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Abstract: Localization is an important topic in the wireless sensor networks (WSN) because sensor nodes are 
randomly scattered over a region and can get connected into a network on their own. In this paper, we proposed 
an adaptive DV-HOP location algorithm using anchor-density-based clustering for wireless sensor networks. 
First, we select the maximum core density anchor node as head to reduce regional distance error; second, we 
divide cluster into different grade according to the number of anchor nodes and unknown nodes in each cluster; 
last, we use different method to locate unknown position for high-density cluster, low density cluster and sparse 
density cluster. The algorithm does not change the basic orientation of the traditional DV-Hop algorithm 
process, does not require additional hardware support and performs efficiently in regular as well as irregular 
network topologies. Simulation shows that the localization accuracy of the proposed algorithm is better and the 
communication overhead is lower than the traditional DV-HOP algorithm. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks (WSN), DV-HOP, Anchor-density, Error correction, Localization. 
 
 
 
1. Introduction 
 

Recent advances in wireless communications and 
electronics have enabled the development to flow-
cost, low-power, multifunctional sensor nodes that 
are small in size and communicate in short distances 
[1]. A sensor network is a wireless network 
composed of a large number of sensor nodes that are 
densely deployed in a field. A sensor node is a small 
device which has sensing, computing and 
communicating capabilities. It collects environmental 
data, processes the sensed data, and transmits them to 
other sensor nodes via wireless channels [2]. Sensor 
nodes tag their observations with their location 
information and such information is critical for 
illustrating a representative picture of the monitored 
environment. 

Localization of sensor nodes has been an active 
research area in WSNs. Position information of nodes 
is a vital requirement in many WSN applications 
including monitoring, tracking and geographic 
routing [3]. But in WSNs, node positions may not be 
known prior to or at the time of deployment. The 
process of estimating the unknown node positions 
within the network is referred to as localization. The 
limited power supply, size and cost considerations in 
sensor networks may prohibit the use of a GPS [4] 
(Global Positioning System) module at each sensor 
node. Therefore, it is often the case with a general 
assumption that the positions of some nodes (called 
anchors), are known, so that it is possible to find the 
absolute positions of the remaining nodes (called free 
nodes) in the WSNs.  
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Many localization algorithms for wireless sensor 
networks have been proposed. These localization 
protocols are classified into range-based and range-
free algorithms. The range-based algorithm uses 
absolute point-to-point distance or angle estimates for 
calculating the location, which are relatively precise 
but require additional hardware and their cost is 
relatively high [5]. On the contrary, the range-free 
algorithms do not need the distance or angle 
information to the sensor nodes from the anchor 
nodes for their localization, they provide more 
economic and simpler estimates than the range-based 
ones, but their results are not as precise as those of 
the range-based [6].  

In this paper, we propose an adaptive DV-HOP 
localization algorithm using anchor-density-based 
clustering for wireless sensor networks. First, we 
compute the core density for all anchor nodes in each 
cluster and select the maximum core density anchor 
node as cluster head to ensure that head is in the 
density maximum and reduce distance error; second, 
we calculate the cluster density grade according to 
the number of anchor nodes and unknown nodes in 
cluster; last, we use different method to locate 
unknown location for high-density cluster, low 
density cluster and sparse density cluster. The 
algorithm does not change the basic orientation of the 
traditional DV-Hop algorithm process, does not 
require additional hardware support and performs 
efficiently in regular as well as irregular network 
topologies. 

 
 

2. Related Work 
 
In the past several years, a number of localization 

protocols have been proposed. Most localization 
solutions in sensor networks require a few nodes 
called anchors (which are also called beacons or 
reference points), which already know their absolute 
locations via GPS or manual configuration. The 
density of the anchors depends on the characteristics 
and probably the budget of the network since GPS is 
a costly solution. Anchors are typically equipped 
with high-power transmitters to broadcast their 
location anchors. The remainders of the nodes then 
compute their own locations from the knowledge of 
the known locations and the communication links [7]. 
Based on the type of knowledge used in localization, 
localization schemes are divided into two classes: 
range-based schemes and range-free schemes.  

Range-based protocols use absolute point-to-point 
distance or angle information to calculate the location 
between neighboring sensors. Common techniques 
for distance/angle estimation include time of arrival 
(TOA), time difference of arrival (TDOA) [8], angle 
of arrival (AOA) [9]. TOA is based on the range 
estimations by the signal arrival time, while TDOA 
relies on the difference in time between two arrived 
signals. Angle of arrival (AOA) to estimate node 
position is proposed in [9], the principle of AOA is to 

detect the originators of signals according to the 
angle of arrival, and then to calculate the positions of 
nodes by means of triangulation. Maximum 
likelihood estimation (MLE) is an alternative used in 
AHLOS system (Ad-Hoc Localization System) [10], 
whose aim is to minimize the differences between the 
measured distances and estimated distances to 
determine the position of nodes. While producing 
fine grained locations, range-based protocols remain 
cost-ineffective due to the cost of hardware for radio, 
sound, or video signals, as well as the strict 
requirements on time synchronization and energy 
consumption.  

Due to the hardware limitations of sensor devices, 
range-free localization algorithms are a cost-effective 
alternative to the more expensive range-based 
approaches [11]. There are two main types of range-
free localization algorithms that were proposed for 
sensor networks: (1) local techniques that rely on a 
high density of land marks so that every sensor node 
can hear several land marks, In [12], each node 
estimates its location by calculating the center of the 
locations of all anchors that it hears. If anchors are 
deployed regularly, the location error can be reduced, 
although this is almost impossible in WSN 
deployments. In [13], they proposed a distributed on 
line algorithm in which sensor nodes use geometric 
constraints induced by both radio connectivity and 
sensing to decrease the uncertainty of their position. 
The sensing constraints, which are caused by a 
commonly sensed moving target, are usually tighter 
than connectivity-based constraints and lead to a 
decrease in the average localization error overtime. 
Different sensing models, such as radial binary 
detection and distance-bound estimation, are 
considered. In [14], they proposed a localization 
scheme using a mobile anchor. Each anchor, 
equipped with the GPS, moves in the sensing field 
and broadcasts its current position periodically. The 
sensor nodes that obtain the information are able to 
compute for heir locations. (2) hop-based techniques 
that rely on flooding a network. To provide 
localization in networks where land mark density is 
low, hop-based techniques propagate location 
announcements through out the network. The DV-
Hop uses a technique based on distance vector 
routing. Each node maintains a counter denoting the 
minimum number of hops to each land mark, and 
updates that counter based on beacon packet 
received. Landmark location announcements 
propagate throughout the network. When a node 
receives a new land mark announcement, and its hop 
counter is lower than the stored hop count for the 
land mark, the recipient updates its hop count to the 
new value and retransmits the announcement with an 
incremented hop count value. The known positions of 
the land marks as well as the computed ranges are 
used to perform a triangulation to obtain the 
estimated node positions. The DV-Hop has the 
following properties: localized and distributed, does 
not require a special infrastructure or set up, provides 
global coordinates, and requires re-computation only 
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for the moving nodes. In [15], the method enhances 
the DV-Hop by proposing an additional refinement 
phase. Once a node has computed a coarse estimated 
position of its own location using the DV-Hop, the 
node obtains the estimated positions from all of its 
neighbors. Then it assumes that the neighboring 
nodes are reference nodes, the node re-computes the 
triangulation to refine its estimated position. In [16], 
they use the hop distances of sensor nodes from one 
or more designated sources in order to obtain 
estimations of inter-sensor Euclidean distances that 
are used to locate sensor position.  

