we will proceed to treat with magnetic 
behavior of ferro-sample, here both basic formulas, 
dealing with field average magnetization and 
magnetic induction, will be yielded in Eqs.(1) and (2) 
respectively.  
 

  
H

MMdH
H

M
0

1 
, 

(1) 

   

 HB 0 , 
(2) 

 
where the value of χ = M /M is estimated to be 0.5~1, 
M  & M being the field-average magnetization and 
instant magnetization of ferro-fluid respectively, and 
B is defined as the magnetic flux intensity. 

To distinct the physical meaning of instant 
magnetization M and field-average magnetization 

, a clear interpretation will be given below. In  
Fig. 2, the shaded area, under magnetization profile, 
relates to magnetic pressure induced by coupling 
effect of ferro- magnetization M and field strength H. 

Therefore field-average magnetization  could be 
successfully evaluated by estimating equivalent 
rectangular area bounded by field intensity and 
field-average magnetization.  

Combining equations (1) and (2) gives the 
magnetic pressure Pm in equation (3). Additionally, 
the gravitational counteraction of magnetic fluid, 
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subjected to the field employed, can be expressed in 
equation (4) 
 

 MBHMPm   0 , (3) 

   

 BAMdApW m    cos , (4) 

 
where A is the real contacted area of ferro-particles 
lying on the cylindrical surface, symbol <M> 
appearing in Eq. (4) demonstrates average 
magnetization of magnetic fluid along field direction, 
and θ, in Fig. 1, is defined as oriented angle of 
ferro-particle measured from field direction. 
 
 

 
 

Fig. 2. Magnetization curve of ferro-fluid. 
 

 
By appealing to the integral of Boltzmann 

probabilistic distribution, the ratio of <M>/M of 
integrated form, in modified Bessel function, might 
be carried out in Eq. (5) and Eq. (6). In which, the 
values of Io and I1 will approach to unity and zero 
respectively as a small α is considered, i.e. 
continuous ferro-magnetization in a weaker field 
could be expected. 
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where K is the Plank’s constant, V is the volume of 
ferro-particle and 
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Coupling Eqs. (4) ~ (6) with assumption 3, the 

implicit dependence of apparent weight loss Δw on 

instant magnetization of ferro-particle MS could be 
derived as in Eq. (7), which constitutes the main 
theorem of ferro-magnetization sensor in modified 
Bessel function. Besides, angular density of magnetic 
particles σ under field induction also arise our 
attention. In Eqs. (8), N is defined as half amount of 
magnetic particles deposited on the cylindrical 
surface, and angular density σ could be successfully 
developed using a mathematical model of Boltzmann 
probability 
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Unlike the continuous magnetization mentioned 

above, traditional Langevin’s theory, in Eqs. (9), to 
predict ferro-magnetization should be dealt with. In 
which, saturated magnetization, Md, assumed to be 
embedded in ferro-particle seems to overestimate the 
magnitude of M. Additionally, the appearance of 
hyper-cotangent in Eqs. (9) easily leads to an 
unstable iteration especially in the region of small α, 
in other words, a divergent calculation will be 
experienced for micro-study. Thus above 
conventional model determining the practical 
magnetization will be not considered in this study. 
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3. Experimental Procedure 
 
3.1. Preparation of Testing Ferro-sample 
 

Chemical precipitation, in this study, is employed 
to prepare the working ferro-sample, where soluble 
iron salts, FeCl3 6H2 O, FeCl2 4H2 O & NaOH, are 
fed as the reactants. Subsequently, the involvement 
of ammonium hydroxide leads to the agglomeration 
of magnetite in co-precipitation process. That allows 
ferro-particles separated from liquid phase in the 
filtration step followed. Successively chemical 
surfactant, after sucking water out, will be included 
to reduce the size of ferro-particles into a 
small-colloidal range, and further agglomeration will 
be avoided by two- hour stirring process while 
working temperature maintains 65~70 C. Thus the 
water-based product could be developed. Next, 
additional steps will be required to produce oil-based 
product. To transform the ferro-particles from 
organic phase into aqueous phase, dissolving 
water-based product in a dispersing agent is desired. 
Here, continuous stirring is still undergone until the 
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addition of methanol is fully mixed. While the 
mixture reaches at steady equilibrium, filtration 
procedure will be performed by extracting methanol 
out. Thus oil-based product, after adding a small 
amount of diesel oil, will be attained and volumetric 
ration occupied by magnetite determines the 
ferro-concentration of solution. So far, overall 
preparation process might be accomplished and 
relevant flow chart is illustrated in Fig. 3. To assess 
the magnetized performance of self-prepared sample, 
a strong magnetic attraction as magnetism 
approaching is induced in Fig. 4, which also weighs 
magnetized quality. Besides, instability of 
ferro-surface in Fig. 5 ”so called Rosensweig 
phenomena ” will be also accessed by refining test 
sample with surfactant in slow heating process . 
 