Many multi-hop WSN localization algorithms, 
both connectivity based (range-free) and distance 
based, have been formulated as non-linear 
optimization problems. Doherty et al. [17] formulated 
the localization as a convex optimization problem 
and solved using existing algorithms for solving 
linear programs and semi-definite programming 
(SDP). Biswas et al. [18] proposed a centralized SDP 
technique for sensor network localization under in 
complete and in accurate distance measurements, 
followed by a gradient-descent local search method 
to further refine the estimated positions. The idea of 
converting the distance information into the 
coordinate vector has become prevalent in WSN 
localization, ever since Shang et al. [19] proposed a 
centralized localization algorithm called MDS-MAP, 
using Classical Multi dimensional Scaling (CMDS). 
MDS is a data analysis technique first used in 
psychometrics, to find the configuration of points in 
space that satisfies a set of supplied dissimilarities. 
Shang et al. [20] improved the MDS-MAP and 
proposed MDS-MAP (P), a distributed method in 
which the individual nodes compute their local maps 
using local distance or connectivity information. 
Costa et al. [21] proposed a distributed localization 
algorithm based on a weighted version of multi 
dimensional scaling (dwMDS), which corresponds to 
non-linear Weighted Lest Square (WLS) 
methodology and incorporates local communication 
constraints with in the sensor network. A Non-Metric 
Multi dimensional Scaling (NMDS)-based WSN 
localization is proposed in [22] where the 
configuration of points maintain the rank of the 
dissimilarities instead of their pair-wise Euclidean 
distances. A two-objective evolutionary approach 
based on topological constraints for node localization 
in wireless sensor networks was proposed in [23], it 
takes concurrently into account during the 
evolutionary process both the localization accuracy 
and certain topological constraints induced by 
connectivity considerations. A direction-based 
localization scheme (DLS) was proposed in [24], 
whose main goal is for each sensor to determine its 
direction rather than its absolute position, DLS 
considers multiple messages received for a sensor to 
determine its direction and anchor deployment 
strategy to improve the estimated correctness in 
direction of the sensor within the communication 
range of the sink. 

3. System Model 
 

Localization in WSN can be regarded as the 
location discovery problem. Unlike much research, 
whose main objective is precise coordinate 
estimation, the localization problem we are 
concerned with is that given some anchors and each 
sensor is able to determine the hop distance. 

There are a set of anchor nodes and a set of sensor 
nodes in a WSN. A fixed number of anchor nodes are 
placed with the regions of coverage overlapped and 
serve as reference points, broadcasting periodic 
anchor signals. The sensor nodes are distributed 
randomly in the sensing field and receive messages 
from anchor nodes. The main responsibility of the 
anchor nodes is to send out beacon signals to help the 
sensor nodes to locate themselves. Each sensor node 
listens for a fixed time period and collects the RISS 
information of all beacon signals from adjacent 
anchor nodes. In this environment, it is assumed that: 

1) The network is a static densely deployed 
network. It means a large number of sensor nodes are 
densely deployed in a two-dimensional geographic 
space, forming a network and these nodes do not 
move any more after deployment. 

2) There exists only one Sink node, which is 
deployed at a relative static place outside the WSNs. 
There are N anchor nodes, which their positions are 
known through GPS or by other means such as pre 
configuration, and M unknown nodes. 

3) The anchor nodes know their positions through 
GPS or by other means such as pre-configuration. 

4) The radio propagation is perfectly spherical 
and the transmission ranges for all radios are 
identical. 

5) The whole area has been divided into many 
k×k fields, namely, cluster, which the cluster head 
only generates from anchor nodes in its cluster. 

Fig. 1 shows the network model based on 
clustering, the entire network is divided into many 
k×k square, in each square, there are different anchor 
nodes and unknown nodes, the black square is the 
anchor node, the black circle is the unknown node, 
cluster head is generated from anchor nodes. 

Let us consider a sensor network SN= {n1, n2 , . . 
. , n M+N }, among these nodes, nodes from 1 to M, 
with M<N, are anchor nodes whose coordinates are 
known, while from M+1 to N, are general nodes 
whose coordinates are unknown. All sensors are 
uniformly scattered in the network. The 
communication range of a sensor, denoted as r, is a 
circle centered at the sensor. Each sensor has the 
communication capability, so as to exchange 
messages. Currently, we consider an obstacle-free 
environment, in which each sensor is able to 
communicate with all of its neighbors. We also 
consider a connected network, within which each 
sensor has at least one neighbor. 
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Fig. 1. Network model based on clustering. 
 
 

Here, it is assumed that the anchor nodes are 
always aware of its physical position and helps in 
locating other nodes. Its position is obtained by 
manual placement or by external means such as a 
GPS receiver. This node forms the basis for most 
positioning systems in WSNs, we denote the position 
of anchor node i as 

 
 ( , ) 1,..., .T

i i ip x y i M 
 

(1) 

 
We define the real geographic distance between 

two anchor nodes i and j as 
 

 2 2
, ( ) ( )i j i j i jd x x y y    

 
(2) 

 
We adopt a simple disk model for network 

connectivity: nodes i and j can communicate with 
each other if and only if dij<r, where r is the 
connectivity range. 

 
 

4. Adaptive DV-HOP Location 
Algorithm Using Anchor-Density-
based Clustering 
 
Adaptive location algorithm using anchor-density 

-based clustering has three phases, first is generates 
cluster head based on maximum core density; second 
is cluster grading; third is adaptive location 
algorithm. 

 
 

4.1. Cluster Head based on Maximum  
Core Density 

 
In initialization, in cluster CHt, each anchor node 

i sends packet including ID, (xi,yi),numi et al, numi is 
the neighbor of anchor node i, its initial value is 0, so 

all anchor nodes in cluster can known other anchor 
nodes information. 

We assume Nr(i) is the ordered set of its direct 
neighbor, Cr is the threshold of core node number, 
which can be adjusted according to the network node 
density, Nr(Cr) is the Crth neighbor from anchor 
node i, d(i, Nr(Cr)) is the distance between anchor 
node i and Crth node, we define the parameter α as 
formula (3) 

 
 ( , ( )), ( )

, ( )

r r r r

r r

d i N C N i C

r N i C



  

 

         
 

(3) 

 
So we define the core density of anchor node is ω 

(i) as formula (4) 
 

 ( )
( )

rN i
i




 
(4) 

 
Each anchor node respectively calculates its core 

density, then sends information to all neighbor 
anchor nodes including ID, ω (i) et al, so the anchor 
node which has the maximum core density will be the 
cluster head. Head broadcasts information to all 
nodes in cluster, when received information, each 
anchor node and unknown node send information to 
head, so head can calculates the numbers of anchor 
nodes Numanchor and unknown nodes in cluster 
Numun_node. 

 
 

4.2. Cluster-Density Grading 
 
The location accuracy is closely related to the 

number of anchor nodes, the more number of anchor 
nodes, the more accurate locating. In the case of 
uniform distribution, the ideal number of anchor 
nodes is the point number which meets triple 
coverage for the whole region [25]. 
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Theorem 1: the number of meeting triple 
coverage is proportional to area. 

We assume that Sarea is the area of cluster, r is the 
radius of anchor node, a cluster requires at least the 
number of anchor nodes as formula (5) 

 

 

2( 3)

2

area
anchor

S
N

r




 

(5) 

 

We assume that the number of unknown nodes in 
cluster CHt is Numun_node(CHt), Nanchor(CHt)is 
the number of triple coverage point which satisfy 
formula (5), so we define the average cluster density 
function as formula (6) 

 

 _
3 _ cov

( )

3

un node t

anchor

Num CH
N

 

 

(6) 

 

Then the cluster is divided into different grade, 
we assume τ is the threshold parameter, if 
Numanchor(CHt)> Nanchor and Nun_node(CHt)<τ * 
ρ3_cov, we define this cluster is a high density 
cluster; if Numanchor(CHt)< Nanchor and 
ρ3_cov≤Nun_node (CHt)<τ * ρ3_cov, we define this 
cluster is a low-density cluster; if Numanchor(CHt)< 
Nanchor and Nun_node(CHt)≥τ *ρ3_cov, we define 
this cluster is a sparse cluster. 

 
 

4.3. Adaptive Location Algorithm  
for Different Grading 

 

The entire network is divided in many clusters 
and each cluster has a grade, in order to reduce 
communication and improve accuracy, AL-ADC 
algorithm uses adaptive locating method for different 
grades. 

1) High-density cluster location.  
For high-density cluster CHh, there are enough 

anchor nodes to satisfy triple coverage, so using these 
anchor nodes in cluster can locate those unknown 
nodes position, the specific method is as follows: 

Step 1: each anchor node i calculates its average 
distance by formula (7) 

 
 

, /i i j ij

i j i j

Avg d h
 

   , (7) 

 

where j is the neighbor anchor node of i, hij is the 
hops between the anchor node i and anchor node j.  

Step 2: head uses formula (8) calculates the 
average distance of cluster CHh. 

 

 
 

h

h

1

CH

( ) / CH

anchor

h i anchor

i

Num

Avg CH Avg num


 
(8) 

Step 3: head calculates the whole cluster error 
through formula (9): 

 

 
 

h

h

1

CH

( ) / CHh h

anchor

CH CH i anchor

i

Num

error Avg Avg Num


 
(9) 

 
Step 4: unknown node s calculates the distance 

from anchor nodes by Avg(CHh), hsj and errorCHh, 
namely, the estimate distance as formula (10), then 
calculates its location. 

 

1

( ) ( ) h

u

estimate h up CH

p

num
d u Avg CH h error



   
, 

(10) 
 

where u is the unknown node, numu is the anchor 
nodes which in u’s radius, λ is a variable parameter 
and can be dynamically adjusted according to 
network environment, λ ∈ [-1,1]. 

2) Low-density cluster location. 
In the low-density cluster, we assume that is 

CHlow, the number of anchor nodes is less than the 
number of triple coverage nodes and there are many 
unknown nodes, so the anchor in cluster can not 
locate the unknown nodes accurate location, we use 
the anchor nodes of its neighbor cluster to help locate 
the unknown nodes, we assume the low-density 
cluster is CHlow the specific method is as follows: 

Step 1: the low-density cluster head broadcasts 
information to its direct neighbor cluster, the 
neighbor head will send information including anchor 
location, anchor node number et al. 

Step 2: head computes the distance dij between 
anchor nodes which belong to CHlow or neighbor 
cluster, then computes average distance by formula 
(11) 

 

1

( )
( ) / ( )

anchor low

low i anchor low

i

Num CH
Avg CH Avg num CH



 
(11) 

 
where Numanchor(CHlow) is the number of anchor 
nodes including CHlow and its neighbor cluster. 

Step 3: the head of CHlow computes the average 
distance error by formula (12) 

 

1

1

( ) ( ( ) ( ))

( )

low

low

CH

low p anchor p

p

CH

anchor q

q

N
error CH Avg CH Num CH

N
Num CH

 





   






(12) 

 
where NCH is the number of neighbor cluster  
add 1. 
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Step 4: using formula (10) to calculate the 
unknown node estimate distance. 

3) Sparse-density cluster location. 
For the sparse cluster, we use the anchor nodes of 

entire network to estimate the unknown distance. We 
assume CHs is the sparse-density cluster. 

Step 1: each head broadcast its average distance 
and error, so all heads know other clusters 
information. 

Step 2: head computes the average distance of the 
entire network through the formula (13). 

 

_ _

1

( )
( ) / ( )entire network i

i

Num CH
Avg Avg CH num CH



 
(13) 

 
where Num(CH) is the number of clusters in entire 
network. 

Step 3: head computes the error of entire network 
by formula (14) 

 

 
 _ _

1

CH

( ) / CHentire network i

i

Num

error error CH Num


 
(14) 

 
Step4: the estimate distance of unknown node u 

can be computed through formula (15) 
 

_ _

1

_ _

( )
u

estimate entire network up

p

entire network

num
d u Avg h

error


  

 


 

(15) 
 

where u is the unknown node, numu is the number of 
anchor nodes which in u’s radius, λ is a variable 
parameter and can be dynamically adjusted according 
to network environment, λ∈[-1,1]. 
 
 
5. Simulation Results 

 
This section provides a detailed quantitative 

analysis comparing the performance of our scheme 
with traditional DV-HOP. 

In our experiments, the deployment area is a 
square plane of 1000 m by 1000 m. The plane is 
divided into 10×10 cluster. Each cluster is 100 m × 
100 m, the number of nodes from 100 to 1000 
randomly deploys in the area, and the anchor nodes 
accounted for 20 %, others are unknown nodes, the 
radius is from 10 m to 30 m. In order to effectively 
compare and analyze the performance of proposed 
algorithm and DV-HOP, all data is the average values 
from 10 tests. Summary of parameters and defined 
values are shown in Table 1. 

 

Table 1. Parameters and defined values. 
 

Simulation Parameters Value 
N (total nodes) 100-1000 nodes 
A (network size) 1000×1000 m 
Cluster size 100×100 m 
Number of sink 1 
Eelec 50 nJ/bit 

amp  0.0013 pJ/bit/m2 
Radius 50 m 
Anchor rate 20 % 
Simulation times 10 times 

 
 
Fig. 2 is the location accuracy of the different 

communication radius , anchor nodes rate is 20%, the 
location accuracy of proposed algorithm is better than 
traditional DV-HOP, with the radius increased, the 
location accuracy of two algorithm is gradually 
increase, but our scheme has a better stability, 
proposed algorithm has a higher location accuracy 
under the changing radius conditions. 

 
 

 
 

Fig. 2. The relationship between communication radius  
and location accuracy. 

 
 
Fig. 3 is the relationship between the ratio of 

anchor nodes and location accuracy, we can see from 
Fig. 3, the location accuracy is increases with the 
ratio of anchor nodes increasing, there into, radius is 
15 m, proposed algorithm has a better location 
performance under the same anchor ratio, for 
example, when the ratios is 20 %, the location 
accuracy of proposed algorithm is 0.36, while DV-
HOP is 0.43. Especially when the ratio of anchor 
nodes is large than 12 %, the proposed algorithm has 
a better stability. 

Fig. 4 shows the communication overhead is 
rapidly increases along the network size increasing, 
due to use cluster density grading strategy, the most 
unknown nodes location can be completed in the 
cluster or in combination with other neighbor 
clusters, only a small part of the unknown nodes 
locating needs in the entire network communication, 
so its communication overhead is approximately 1/4 
of the conventional DV-HOP algorithm. 
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Fig. 3. The relationship between the ratio of anchor nodes 
and location accuracy. 

 
 

 
 

Fig. 4. The traffic of different network size. 
 
 

6. Conclusions 
 

The localization accuracy is the primary 
indicators to evaluate the positioning algorithm. In 
this paper, we have proposed an adaptive DV-HOP 
location algorithm using anchor-density-based 
clustering for wireless sensor networks, first, we 
compute the core density for all anchor nodes in each 
cluster and select the maximum core density anchor 
node as cluster head to ensure that head is in the 
density maximum and reduce distance error; second, 
we calculate the cluster density grade according to 
the number of anchor nodes and unknown nodes in 
cluster; last, we use different method to locate 
unknown location for high-density cluster, low 
density cluster and sparse density cluster. The 
algorithm does not change the basic orientation of the 
traditional DV-Hop algorithm process, does not 
require additional hardware support and performs 
efficiently in regular as well as irregular network 
topologies. From the results of the simulation, we can 
see that the localization accuracy of the proposed 
algorithm in irregular network is better than the DV-
Hop algorithm, and the communication overhead is 
lower than the traditional DV-HOP algorithm. 
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Abstract: Based on the extensive analysis of shortcomings of traditional policy-based wireless sensor network 
management methods, in this paper, we proposed the SMART507 framework for automatically generate policies 
which introduce swarm intelligence into the wireless sensor network management field. We discuss the 
components of the framework in detail which include the policy description language and smart policy 
generation algorithm. At the end, we test the framework in a wireless sensor network simulator Cooja. The result 
shows that automatically generate policies can simplify the complexity of network management, enhance the 
effect of network management and timely response to changes in the network. Copyright © 2013 IFSA. 

 
Keywords: Policy, Swarm intelligence, Wireless sensor network, Optimization algorithm. 

 

 
 

1. Introduction 
 
Internet of Things application created an upsurge 

in recent years. Due to the perception, data 
acquisition capability and the low-cost, rapidly 
deployable, self-organizing, fault-tolerant features, 
Wireless Sensor Network (WSN) was used in many 
fields [13-15]. However, each network needs to 
manage to guarantee its reliable and efficient 
operation. By adding new middleware abstraction on 
the WSN node’s software architecture can shield the 
underlying complexity of the hardware and the 
network operation details. Also it’s convenient to 
allow the network administrator to manage WSN 
through a high-level description of the device within 
WSN and WSN itself. Starfish [1], FACTS [2], mate 
[3] are existing WSN management solutions based on 
middleware. Starfish and FACTS are based on policy, 

while mate is based on a micro virtual machine. 
Although these three kinds of scheme can somewhat 
simplify the WSN management tasks. But they still 
require a lot management effort to specify the policies 
or writing management codes. There is a certain 
distance between the true sense of Autonomic 
Computing [4] and traditional middleware-based 
network management method. 

In this paper, we combine swarm intelligence 
algorithm with existing policy-based WSN 
management solutions to solve a class of optimal 
management problems in WSN. And we proposed a 
requirements-based policy automatic generation 
method SMART507. This approach can enhance the 
level of autonomy of the Network Management 
System (NMS) by automatically generated policies 
according to the management needs. 

In this paper, we will describe the SMART507 
framework for automatically generate policy which 

Article number P_1244 
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includes the policy description language; events, 
actions, conditions’ library used in conjunction with 
the policy description language; and the smart policy 
generation algorithm. At the end, combined with 
experimental data, SMART507 will compared with 
the traditional policy-based network management 
framework in the following three areas: “extra 
network traffic”, “node memory requirements” and 
“ease of use”. 