 

 
 

Fig. 3. Flow chart of preparing ferro-sample. 
 
 

 
 

Fig. 4. Photography of self-preparation ferro-sample. 
 
 

3.2. Experimental Mechanism 
 

To examine the validity of present model, an 
auxiliary experimental mechanism of small size, 
simple structure and easy operation is depicted in  
Figs. 6~7. In which, several relevant components, 
such as working solenoid, digital measuring device 
as well as DC power supply, will be also included in 
Fig. 8~Fig. 11. 

 
 

Fig. 5. Photography of Rosensweig ferro-instability. 
 
 

 
 

Fig. 6. Sketch of the experimental system. 
 
 

 
 

Fig. 7. Photography of experimental device. 
 
 

View from Fig. 8, the photography 
demonstrates a working solenoid, 2800 coils 
wound together closely, to produce working 
magnetic field 0~40 mT as the external voltage 
0~25 V is regulated by turns. 
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Fig. 8. Photography of current –carry solenoid. 
 

 
To prevent the influence of magnetic field, 

induced by current-carry solenoid, on load cell, a 
long acrylic tube with dimensions of 2 cm diameter 
and 30 cm length, shown in Fig. 8, should be 
considered to separate testing sample and digital 
weight-meter. Below which, a measuring unit of 
digital load cell with resolution 0.001g,in Fig. 9, is 
utilized to record and display the total weight of 
ferro-sample and cylindrical container subjected to 
field enforcement. Through it, real measured data 
could be captured and transferred to PC promptly. 
Also, a DC power supply, in Fig. 10, with facility of 
0~5 A and 0~30 V is used as a driving source which 
is able to be controlled precisely to meet the 
demand of working condition. 
 
 
3.3. Experimental Procedure 
 

Before embarking on the measuring process at 
working temperature 25 °C, several testing 
procedures are scheduled as follow. 

1. Initially, read the weight of cylindrical 
container in the absence of ferro-sample. 

2. Measure coaxial magnetic intensity inside the 
solenoid by regulating DC voltage 2 V ~ 30 V. 

3. Place the ferro-sample in cylindrical container 
illustrated in Fig. 1 and record individual total weight 
corresponding to working DC voltage set in step 2. 

4. Calculate individual weight loss by estimating 
the weight difference between step 3 and step 1 for 
each input voltage applied. 

5. Assign an initial guessed value of   and 
evaluate the magnetization Ms of ferro-particle from 
equation (7) using iteration method. And then 

calculate M , χ with Simpson rule and integral skill 
from equation (1).Check whether the relative error of 
calculated and assigned χ is less than 5 %. If not,  
step 5 should be repeated until the convergence is 
accessed. 

6. Steps (1)~(6) are recurred with ferro-sample of 
volumetric concentration 0.004 or the temperature of 
ferro-sample rose to 45 °C. 

 
 

Fig. 9. Photography of separation acrylic tube. 
 
 

 
 

Fig. 10. Photography of digital load cell. 
 
 

 
 

Fig. 11. Photography of digital load cell. 
 

 

4. Results and Discussion 
 
While investigate the induced magnetic behavior 

of sample for both volumetric concentrations at 
different working temperature, the variation of 
weight loss vs. magnetic flux density and calculated 
magnetization vs. magnetic flux density will be 
plotted in Fig. 12 and Fig. 13 respectively. In which, 
a rapid growth of weight loss, in Fig. 10, is visible 
within field intensity 6-18 mT and that just 
corresponds to a fast magnetization in Fig. 13. 
Moreover, the distribution in Fig. 13 also tells that 
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saturation magnetization, 7000 A/m, predicted for 
concentration φ=0.04 is about ten times the value, 
650 A/m, accessed from concentration φ=0.004, i.e. 
ferro-magnetization might be believed to be 
proportional to the volumetric concentration of 
particles. In addition, a smaller magnetization rate is 
found at 45 °C than that evaluated at 20 °C, and 
magnetized result will be further considerably 
decreased as in the case of φ 0.004. 
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Fig. 12. Comparison of weight loss .vs. induced magnetic 
field for ϕ=0.04 (20 °C, 45 °C) and ϕ=0.004 (20 °C). 
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Fig. 13. Magnetization .vs. induced magnetic field  
for ϕ=0.04 (20 °C, 45 °C) and ϕ=0.004 (20 °C). 