 
 

2. Problems in Traditional Policy-based 
System 
 
Policy-based network management provides a 

scalable and wide adaptability method for the 
management of complex systems and sensor networks 
[5]. A typical policy-based NMS implementation 
consists of “Event”, “Action” and “Condition” three 
elements. A simple example is shown in Fig. 1. 

 
 

  
 

(a) 
 

 
 

(b) 
 

Fig. 1. Policy definition in Finger. 
 

 

Fig. 1(a) demonstrates the definition of a policy, 
and Fig. 1(b) shows an example of a specific policy 
where there is an “accelerated” event triggered, at the 
same time, if the value of the “acceleration” is not 
greater than 20, then adjust the sensor measurement 
interval to 5 seconds. Such a short script with three 
sentences is able to complete the job usually requires 
a lot of coding work. That do ease the burden and 
technical requirements of the system administrator. 

Traditional policy-based NMS can run well with 
universal rule-based network (all nodes in the 
network have same policies or based on several 
groups of policies assigned according to roles). But 
the process of configuration will be very cumbersome 
for the network which most nodes need personalized 
configuration. Image the LED lighting control 
scenario in intelligent buildings. LED types used in 
the whole building may be up to dozens, while the 
room types are generally dozens too. Count no 
personalized lighting configuration requirements, 
system administrator needs to specify at most 
“Number of LED types * Number of Room types = 
Hundreds of” policies. This is undoubtedly a heavy 
workload. But this is not the worst case. If the 

customer’s requirements changed, the system needs 
re-configuration and tuning. System administrators 
will fall into the tedious work to cope with the endless 
configuration and tuning. 

Based on the analysis of existing problems, we 
proposed to transform node’s configuration and 
tuning problem into a combinatorial optimization 
problem. The only thing that needs network 
administrator to do is to specify the method of 
evaluation and the object required to be optimized. 
Parameters’ setting, policies generation and 
deployment issues are handled by AI. Therefore, how 
to cooperate with Smart Policy Generation Algorithm 
to define an appropriate problem description, how to 
build the policy generating system’s architecture and 
how to select policies for each node are keys to the 
system. We will introduce SMART507 architecture 
and improved policy description language definition 
later which upgrade existing policy-based network 
management system but does not change the node’s 
implementation to achieve smart policy generation 
and automatic policy deployment. 

 
 

3. System Architecture and Basic 
Concepts 
 
We designed SMART507 architecture and 

improved the policy specification language in Finger 
[6]. Fig. 2 shows the overall architecture of 
SMART507. The system has two parts: Management 
Server and Node Client. 

Management server is equipped with smart policy 
generation subsystem. It use predefined Actions, 
Events, Conditions and Influencing Factors follow the 
problem description provided by user to generate 
policies and policy deployment method. After the 
generation process, management server assigns the 
policies to node clients through the sensor network. 
Correspondingly, node client is running the policy 
interpreter. After receipt the policies issued by the 
management server, the node client update its policy 
list and execute specified actions when corresponding 
conditions are met. 

Smart policy generation subsystem is the core part 
of SMART507. To illustrate how it works, we first 
introduce the concept of Influencing Factors as 
follows. 

Definition: Influencing Factors -- Declare the 
affected parts of the node when the node client 
performs an Action or an Event happens. Between 
Actions (or Events) and influencing factors, there are 
many to many mapping. 

According to the characteristics of the policy 
system, the procedure is nothing more than a certain 
Event happens, and then the node client check some 
Conditions, at last it use the given parameters to 
perform some Actions. For the policies can be 
generated using combinatorial optimization method, 
its Conditions and Actions’ relationship are usually 
fixed, at least the relationship can be specified 
beforehand based on the pair of “Role / Action”. 
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Fig. 2. SMART507 system architecture. 
 
 

And Events can establish relationship with Actions 
through Influencing Factors. With the above 
restrictions, the decisions need system administrators 
to make is to choose what kind of Actions and how to 
set each parameter to perform the Actions. And 
luckily, these happens can be done through 
combinatorial optimization algorithm. 

We use particle swarm algorithm [8] in this paper. 
Let E represents the universal set of elements related 
to the problem to be solved. E is decomposed into an 
n-tuple (E1, E2, ... , En). Its union is E, that is E = E1 

∪ E2 ∪ … ∪ En. Here we will construct all possible 
pairs of Actions and Nodes to form E1, E2, ... , En 
which represent the n-dimensional vector space in 
candidate solutions. Then run particle swarm 
algorithm with evaluation function provided by the 
user. The result is the parameters that each Action 
needs to set. 

So far, the automatic policy generation process 
only requires the user provide an appropriate problem 
description. As for the deployment issues, the system 
get the target node from the pair of "Action / node". 
Therefore, it simply need to use a certain strategy to 
assign the policies to the corresponding nodes. Next, 
we will introduce the expansion Finger syntax first, 
and give the details of the smart policy generation 
algorithm after. 

 
 

3.1. Expansion Finger Syntax 
 
The policy’s definition in SMART507 is 

references to the Finger. Some expansions are made 
on the Actions, Events and Conditions in the 
management side to support generate policies 
automatically. 

Before introducing new syntax elements used to 
describe the policy, we define Problem Description 
first. 

Problem Description consists of five parts (Fig.3): 

1) Goal (Evaluation Function in fact), used for score 
the parameters generated by the combinatorial 
optimization algorithm in each iteration. It 
provides heuristic information to AI that made 
intelligent algorithm running toward the direction 
desired by the user. 

2) Influencing Factors, used for automatically select 
the appropriate Actions and Events from the 
database by AI to constitute a policy. 

3) Chosen Actions (optional), used for specify what 
Actions involved in policy generation. If these are 
not specified, AI made the choice automatically 
based on influencing factors. 

4) Chosen Events (optional), used for specify what 
Events involved in policy generation. If these are 
not specified, AI made the choice automatically 
based on influencing factors. 

5) Participating Nodes or Roles (optional), used for 
specify the scope of the policy. If these are not 
description specified, AI made the choice 
automatically based on the scope of the selected 
Actions. 

 
 

 
 

Fig. 3. The composition of the Problem. 
 
 

Expanded Definition of Action, Event and Condition: 
Action(X [ ]): I [ ], T [ ] 

-- X [ ] parameters, the result of the combinatorial 
optimization 
-- I [ ] influencing factors set, the basis for 
relevant Actions chosen (Only stored in the 
management-side database) 
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-- T [ ] the selectable targets, set of nodes or roles 
(Only stored in the management-side database) 

Event: I [ ] 
-- I [ ] influencing factors set, indicates what 
factors changed or happened to trigger this event 
(Only stored in the management-side database) 

Condition: A [ ] 
-- A [ ] default binding Actions to this Condition 

PS: [] represents a set. Each Action in the Actions 
library has a predefined Condition set. Of course, the 
content of this Condition set can be empty. During 
policy automatic generation process, AI automatically 
adds corresponding conditions to the Policy. 
 
 
3.2. Smart Policy Generation Algorithm 

Description 
The skeleton of the algorithm was shown in   

Fig. 4, and the details were described below. 
1) First, user provides a description of the problem. 
This description must include “GOAL (Evaluation 
Function)” and “Influencing Factors”. It may also 
include optional “Chosen Actions”, “Chosen Events” 
and “Participating Nodes or Roles”. 
2) Check the legality of the user input. 

2.1) Check the legality of the description of the 
problem. If it is not a valid description, then return 
an error message to the user, otherwise, the 
algorithm continues. 
2.2) If the user provide a Chosen Actions set, 
check whether these Actions contain Influencing 
Factors include in the problem description. If there 
was not even one Action contain a relevant 
Influencing Factor, the algorithm should issues a 
warning to the user (After all, the evaluation 
function is user-defined. Contain no relevant 
Influencing Factors in Actions is not a problem 
sometimes). 

2.3) Determine whether the participating nodes (or 
roles) can perform the corresponding Actions. 
There are two types of mismatches: Some kind of 
Actions cannot be performed by any node (or role). 
These Actions are redundant, report the error to 
the user; some nodes (or roles) cannot perform 
any Actions, these nodes (or roles) are redundant, 
report the error to the user. 