 
 

Another outcome comparison from VSM 
measurement, classic Langevin solution, in variable 
Md, and Bessel theory, in variable Ms, is discussed in 
Fig. 14. 

 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 6 12 18 24 30 36

B (mT)

M
 (

A
/m

)

Langenvin ( Md )

VSM

Bessel

 
 

Fig. 14. Comparison with magnetization curves estimated 
from Langevin function, Bessel theory and VSM method. 

From which, all the distributions, with saturation 
magnetization approaching to 7000 A/m, behave 
quite alike in high magnetic region. However, about 
100 % relative error, estimated from Langevin theory, 
significantly deviates from the results made from 
VSM as magnetic intensity is less than 6 mT. That 
attributed to the term of hyper cotangent function in 
classic Langevin function easily leads to a divergent 
calculation during the lower field region. However, 
such unstable disadvantage might be overcome by 
the continuity of Bessel theory using successive 
implicit iteration. As a result, the maximum relative 
error, occurring at lower magnetic field, could be 
effectively dropped down to 20 %. 

Until now, our discussion was focused on the 
survey of induced magnetic behavior. Subsequently 
we will proceed to discuss the angular distribution of 
magnetic particles under the presence of magnetic 
field. It might also predict real contacted area of 
ferro-particles depositing along the cylindrical 
surface. To estimate the area A, a physical meaning is 
introduced as follows. Initially, ferro- particles are 
assumed to be uniformly distributed along inner 
semi-cylindrical surface as the absence of field. As 
magnetic field becomes active, ferro- particles will 
move forward to align with the field due to the action 
of magnetic attraction, and that makes the initial 
orientation of ferro-particle re-distributed. 
Consequently, the angular density in the rear region 
of inner semi-cylinder surface becomes much 
weaker than initial value, and such rear region will 
be excluded from the contacted area considered. 
Thus contacted area A for various magnetic strength 
applied could be predicted by the intersected point of 
horizontal dotted line (initial magnetic field is absent) 
and individual angular distribution curve drawn in 
Fig. 15. While compared with individual angular 
density at θ= 0° (see Fig. 1) for concentration ratio 
ψ=0.04 at working temperature 20 °C, Fig. 15 
reveals that initial angular density σ is about  
0.33 N/m2 (as the indication of dotted line), and the 
value will quickly increase to 2.5 N/m2 if magnetic 
strength increases to 36 mT. That means more and 
more magnetic particles will be attracted gather to 
the front region of cylinder surface and the effective 
contacted area lessening from angle θ= 60° to θ= 45° 
will be accessed as the magnetic intensity varies 
from 6 mT to 36 mT. In addition, the area under 
individual curve also sates half amount of magnetic 
particles N lying along the semi- cylindrical surface, 
and this area, after deliberate calculation, is found to 
be nearly the same for different cases Hence the 
distribution of σ obeying mass conservation law 
could be confirmed. 

Finally, our discussion will be turned to 
determine field-average magnetization coefficient χ. 
In order to evaluate the value, Eqs. (1) together with 
modified Bessel Eqs. (7) constitutes an implicit loop, 
in which the continuous iteration by Simpson rule & 
trial and error method will go through. Consequently, 
the value of χ about 0.5 for ψ=0.04 and 0.004 is kept 
under magnetic intensity less than 12 mT applied i.e. 
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both nearly horizontal lines will be resulted in Fig. 16. 
After then, field-average coefficient exhibits a slow 
increase from 0.5~0.68 as magnetic flux is extended 
to 36 mT. On the whole, calculated results from 
above ferro-concentration are found to be consistent 
and which might be also identified from the 
distribution of magnetization curves in Fig. 14. 
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Fig. 15. Ferro-particles in angular distribution .vs. 
magnetic intensity applied for ϕ=0.04 at working 

temperature 20 °C. 
 
 

 
 
Fig. 16. Field-average magnetization coefficient .vs. 
magnetic intensity applied for ϕ=0.04 and ϕ=0.004 at 

working temperature 20 °C. 
 