3) Do semantic analysis on user’s input 
3.1) If the user does not provide the Actions. AI 
will choose Actions from the Actions library 
automatically which actions contain only the 
relevant influencing factors. If there are no 
relevant Actions in the database, AI provides an 
error message to the user, then the algorithm 
terminates. 
3.2) If the user does not provide the participating 
nodes (or roles). AI will choose participating 
nodes (or roles) from the Nodes / Roles Library 
automatically according to the selected Actions in 
step 3.1. If there are no corresponding nodes (or 
roles), AI provides the user with an error message, 
then the algorithm terminates. 
3.3) Chosen the optimization algorithm. If the user 
specifies an optimization algorithm, the algorithm 
will configured in accordance with the user's 
description, otherwise, AI will select and 
configure the algorithm automatically. 

4) Preprocessing of the combinatorial optimization 
Here we use particle swarm optimization as a 
sample to illustrate how to convert Policy 
generation problem into a combinatorial 
optimization problem. 
4.1) If the user specifies how to configure the 
optimization algorithm, it will be configured as 
the user's description, then the algorithm jumps to 
5.1) otherwise the algorithm continues sequential 
execution. 

 
 

 
 

Fig. 4. The skeleton of the Smart Policy Generation Algorithm. 
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5) Combinatorial optimization iteration 
5.1) Perform the optimization iteration once. 
5.2) Use user-supplied evaluation function score 
the iteration’s results (Actions’ parameters). If the 
results meet the threshold condition or the 
number of iterations reaches the boundaries, the 
algorithm jumps to 6.1, otherwise jumps to 5.1. 

6) Combine Actions, events and the Conditions to 
form the Policy.  

6.1) Combinatorial optimization result in the 
formation of a series pairs of Action and Node. If 
the user does not specify Events and Conditions 
bound to these Actions, AI will set the policy’s 
type to Execute-Dump that means Event = once, 
Condition = always. Otherwise, set the policy’s 
type in accordance with the user’s description. 
6.2) Integrate the generated policy automatically 
to form a Mission. 

7) Verify the generated policy by user before assign it 
to the corresponding node. 

 
 

4. Simulation 
 
We deploy SMART507 on Contiki [9] 

micro-operating system, and test it on Cooja [10] 
WSN simulator with 6LoWPAN network. The 
simulation network is composed of 30 nodes. Each 
node has a virtual adjustable brightness LED light. 
We use SMART507 generate LED control strategy 
automatically to adjust each node’s LED brightness 
in the network. The goal is set to under the premise 
of the effective illumination coverage reached 95 % 
of the whole area, power consumption is minimal. In 
order to make the management program to 
communicate with the nodes in Cooja through an 
ordinary network interface, we use OpenVPN [11] to 
establish a tunnel between the boundary router in 
Cooja and the management program. Fig. 5 shows 
the LED control effect. Each node is equipped with 
three LED lights in Cooja. We use red LED (at the 
top) as the virtual adjustable brightness LED light. 
Moreover, we created illumination coverage model 
based on the Cooja’s radio coverage model. Fig. 5 
shows the effective illumination coverage and the 
whole illumination coverage of Node 3. 

In the aspect of extra network traffic, we use 
encoding mechanism introduced in [1]. Each Policy 
can be loaded into an 802.15.4 frame. For LED light 
brightness control scenario, each node only need one 
policy to complete control tasks. And the policy 
usually does not need to be changed frequently. We 
only introduce a small amount of extra network 
traffic during the Policy distribution process. For the 
example of 30 nodes’ network we took          
10 experiments on the network equipped with 
SMART507 and the network which is not, 
respectively. Average network traffic is shown in Fig. 
6. As can be seen from Fig. 6, the significant 
differences between two kinds of network’s traffic 
only exist in network start-up phase and in the 12th 

minute. That was because the management server 
distributes new policies to the nodes at these two 
moments. We can use Trickle mechanism [12] to 
distribute less urgent policy that reduces the burden 
on the network further. 

 
 

 
 

Fig. 5. LED light control effect. 
 
 

 
 

Fig. 6. Network Traffic. 
 
 

In the aspect of node’s memory footprint, because 
of smart policy generation part only runs on the 
management server, the memory footprint of the 
node-side is similar with [1] and [2]. The program 
size (only include SMART507 part) generated by the 
mspgcc compiler is: ROM -- 12.23 Kbytes, RAM -- 
0.72 Kbytes. Fig. 7 shows the node’s allocation of 
storage resources. Add extra policies will increase the 
consumption of resources that need to be analysis 
according to the specific application. Small footprint 
shows that deploy policy system on the WSN node is 
feasible. 

In the aspect of ease of use, compared with the 
traditional policy system, the biggest advantage of 
SMART507 is that policies does not require manual 
configuration. AI can automatically generate the 
appropriate policy on demand. This will undoubtedly 
simplifies the process of the network’s configuration, 
improves policy-based network management 
system’s availability. 
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Fig. 7. Allocation of storage resources. 
 

 
 
 

5. Conclusions 
 
This paper describes the SMART507 smart policy 

generation architecture, and tests it in Cooja 
simulation environment with msp430 microcontroller 
and 6LowPAN network. The simulation result shows 
that generate management policies automatically by 
using the optimization algorithm can simplify the 
complexity of network management, enhance the 
effect of network management and timely response to 
changes in the network and those were all under the 
premise of small amount of extra network traffic and 
do not increase the memory footprint of the node. 
But we should also see this paper only test the policy 
generation framework under the relatively simple 
scenario, and in-depth studies needed to be taken in 
the future. 
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Abstract: Currently, chain-type wireless sensor network (WSN) is widely used in many fields such as bridge 
structure and gas pipeline monitoring. To reduce the channel conflict and energy consumption of the 
network, a novel Media Access Control (MAC) protocol for chain-type WSN based on token is proposed. It 
takes the token in the beacon frame to control adjacent sensor nodes for communication. Message equipped 
mechanism is used to embed synchronization information into the routing protocol, which can realize 
coarse-grained time synchroni- zation. To improve reliability, this paper proposes a novel transmission 
mechanism by sending redundant data packets through a single path. Experimental results show that the new 
protocol can improve stability and reliability in transmission, prolong life cycle and meet the application 
requirements of chain-type WSN. Copyright © 2013 IFSA. 
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1. Introduction 
 

WSN is a multi-hop and self-organized network 
system through wireless communication, which is 
composed of large numbers of sensor nodes in the 
monitoring area. Usually, it is used to monitor, 
collect and deal with the information and then send 
results to observers. Nowadays, WSN has been 
widely applied in industry, environment monitoring, 
healthcare, home automation, and traffic control 
[1]. 

The chain-type WSN is considered to be a kind 
of special network model as its monitoring area can 
be considered as line. Thus, it has a bright 
application prospect in intelligent transportation, 
mine, and bridge. Chain-type topology has the 
following characteristics [2]: 

(a) Single path: In general WSN, nodes have 
multi-adjacent nodes, leading to multiple transmit- 
ssion paths. However, in chain-type network, every 
node has only two adjacent nodes with only one 
transmission path. 

(b) Multi-hop routing: Usually dozens of sensor 
nodes are deployed along the linear area to form a 
multi-hop network. Due to the characteristic of 
single path, the information collected by sensor 
nodes must be forwarded to sink nodes through 
other nodes.  

(c) Imbalance amount of information: Every 
node not only monitors and sends local data, but 
also processes data transmitted from adjacent node. 
Therefore, the amount of information is increasing 
along the transmission path, which means the closer 
to the sink node, the greater amount of information 
to be deal with. 

Article number P_1246 
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To meet the application requirements of 
chain-type WSN, one appropriate MAC protocol 
responsible for allocation of the wireless channels 
among sensor nodes [3], is very important. Sensor 
nodes have limited features in energy, computing 
ability, communication distance and storage 
capacity. Therefore, some attributes should be taken 
into consideration during the process of designing 
the MAC protocol for WSN: saving energy, channel 
allocation, and network efficiency. 

 
 
2. The Proposed Method 

 
At present, the existing MAC protocols for 

WSN can be divided into two categories: MAC 
based on competition and MAC scheduling-based. 
However, these protocols usually assume that 
sensor nodes are deployed in a two-dimensional or 
three-dimensional space, which cannot be 
effectively applied to the chain-type WSN. 

Currently, there are many researches focus on 
MAC protocols of chain-type WSN. Zhang 
proposes a fast data transmission protocol based on 
chain- type cluster [5]. In this protocol, nodes are 
distributed in clusters. The realization process is as 
follows: 

At first, sink node broadcasts routing commands 
to the sensor nodes, and sensor node sends back a 
response frame after, which contains the received 
signal strength indication (RSSI). Sink node defines 
No. of node according to the RSSI value, and sends 
to the sensor node to complete time 

synchronization. After synchronization, sink node 
sends downlink commands hop-by-hop, which 
contains information of initiating nodes and the 
time that each cluster begins to upload data. 
Initiating nodes (No. 4, No. 8 and No. 12) start 
transmitting data at the given time in downlink 
commands. The next hop node continues to upload 
the data fused with last hop node. Finally it forms a 
data packet in the cluster and uploads data through 
the adjacent clusters directly until arriving at sink 
node, without data fusion with other clusters. The 
transmission process is shown in Fig. 1. 