 

5. Conclusions 
 

Summary from above discussion, the validity of 
working principle for ferro-magnetization sensor on 
apparent weight could be identified. Here 
magnetization curve predicted by classic Langevin 
function is apparently overestimated and seems to be 
only applicable in the case of ferro-particle embedded 
with saturation magnetization. However, our 
proposed model, practical ferro-magnetization 
depending on field applied, has the special advantage 
toward the exact magnetic behavior. Also, the 
unstable divergence resulting from classic Langevin 
model can be fully avoided by using modified Bessel 
function of zero and first kind as in the case of smaller 
magnetic intensity. When investigate the measured 
results, a fast growth of weight loss will be initiated 
as the rapid magnetization of ferro-particle starts 

working, and then a linear profile with slow growth 
will be followed until saturated magnetization is 
achieved. In addition, magnetic performance of 
testing sample is also found to be proportional to 
volumetric fraction of solid particles, and a reversed 
effect disturbing the consistence of suspended 
particles will occur as the ferro-sample in higher 
working temperature. Therefore it is believed that the 
alignment of particles to the field direction will be 
further interrupted by thermal agitation and this will 
cause a magnetization lag as well. 

 
 
6. Nomenclature 
 

A 
Real contacted area of the particles along the 
cylindrical surface [m2] 

B Magnetic flux [mT] 

H Magnetic intensity [A /m] 

K Boltzmann constant 

M Magnetization of ferro-fluid [A /m] 

N Half amount of ferro-particles 

ΔW Apparent weightlessness of ferro-fluid [ kg] 

Md Saturation magnetization of ferro-particle [A 
/ ]Ms Practical magnetization of ferro-particle [A 
/ ]

M Mean magnetization of ferro-fluid [A /m] 

Pm Induced magnetic pressure [Pa] 

T Temperature of ferro-fluid [K] 

V Volume of ferro-particle [m3] 

m Dipole moment of ferro-particle 

σ Angular density of magnetic particles 

θ Position angle of particles to field direction 

χ field-average magnetization coefficient 

ψ Volumetric concentration of ferrousample 

μ0 Permeability of free space [Henery /m] 
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Abstract: The design of single loop two-order Delta-Sigma modulator with feed forward structure is presented in 
this thesis. Oversampled analog-to-digital converters based on second-order delta-sigma modulation are attractive 
for VLSI implementation because they are especially tolerant of circuit nonidealities and component mismatch. 
The noise shaping and oversampling are used in this modulator, the oversampling rate (OSR) is 256 and the 
resolution could be reached 14 bits. The integrally design of Delta-Sigma modulator is argued in deep in the paper, 
since the behavior model is tested efficiently by Simulink, the time of design has been cut to the bone. As the fully 
differential structure is used, the system to inhibit the ability of common-mode interference improved and the 
sampling rate is also raised, the fully differential switching capacity structure is used in the circuit design of 
modulator. And because of the fully differential structure, the input noise is reduced, the output slewrate of op-amp 
is greatly improved and the whole circuit is more stable. The 0.5 μm CMOS process is used in simulation of circuit, 
the results of simulation are shown that the amplifier gain is 82.3 dB, the Phase Margin is 71.34°, the output 
slewrate of op-amp is 202 V/μs, the unit GainBandWidth is 102 MHz. the whole circuit of modulator is tested with 
10.24 MHz of the clock frequency, the SNDR reached to 93.2 dB, the Dynamic Range (DR) is 100 dB. In 
summary, this Delta-Sigma modulator could be used in Portable, Audio system and so on. Copyright © 2013 IFSA. 
 
Keywords: Delta-Sigma ADC, Delta-Sigma modulator, OP-AMP. 
 
 
 
1. Introduction 
 

Currently, the oversampling techniques is widely 
used in analog-to-digital converter [1], compare with 
the Nyquist frequency, the oversampling reduce the 
harsh requirement of analog circuit and greatly 
improve the resolution [2-4]. In an oversampled A/D 
converter based on delta-sigma modulation, the input 
signal is sampled at many times its Nyquist rate. The 
sampled input signal is quantized by a modulator that 
consists of a low-pass analog filter and a coarse 
quantizer embedded in a feedback loop. The analog 
filter and the feedback around the modulator shape the 
large quantization noise produced by the coarse 
quantizer, moving most of its energy to frequencies 

above the desired signal band, or baseband. A digital 
low-pass filter then removes this shaped quantization 
noise so that the signal may be resampled at a lower 
rate to produce the final high-resolution Nyquist rate 
output. The combined functions of digital low-pass 
filtering and resampling are commonly referred to as 
decimation filtering. 