In this protocol, data fusion is combined with 
time synchronization, which reduces extra energy 
consum- ption and improves transmission 
efficiency and network scalability. However, all 
nodes are in active state in the process of data 
transmission. The nodes can only switch to sleeping 
mode until all data transmission is completed, thus it 
increases energy consumption of the nodes. 

Ma proposes a linear cluster WSN protocol [6]. 
The linear region is equally divided into N 
observation areas, in each observation area, N 
sensor nodes are placed linearly aimed at forming a 
cluster. Each observation area defines a secondary 
cluster head. Besides, there is a primary cluster head 
outside the linear region. Members in the clusters 
transmit data to the secondary cluster head directly 
or through multi-hop. Secondary cluster heads and 
the primary cluster head form a star network, which 
transmit information directly. The linear clustering 
protocol is shown in Fig. 2.  

 
 

 
 

Fig. 1. The data transmission of the fast chain-type cluster protocol. 
 
 

 
 

Fig. 2. The linear cluster WSN protocol. 
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In this protocol, secondary cluster heads transfer 
data after being fused with other nodes in the cluster, 
which reduces data amount and saves energy to 
some extent. However, the protocol adopts the 
topology with one primary cluster head and 
secondary cluster heads, which cannot be fully 
applied to the chain-type WSN. Furthermore, the 
distances between primary cluster head and 
secondary cluster heads are relatively long in 
general, the energy consumption of data 
transmission is larger. It will affect life cycle of the 
whole network. 

This paper proposes a novel MAC protocol for 
chain-type WSN based on token. Listen/sleep 
mechanism is the core of this protocol, which can 
reduce energy consumption by switching to 
sleeping mode timely. Message equipped 
mechanism is used to embed synchronization 
information into the routing protocol, and realize 
coarse-grained time synchronization. To improve 
reliability, a novel packets through a single path is 
proposed.  

 
 

3. MAC Protocol Based on Token 
 

According to existing MAC protocols, we 
design a chain-type MAC protocol based on token 
combining the idea of fixed time slot allocation. The 
protocol ensures that information collected by every 
node can be gradually transmitted upward. During 
data transmission, as soon as the nodes receive 
adjacent nodes’ access permissions, they can 
transmit data, while others are in the sleeping mode. 
In this way, it can reduce the energy consumption, 
and effectively prolong the life cycle of network. 

 
 

3.1. Format of Frames 
 

The protocol defines two main types of frames: 
beacon frame and data frame. Sink node broadcasts 
beacon frames cyclically, aiming to send out time 
synchronization information and assign the channel 
permissions for nodes in the whole network. Data 
frame is used for data transmission among adjacent 
sensor nodes. 

Wireless RF chip follows IEEE802.15.4 [8] 
stand- ard, therefore the frame follows its beacon 
frame for- mat in MAC layer in this paper. 
- Beacon frame. 

Beacon frame is responsible for synchronizing 
adjacent nodes and assigning channel permissions, 
whose length is stably two bytes. The first one 
stores token information, and the other one stores 
the number of nodes in network. Token information 
differs in different period (Fig. 3). 
- Data frame. 

Besides uploading its own data, sensor node has 
to transmit other nodes’ data. So the length of data 
frame is changeable for different nodes. At the same 

time, it includes node’s ID and alarm information. 
Thus, the frame’s format is as below (Fig. 4). 

 
 

 
 

Fig. 3. Diagram of beacon frame MAC load. 
 
 

 
Fig.4. Diagram of data frame MAC load. 

 
 

3.2. Time Synchronization 
 

Coarse-grained time synchronization algorithm 
[9] is adopted in the new protocol. Sink node 
periodically sends a certain number of beacon 
frames. After waking up from sleeping mode, 
sensor nodes in the network randomly receive one 
beacon frame containing time slice and token 
information, which can determine whether nodes 
get the communication authority. If getting the 
authority, nodes will finish time synchronization, 
and accomplish data transmission between adjacent 
nodes later. Otherwise, they will continue to sleep. 
In this way, the network can not only avoid data 
collision in data transmission, but also can reduce 
the power consumption. 

Fig. 5 shows the node hierarchical rule in the 
chain- type network. The ID of sink node is 0, and 
the other nodes are incremented by 1. Solid lines 
represent the transmission process of beacon frames 
broadcasted by sink nodes. Dotted lines represent 
the process of data frames transferred by sensor 
nodes, which are transmitted one by one until they 
arrive to sink node. 

 
 

 
Fig. 5. The topology of the network  

and data transmission diagram. 
 
 

Assume the whole chain contains N child nodes 
(except node 0). During one completed data 
transmission, the sink node has to broadcast N 
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periods’ synchronization information. Each period 
contains M (0<M<256) beacon frames, whose 
token information is the same in one period. The 
relationship between token information and the 
nodes’ state can be seen in Table 1. 

 
 
Table 1. Relationship between token information  

and the nodes’ state. 
 

Period 
Token 
infor- 

mation 

Synchronize 
working nodes & the 

state after 
synchronization 

Beacon 
frames 

1 N 
Node N: 
sending 

state 

Node N-1: 
receiving 

state 
M 

2 N-1 

Node 
N-1: 

sending 
state 

Node N-2: 
receiving 

state 
M 

j N-j+1 

Node 
N-j+1: 
sending 

state 

Node N-j: 
recieving 

state 
M 

N 1 
Node 1: 
sending 

state 

Node 0: 
receiving 

state 
M 

1 N 
Node N: 

send 
data 

Node N-1: 
receiving 

data 
M 

… … … … … 
 
 

The whole period of broadcasting is shown in 
Fig. 6. The broadcast period T contains 

1aT 2aT … aNT .  

The time of a period is ajT ( 0 j N  ). It 

contains two parts. When 0 j N  , ajT  consists of 

token transmission timeslot and idle timeslot. In the 
trans- mission timeslot, sink node transmits M 
beacon frames, and the token information is N-j+1. 
When j=N, ajT  consists of transmission timeslot, 

data receiving and processing timeslot. A period ajT  

is shown in Fig. 7, in which t is the time of 
transmitting M beacon frames, 1t  is the time of 

transmitting one beacon frame,   is buffer time. 
  is set by users to adjust receiving time of period 

N based on time for processing, uploading and 
storing data. 

Node i (i  0) receives a beacon frame 
randomly, the node gets three types of information: 
the current token information N-j+1; beacon frame 
number k; the number of the entire network nodes 
N. 

According to the three types of information 
above, node i can concludes that: it is the beacon 
frame of period j, which can synchronize node N-j 
and node N-j+1 and the data are transmitted after 
synchronization. The scheduling figure is shown  
in Fig. 8. 

The specific judgment of node i is as follows: 
· j N : 
(a) 1i N j   or i N j  : Node i switches to 

sleeping state which lasts for
1

( )M k t t  , and then 

intercepts beacon frames after waking up. 
(b) i N j  : Node i switches to the sleeping 

state which lasts for
1

( )M k t   , then switches to 

receiving state. After receiving data or out of 
receiving time, it switches to sleeping state which 
lasts for t, and then intercepts beacon frames after 
waking up.  

(c) 1i N j   : Node i switches to sleeping state 
If there is data waiting for transmitting, it sleeps 
for

1
( )M k t   , and then switches to transmitting 

state. After transmission, the node sleeps for 
( 1)

ai
N T t     or ( 2)

ai
N T t      when i N or 

not, and then intercepts beacon frames after 
sleeping. If there is no data to transmit, the node 
sleeps for

1
( ) ( 2)

ai
M k t t N T t        when i N or 

not, and intercepts beacon frame after sleeping. 
· j N : 

Node 1 switches to sleeping state which lasts  
for

1
( )M k t   , and then transmits data, later the 

node switches to sleeping state. 
After ( 2)

ai
N T t     , it wakes up and intercepts 

beacon frames. Meanwhile, other nodes switch to 
the sleeping state which lasts for

1
( )M k t      , 

and intercept beacon frames when wake up.  
The communication process of four nodes is 

shown in Fig. 9, 
i

K  means the No. of beacon frame 

acquired by nodes. 
1

t  is the time for sending one 

beacon frame.   is buffer time to avoid intercepting 
the last frames in period.   can not affect the next 
period. 