In addition to their tolerance for circuit 
non-idealities, oversampled A/D converters simplify 
system integration by reducing the burden on 
supporting analog circuitry. Because they sample the 
analog input signal at well above the Nyquist rate, 
precision sample and hold circuitry is unnecessary. 
Also, the burden on the analog anti-aliasing filter is 
considerably reduced. Much of its function is 
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transferred to the digital decimation filter, which can 
be designed and manufactured to precise 
specifications, including a linear phase characteristic. 

A variety of delta-sigma modulator architectures 
have been explored recently. Among these, perhaps 
the most robust is a second delta-sigma modulator 
wherein two integrators are combined with a single 
two-level quantizer [5]. The present work examines 
the application of the second order delta-sigma 
modulator to signal acquisition with digital audio 
performance, which is taken to mean a dynamic range 
of 14 bit or more and signal bandwidths exceeding  
20 kHz. 

The Delta-Sigma modulator is a key part of the 
Delta-Sigma ADC. As we know that the higher order, 
the higher accuracy of the ADC realization, but the 
circuit structure of Delta-Sigma modulator is more 
complex. The system performance could be easily 
affected with many non-ideal factors. And it would be 
bringing a heavy workload [6-7]. 

To sum up, for design a high speed, high 
performance, high efficiency, low power consumption 
delta-sigma modulator, we should give fully 
consideration to the various non-ideal factors, such as 
clock jitter, charge injection, and the non-linear of 
operation amplifier and so on, and complex problems 
of circuit in the simulation of the behavior level, 
analysis of these non-ideal factors how impact on 
work of delta-sigma modulator. And then ensure and 
trade-off the performance parameter for circuit design 
by the simulation of Behavior level, therefore, system 
level really greatly reducing the workload of the 
circuit-level design. 

Because of that the device precision components 
mismatch and nonlinear which due to restrictions in 
the manufacturing are overcame, the oversampling 
and noise shaping are used in delta-sigma modulator. 
Hence, a lower bits and easy cell parts are realized in 
the analog circuit of delta-sigma modulator [8]. As the 
delta-sigma modulator has especially tolerant to 
circuit non-idealities and component mismatch, it is 
could be achieve higher accuracy [9]. 

In the circuit level design, Delta-Sigma modulator 
is consisted with low-pass filter and quantizer, the 
sampling signal is sent into the quantizer, and then 
output after quantification. Because of the 
oversampling frequency that higher than Nyquist 
frequency is used in the Delta-Sigma modulator, the 
sample-hold circuit is not required exactly. At the 
same time, analog anti-filter is cut down [10]. 

In the modulator loop, the quantizer quantify the 
noise, the quantification noise is pushed out the higher 
frequency that out of the bandwidth by the low-pass 
filter. And then the quantization noise which out of 
bandwidth was removed by low-pass filter after the 
delta-sigma modulator. Except to considerate the 
non-ideal factors, the various barriers of analog circuit 
must be reduced as far as possible. 

In this thesis, a feed forward two order 
Delta-Sigma modulator is designed. It is composed 
with two filters, a 1bit quantizer and DAC. The 
delta-sigma modulator had been argued completely 

which had been designed from behavior level to 
circuit level in this essay. The next article will declare 
the design theory of delta-sigma modulator, and the 
third part would be argued the design and simulation 
of the behavior level. The forth part of paper would be 
described the design and simulation of the circuit 
level, the most important technical is that the circuit 
design is based on 0.5 μm CMOS process. At the last 
of the paper, the design results and performance 
analysis of delta-sigma modulator would be 
illustrated. 

 
 

2. Principle of Delta-Sigma Modulator 
 
It is the most important breakthrough that 

delta-sigma modulator is adopted the oversampling 
frequency, it greatly higher than Nyquist frequency. 
After sampling, the output signal is compared with 
sampling value of the last moment. The differential 
value is quantified, and then modulator output the low 
bit code, according to the output of quantizer decide 
which value of feedback will be returned. 

The simplest form of delta-sigma modulator 
structure combines a low-pass analog filter consisting 
of a single integrator with a 1-bit quantizer [11-12]. 
The block diagram of delta-sigma modulator is shown 
in Fig. 1 [13]. Through the above analysis we can get 
that the number of order and integrator are equally. 
Therefore, for the L order model, the output of 
modulator [14] in Z-domain is: 

 
1( ) ( ) (1 ) ( )L LY z z X z z E z    , (1) 

 
where X(z) is the input signal, Y(z) is the output 
signal, E(z) is the quantization noise. 

 
 

 

 
Fig. 1. Delta-Sigma modulator frame chart. 

 
 
The oversampling is measured by OSR, 

accordingly / (2 )s bOSR F f , wherein bf  is 

Nyquist frequency, sF is oversampling frequency. 

The quantizer is acquiesced unit quantizer, the 
Dynamic Range (DR) [15] is described in equation 
(2): 
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Turn (2) to dB, that is shown in formula (3): 
 

10 102

2 1
| 1.76 10log ( ) (2 1)10log ( )dB L

L
DR L OSR




   
 

(3) 

 
For aforementioned formulas, we can get that 

increase the number of order and oversampling Rate 
(OSR), the DR will be raised and the efficiency bits 
will be enhanced at the same time, 

-1.76 / 6.02R DR（ ） . For an ideal model of L 
order Delta-Sigma modulator, the highest SNR could 
be expressed in formula (4): 

 

2 2 13
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(4) 

 
The oversampling ratio required to meet a specific 

level of performance may be decreased below that 
needed in a second-order delta-sigma modulator by 
increasing the order of the modulator. Higher order 
noise shaping can be accomplished by including a 
higher order filter, such as additional integrators, in 
the forward path of the modulator. 

3. Modulator Architecture 
 

A species of two-order delta-sigma modulator 
could be used in Audio system, which is hoped design 
in this paper. Expected accuracy arrive to 14 bit,  
SNR is 90 dB. The architectures of two-order feed 
forward Delta-Sigma modulator without local 
feedback path are chosen in this paper. The idea 
behavior level model of second-order Delta-Sigma 
modulator is shown in Fig. 2 that consists of two 
sampled-data integrators, a 1-b A/D converter,  
and a 1-b D/A converter. In the ideal model, the higher 
SNR, higher resolution and the higher speed etc. could 
be achieved easily. But actually, there must be a lot of 
non-ideal factors in the practical model, for example 
KT/C noise, clock jitter, and op-amp noise etc. 
therefore, to make the simulation results are more 
closed to the real application that the typically 
non-ideal factors are imitated at the input of 
Delta-Sigma modulator. The non-ideal Feedforward 
two-order Delta-Sigma modulator is shown  
in Fig. 3. 

 

 

 
 

Fig. 2. The ideal feedforward two-order Delta-Sigma modulator. 
 
 

 
 

Fig. 3. The non-ideal Feedforward two-order Delta-Sigma modulator. 
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The first stages must have large capacitances to 

satisfy the SNR requirement, and the performance 
requirements of first integrator are rigorous than the 
other integrator. Therefore the op-amp for the first 
stage becomes power consuming design to drive large 
capacitances with sufficient speed. The noise shaping 
requirement on the second stage is far smaller than the 
first stage, because of that the quantization noise 
would be eliminated by noise shaping technique, 
required capacitances on the second stage is smaller 
than the first stage [16]. For reduce the design time 
and workload, the affect of whole modulator with 
several of non-ideal factors must be considered in 
detail.  

At the initial stage of behavior level, according to 
the block diagram of two-order delta-sigma modulator 
draw out the equation of transfer function, Signal 
Transfer Function (STF) and Noise Transfer Function 
(NTF), compare with the equation which is 
synthesized by MATLAB, then ensure the coefficients 
of open loop: ai and bi. Secondly, build a completely 
structure of feedforward two-order delta-sigma 
modulator with Simulink. 

The ideal model of delta-sigma modulator is 
simulated. The PSD curve is shown in Fig. 4. From the 
ideal results that we can get the SNR is more than  
100 dB, the resolution is more than 16 bit and other 
results are also satisfactory. 

For the non-ideal model of delta-sigma modulator, 
the KT/C noise, jitter noise and op-amp noise etc 
non-ideal factors are analyzed and added to the input 
of modulator. Ultimately, the value of SNR and 
efficiency bit are calculated, the simulation result is 
shown in Fig. 5. That the SNDR is 94.7 dB and the 
resolution arrived to 15 bits. Compare with the ideal 
results, the SNR of the non-ideal model is reduced to 

94.7 dB, there are 8.3 dB consumption. But from the 
behavior level results we had got that the design is also 
suitable the expectation results.  