 

 
Fig 6. Sink node broadcast beacon frames schematic diagram. 
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1k 2k


t t

1t

1k 2k

t

1t
t  



j N

j N

 
Fig. 7. The time of a period ajT . 

 
 

Beacon 
frame 1

...
Beacon 
frame 

Beacon 
frame M

Beacon 
frame  

...
1k 2k


t t

 period j ,  token is N-j+1

1t

Beacon 
frame 1

...
Beacon 
frame 

Beacon 
frame M

Beacon 
frame  

...
1k 2k

t
  period N, token is 1

1t
t  



Node N-j delays  
 1 1M k t  
Node N-j+1 delays  

 2 1M k t  

Beacon 
frame 1

…

Other nodes  delay 
  1M k t t 

Node 1 delays  
 1 1M k t  

Other nodes  delay 
  1M k t t    

Beacon 
frame 1

…

(a) Period j N

(b) Period j N

Time for nodes receiving a 
beacon frame 

Time for nodes receiving a beacon 
frame 

Time for nodes receiving a 
beacon frame 

Sending and receiving time set by  
specific requirements 

 
Fig. 8. Synchronization and communication process of node i. 

 
 

3.3. Reliable Transmission Mechanism 
 

Usually, ACK message acknowledge or 
end-to-end retransmission mechanism are used to 
solute packet loss caused by channel conflict and 
data collision [10]. However, this method will 
increase time delay. It has to cache data packets on 
the node, which is not suitable for WSNs with low 
storage capacity and high real-time requirements. 
Besides, multi-path transmission mechanism is also 
widely used to solve the problem [11], which 
improves the transmission reliability by sending a 
plurality of packets through multiple paths. But in 
chain-type WSN, it has no multi-path because of the 

special geographical conditions. Thus, a novel 
reliable transmission mechanism is proposed which 
improves its reliability by sending redundant data 
packets through a single path [12]. 

The mechanism of forwarding redundant packet 
through single path in chain-type WSN is shown in 
Fig. 10.  

Assume the probability of the data packets in 
partition i correctly reaching sink node is reach ip  : 

 

(1 )j

N
h

reach i j
j i

p es


   (1) 

 
 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 15-23 

 20 

 

4

3

2

1

3 2 1 4 3 2 1 44
t t



1 1( )M K t t 

2 1( )M K t t 

3 1( )M K t  

t

4 1( )M K t  

 N 2 taiT    

t t t t t t 
  

 N 1 taiT    

aiT
aN aiT T  

5 1( )M K t  

t

6 1( )M K t  

 N 2 taiT    

 
 

Fig. 9. Communication example for 4 nodes. 
 
 

 
 

Fig. 10. Single path data packet redundant forwarding. 
 
 

In this model, Parameters and assumptions are 
identified as follows: 

ih : Amount of copy packets sent from partition i 

to partition i+1; 

ies : Average communication error rate;  

id : Average distance from partition i to partition 

i+1 in the Z-axis direction; 

elecE : The energy consumption when sending or 

receiving information; 
 : The path loss; 

amp : The energy consumption of the power 

amplifier 
For sending packets of size k from partition i to 

sink node, the energy consumption of the partition 
is: 

 

1

2 2 2

( ) [

( ) ]

j elec j elec

amp j j

E E k h E k

k d D h




     

    
 (2) 

 
The total energy consumption is: 
 

1
2 2 2

1( ) [ ( ) ]
N N

T elec j elec amp j j
j i j i

E E k h E k k d D h






 

            

(3) 
In which, [ , ]j i N , 1 0ih   , 1 0Nh   . 

It can be concluded from above analysis that 

reach ip   is increased with jh . But at the same time, 

jE and TE  become larger. So we should allocate 

jh  reasonably to receive the largest probability of 

packets arriving, when TE  is fixed. 

According to formula (1), [0,1)jes  and 0jh  , 

and based on the mean value inequality principle, 
we can get: 
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Then: 
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It can be found that: 
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4. Implementation of the MAC Protocol  

 
MAC protocol includes two parts, broadcasting 

beacon frames and uploading data. Sink node sends 
beacon frames periodically, and then enters into 
receiving state. After receiving beacon frames, 
adjacent sensor nodes transfer data according to the 
token information. Finally, the network finishes 
data transmission from the end to the head of the 
chain. 

 
 

4.1. Sink Node 
 

Powered by electric power lines, sink nodes 
have enough energy. The program running on the 
sink node is simple. Algorithm is as follows: 

(a) Initialize sink node. 
(b) Check token information in beacon frame, 

and get message N from token. Token is identified 
by a byte. There can be 127 token access messages 
at most. 

(c) Sink node sends M beacon frames, with the 
token message X N . 

(d) If 1X  , go to step (e); else go to step (f). 
(e) Let 1X X  , then sink node enters the idle 

mode. Delay t seconds, go to step (c). 
(f) Token message changes to X N . Sink 

node enters receiving mode. After processing 
received and uploading data, go to step (c). 

 
 

4.2. Sensor Node 
 

Mostly, sensor nodes are in the sleeping mode, 
and listen to beacon frames only in some certain 
time. Then judge the working mode according to 
beacon frames received to avoid message conflict 
and reduce energy consumption. The algorithm of 
sensor nodes is as follows: 

(a) Initialize sensor node i. 
(b) Sensor node collects environment data. 
(c) Listen to beacon frames. If received, sensor 

node get token information N-j+1, beacon frame 
number k, and the number of nodes in the entire 
network N. If sensor node hasn’t received beacon 
frame till the time out, go to step (n). 

(d) If j N , go to step m). 

(e) If ( 1) ( )i N j i N j      , node i enters 

sleeping mode. After waking up, it goes to step (b). 
If 1i N j   , go to step (g). 

(f) Node i enters sleeping mode for 1( )M k t t  , 

then wakes up and enters receiving mode, after 
which it enters sleeping mode again. Delay for t, go 
to step (b). If time is out, enter sleeping mode 
directly and then delay t seconds to go to step (b) 
(Because the time for receiving data is far less than 
(t)). 

(g) If there is no new data to transmitted, then go 
to step (i). 

(h) Node sleeps for 1( )M k t t  and transmits 

data after waking up. If i N , node sleeps 
for ( 2) aiN T t     , then go to step (b). Else 

node sleeps for ( 2) aiN T t      and then goes to 

step (b). 
(i) If i N , node enters to sleeping mode 

for 1( ) ( 1) aiM k t t N T t       , then go to 

step (b). Else enters to sleeping mode for 

1( ) ( 2) aiM k t t N T t       and then go to 

step (b). 
(j) If 1i  , go to step (m), else go to step (n). 
(j) If node 1 receives data, go to step (l). Else go 

to step (m). 
(k) Node 1 sleeps for 1( )M k t   , and then 

begins to transmit data. Later, it sleeps for 
( 2) aiN T t    and then goes to step (b). 

(l) Node 1 enters sleeping mode and the state 
lasts for 1( ) ( 2) aiM k t t N T     and then go to 

step (b). 
(m) All nodes except node 1 enter sleeping 

mode for 1( )M k t t    and then go to step (b). 
 
 

5. Results and Discussion 
 

5.1. Analysis of Energy Consumption 
 

The model of energy consumption is shown in 
Fig. 11. Data frame can be transmitted in one 
listening period, and there is only one node 
sampling data frame. Only one pair of adjacent 
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sensor nodes can simultaneously transmit or receive 
data every time and no data collide and 
retransmitted during transmission. 

 
 

 
 

Fig. 11. The model of energy consumption. 
 
 

In this model, Parameters and assumptions are 
identified as follows: 

 : Nodes’ sampling rate; 

ilE : Energy consumption of idle slot in one 

period; 

txE : Energy consumption of sending one data 

frame; 

rxE : Energy consumption of receiving one data 

frame; 

onE : Energy consumption of opening wireless 

transceiver equipment; 

ajT : Observation period; 

sE : Energy consumption in sleeping mode for 

one period; 
N : The number of nodes in the network; 

dT : Data interval. 

The energy consumption of one standard chain 
network [12] is: 

( )E n Energy transmit frame Energy idle

listening Energy sleeping Energy turn on

radio Energy receive frame

     
     

  
 

(8) 
That is: 
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) 

 
In which, ( ) / 2il il dE n T  . 