 
 

3. Circuit Implementation 
 
Among the modulator architectures discussed in 

the previous section, second-order Delta-Sigma 
modulators are particularly attractive for digital-audio 
signal acquisition because of their stable operation and 
tolerance of circuit non-idealities. All the elements of 
the second-order delta-sigma modulator shown in  
Fig. 3, which are ready implemented with switched 
capacitor circuit techniques. Fig. 6 shows a fully 
differential implementation of the two order 
delta-sigma modulator, which consisting with two 
identical parasitic insensitive switched capacitor 
integrators, a comparator, and a distributed two-level 
D/A converter. The use of a fully differential 
configuration attenuates power supply noise, clock 
feed through, and even-order harmonic distortion. 
Additionally, the differential architecture doubles the 
dynamic range of the modulator, which is especially 
important when using a single 5-V power supply. 

The CMOS switch circuits and NMOS switch 
circuits are used in the modulator circuit. The system 
supply voltage is 5 V and the reference voltage of 
DAC is 2.5 V. According to the design, analysis and 
simulation of the behavioral level of feedforward two 
order delta-sigma modulator, we can get that the 
feedbach coefficients of modulator are 
CS1=CS2=0.2CF, Cb1=0.3CF, Cb2=0.08CF. The 
differences of operation speed enable the operational 
amplifier sharing among the two stage integrators.  
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Fig. 4. The PSD curve of ideal model. 
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Fig. 5. Simulation result of non-ideal model. 
 
 

 
 

Fig. 6. The circuit structure of two-order Delta-Sigma modulator. 

 
 

The hold mode period of the second and the third 
stage is half of the first stage. This short hold mode 
period is achieved by the differences of the stage 
characteristics. Therefore, the hold modes of the two 
integrator stages without an overlapped period in a 
Tsample clock cycle can share an operational amplifier. 
In this thesis, the two order delta-sigma modulator is 
operated on a two-phase non-overlapping clock circuit 
as the structure is detailed in Fig. 7. 
 
 

3.1. Fully Differential Op-amp 
 

The operational amplifier used in the integrators is 
the most critical element of the single feed forward 
two order delta-sigma modulator, in this paper. But 

the second integrator is looser than the first integrators, 
which because the second integrator is in the loop of 
the delta-sigma modulator, and the most quantize 
noise are shaped. In conclusion, the requirement of 
op-amp in the second integrator is lower than the first 
ones, and the design is more easily. As it was 
discussed in the previous section, the settling time of 
operational amplifier should not be limited by 
slewrate. From the simulations, it is indicated that a 
slewrate of 200 V/μs is sufficient to meet the 
performance objectives. For reduce the harmonic 
distortion, and decrease the non-linearity of the 
amplifier, the fully differential structure is adopted in 
the circuit design of integrator. 

 



Sensors & Transducers, Vol. 22, Special Issue, June 2013, pp. 155-162 

 160 

 
 

Fig. 7. Two non-overlapping clock circuits. 
 
 
To get higher gain, wider bandwidth and higher 

speed, the two stage operational amplifier is adopted, 
and the first stage of the operational amplifier is the 
structure of telescopic cascade. It is not only enhanced 
the gain, but also raised the output slewrate and unit 
gain bandwidth. As we know, the switch-capacitor of 
Delta-Sigma modulator is worked in discrete time. 
The signal is sampled at the Φ2 phase, filter complete 
charge metastasis by op-amp. Thus, the amp must own 
higher voltage transfer rate, faster settling time and 
lower amplifier noise [17-18]. In this essay, the clock 
period is 97.66 ns, so the filter settling time must be 
less than half of clocking period—48.83 ns. 

The gain of amplifier is required to less than 80 dB 
in the paper, so the first stage is telescopic cascade 
amplifier and the second stage is common source 
amplifier, which could be raised the gain, the unit gain 
bandwidth and output slew. The structure of two stage 
operational amplifier is shown in Fig. 8. Since the 
output slew is enhanced, the overload of filter is 
limited and the dynamic range of modulator is greatly 
raised at the same time. For this reason, the high 
speed, high gain, high gain bandwidth and wide output 
slew amplifier could be realized as we hope [19]. 

 

 
 

Fig. 8. Two-stage op-amp. 
 
 

In Fig. 7, Cc is compensation capacitor, and Rc is 
compensation resister. The operational amplifier 
could be worked in stable with the pole-zero 
compensation. The two stage amplifier in Fig. 6 is 
simulated and analyzed with the Cadence spectre, 

under the 0.5 μm CMOS process. The simulation 
results are shown in Fig. 9. Those results shown that 
the amplifier gain is 82 dB, phase margin is 71.34°, 
the others simulation results are shown in Table 1. 
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Fig. 9. AC simulation result. 
 
 

Table 1. The simulation results of the two-stage op-amp. 
 

Gain 82.3 dB 
PhaseMargin 71.34° 
SR 202 V/μs 
Settling time 43 ns 
GBW 102 MHz 
CMRR 93.4 dB 
PSRR 96.7 dB 

 
 
3.2. Quantizer 
 

The quantizer of Delta-Sigma modulator is 
consisted of comparator and SR latch. The structure of 
quantizer is shown in Fig. 10. Since the comparator 
can be designed to be quite fast, the settling speed of 
the integrator ultimately limits the achievable 
sampling rate of the modulator, even if complete 
settling is not required. 

The need for high speed, coupled with a relatively 
modest gain requirement of 60 dB to suppress 
harmonic distortion, encouraged the use of a single 
stage amplifier. Constrain of a single 5-V power 
supply dictated a low-noise, large output swing 
architecture. This operational amplifier provides a 
large output current and output voltage range while 
maintaining a gain comparable to that of alternative 
single stage designs. 

The performance of the modulator is relatively 
insensitive to comparator offset and hysteresis since 
the effects of these impairments are attenuated by the 
same two-order noise shaping that attenuates more 
quantization noise, which in the bandwidth. The SR 
latch, after the comparator is shown in Fig. 8, which 
has been used to implement the quantizer. The SR 
latch is reset during Φ1 and the result of each 
comparison is stored in Φ2. 
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Fig. 10. Quantizer. 
 
 

3.3. Simulation Results 
 

The feedforward two order delta-sigma modulator 
of Fig. 3 has been fabricated in a 0.5 μm CMOS 
technique with capacitors. The performance of the two 
order delta-sigma modulator was evaluated by driving 
its input with a high quality differential sinusoidal 
signal source, acquiring its 1-bit output code, and 

transferring the acquired data to a workstation for 
subsequent processing.  

The frequency of the input sine wave is 3.5 KHz 
and the delta-sigma modulator sampling rate is  
10.24 MHz at an oversampling ratio of 256. The 
modulator achieved a 110 dB dynamic range and a 
peak SNDR of 93.1 dB. The PSD curve of the 
non-ideal delta-sigma modulator is shown in the  
Fig. 11. When compared to the ideal spectrum, it is 
seen that the dynamic range of the experimental 
modulator is not limited by quantization noise. Indeed, 
an ideal second order delta-sigma modulator achieves 
a 110 dB dynamic range. Analysis indicates that the 
cause of the experimental modulator’s increased noise 
floor at low frequencies is flicker noise in the first 
operational amplifier. Flicker noise was controlled 
simply by increasing the gate area of the transistors in 
the operational amplifiers. Special techniques such as 
chopper stabilization could be employed to further 
increase the dynamic range. The SNR of circuit-level 
of delta-sigma modulator is consummated about 
1.6dB. But it is also satisfied the expectation, in 
conclusion, the two-order delta-sigma modulator 
could be used in digital Audio etc. 
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Fig. 11. The PSD curve of delta-sigma modulator. 

 
 
4. Conclusions 

 
In this paper, the principle of the modulator, and 

the whole process of design and analysis of two order 
delta-sigma modulator is described in detail. 
Therefore, we can get that two-order delta-sigma 
modulators efficiently exchange the high speeds of 
CMOS VLSI technique for high analog resolution 
without sacrificing modulator stability or placing 
severe constraints on the precision of the analog 
circuits. 

Because of oversampling and noise shaping 
techniques are used, delta-sigma modulator is more 
stable, and have higher SNR, which have low power 
consumption, high speed, high resolution, and so on 
advantage properties. A principle concern with the use 
of two order delta-sigma modulator is the presence of 
discrete noise peaks, or tones in their output spectrum 
for certain inputs. Simulations and measurements 
have shown that the SNDR is 93.1 dB at an 
oversampling ratio of 256, the DR is arrived to 110 
dB, and power consumption is lower than 186 mW, 
those results beyond the expected results. 
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An experimental implementation has 
demonstrated that a feed forward two order 
delta-sigma modulator could provide digital audio 
signal acquisition in a 0.5 μm CMOS technique. A 
more difficult task would be reduced the device noise, 
such as both thermal and flicker, offset the non-idea 
factors, for instance non-linear of operational 
amplifier, clock jitter, etc., at the input of the 
delta-sigma modulator. Those are the problems 
common to all high resolution CMOS A/D converters. 
It is also an urgent problem to dispose, for delta-sigma 
modulator. 
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