Calculate total energy consumption and the 
average is: 

 
[ ] ( 1)( ) ( 1)

/ / 2

N aj tx rx aj il d

aj on f aj il d f

E E T N E E N T T

NT E T NT T T

 



     


 

(10) 
 
The new MAC protocol based on token for 

chain-type WSN is similar to the above model in 
energy consumption. It only adds a new element to 
idle listening period, which is the energy 
consumption in adjustment slot and is shown as 
follows: 

 
( ) ( )( / / 2 ( ) )

/ /

aj tx il aj aj

on aj aj rx tone aj f

E n T E E n T NLSP TBSP n T

E T TBSP T E E T T

 



  

  
 

(11) 

Calculate the energy consumption of all nodes 
and get the average: 

 
[ ] ( 1)( ) ( 1)
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N aj tx rx aj il d
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E E T N E E N T T

NT E NSLP TBSP NT TBSP NSLP
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 (12) 
 

Comparing formula (10) and (12) , we find out 
that the new protocol and standards chain protocols 
have the same energy consumption in transmitting 
and receiving data which is: ( 1) aj il dN T T . 

By reducing the opening time of RF module, the 
new protocol can save energy 
of /aj onNT E NSLP TBSP  compared with the 

standard protocol. It can also reduce energy of 
/ / 2aj il dNT TBSP NSLP T T  in idle listening. It 

shows that the new protocol is suitable for the 
chain-type WSN and more effective than the 
standard chain protocol concerning energy 
consumption reduction.  

 
 

5.2. System Reliability Test 
 

To test the correctness and reliability of 
multi-point communication test packet loss rate, six 
groups of experiments have been carried out, each 
of which measured 3000 completed cycles. The 
results are shown in Table 2. 

 
 

Table 2. The result of reliability test. 
 

No. 
Sending 

data 
packets 

Correct 
receiving data 

packets 

Accuracy 
(%) 

1. 3000 2896 99.53 
2. 3000 2984 99.47 
3. 3000 2979 99.30 
4. 3000 2981 99.37 
5. 3000 2975 99.17 
6. 3000 2983 99.43 
 
 
From the above table, we can see the accuracy of 

multi-point communication is a little lower than the 
one of point to point communication But they are all 
above 99.17 %. The average data receiving correct 
rate is 99.38 %. The reliability of the system is quite 
well, which shows the feasibility of this protocol 
based on token. 

On the premise of excluding interference, there 
should not be packet loss in theory. The main reason 
is: nodes synchronize time by the time 
synchronization information in beacon frames and 
the own clock information, which can cause 
synchronization error when small differences and 
drift of clock are existed. 
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6. Conclusion 
 

MAC protocol is significant in WSN 
technology, as well as the key technology in 
application [13]. In this article, a novel MAC 
protocol based on token has been designed. Nodes 
in the network adopt listen/sleep mechanism, and 
transmit data only after receiving beacon frames, by 
which energy consumption can be reduced 
effectively. Meanwhile, the token is used as control 
message so that the control process from sink node 
to sensor node is simplified, no interference will 
occurred among nodes, and the channel is used in 
order. To improve reliability, we propose a novel 
reliable transmission mechanism by sending 
redundant data packets through a single path. 
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Abstract: In wireless sensor networks, the voting technique is used to extract a reliable result from redundant 
information. Therefore, the security problem about data fusion has been the focus of study for a long time. This 
paper proposes a fast and tolerant voting mechanism (FTVM) for data fusion assurance, which will guarantee 
the base station to choose the valid fusion data in the shortest possible time. This mechanism adopts the MAC 
protocol based on CDMA technique, which makes it possible for some fusion nodes to communicate with the 
base station in a channel simultaneously without arousing data collision, and furthermore with the approach of 
choosing witness nodes by base station, many witness nodes could poll together, which will accelerate the 
election by a substantial degree. This work also adopts intrusion detection techniques to identity the 
compromised nodes and replaces them with backup nodes, such that the tolerance of the network is improved by 
a large degree. Results from a series of experiments verify the efficiency of FTVM. Copyright © 2013 IFSA. 
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1. Introduction 
 

In recent years, the data fusion, which is a critical 
data fusion technique in wireless sensor networks 
(WSN), its security issues gain more and more 
attention in worldwide researches [1]. Before the data 
collected by a sensor is transmitted to the base 
station, a process called data fusion must be 
executed. The sensor performing data fusion is called 
fusion node, and the fused data is called fusion data. 
The fusion nodes generally contain much critical 
information; therefore they are more vulnerable to 
malicious attacks than other sensors [2-4].  

As several copies of the fusion data in a WSN are 
sent to a base station, the power consumed in 
transmitting data is very high since there are a lot of 

redundant data. In addition, malicious attackers could 
forge the fusion data by compromising the fusion 
node, which leads to the base station make the 
erroneous judgment after receiving the forged data. 
How to choose the reliable result from a large amount 
of fusion results transmitted by fusion nodes and how 
to ensure the security of fusion nodes are the key 
challenges. This paper puts forward a fast and 
tolerant voting mechanism (FTVM) whose 
advantages are short voting delay, handling intrusion 
opportunely and high intrusion tolerance. 

The rest of the paper is organized as follows. 
Section 2 describes the related works. Section 3 
reveals the details of FTVM. Section 4 gives some 
performance test results of the proposed approach. 
Conclusions are given in Section 5. 

Article number P_1247 
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2. Related Works 
 
In recent years, many scholars have studied the 

security of data fusion methods. Their research 
mainly focuses on how to ensure the base station to 
obtain accurate fusion results while maintaining the 
energy efficiency of WSN. Some of them are very 
creative, and the simulation results perform excellent 
as well. Following shows two inspiring results among 
them. 

Du et al. proposed a witness-based approach to 
verify the fusion data [5]. Several fusion nodes are 
used to fuse the collected data. Nevertheless, only 
one node can transmit the fusion results to the base 
station, which is called chosen node. The other fusion 
nodes, called “witnesses”, only send message 
authentication codes (MACs) of the fusion results to 
the chosen node. The chosen node sends its own 
fusion data and MACF which can be worked out 
based on the received MACs to the base station. The 
base station calculates MACF’ according to the fusion 
results, and estimates whether to receive the fusion 
results or not. If MACF=MACF’, the fusion results 
can be accepted, otherwise not. This approach suffers 
from several drawbacks. For instance, the verification 
may be wrong since the chosen node may be 
compromised and the MAC mechanism consumes 
limited energy at each sensor. 

Pan et al. proposed a power-efficient direct-voting 
mechanism (DVM) to eliminate the drawbacks in the 
witness-based approach by Du [6]. In Pan’s 
approach, the fusion data can be sent from the fusion 
node to the base station through a direct link, that is, 
only one hop. The innovation of DVM is that only 
one fusion node, which is called “chosen node” is 
used to send integrated fusion results and other nodes 
only need to vote. The base station decides whether 
to accept the fusion data or not in accordance with 
the polling result. Even though DVM needs less 
assurance overhead and delay than the witness-based 
approach, some disadvantages still exposed. Such as 
there is low polling efficiency since the witnesses 
send their votes one by one with TDMA protocol, the 
compromised nodes do not be cleared in time, the 
mechanism could tolerate scarce compromised nodes 
etc. 

 
 

3. The Proposed Voting Mechanism 
 
Both the witness-based approach proposed and 

the direct-voting approach played a certain part of 
data fusion assurance, however, there are still many 
shortcomings, for example, the time for judgment of 
whether a copy of fusion result is valid or not is too 
long, the handing method of abnormal behavior 
nodes including normal failure nodes and intrusive 
nodes is inappropriate. This thesis proposes a fast and 
tolerant voting mechanism (FTVM) which will 
definitively overcome the mentioned weak points. 

 

3.1. Premises and Assumptions 
 
Fig. 1 depicts a WSN with data fusion for 

distributed detection with Q sensors (S1, S2, …, SQ) 
for collecting environment variation data and N 
fusion nodes (F1, F2, … , FN) for processing data 
fusion. 

 
 

1F MF

1S 2S QS

NF2F

 
 

Fig. 1. A wireless sensor network with data fusion. 
 
 
Our scheme is based on the WSN depicted in  

Fig. 1. Here are some premises and assumptions in 
this paper. 

It is assumed that all of the fusion results are 
identical since every fusion node fuses all of the local 
information correctly in the same way. 

The energy consumption in receiving data at a 
fusion node is much lower than that in transmission 
[7, 8]. Therefore, only transmission energy is 
considered in the subsequent analysis. The energy 
consumed by the base station and attacks is not 
taking into account. 

Not all the fusion nodes are involved in the 
election. Part of the nodes is backup nodes in 
dormant state. 

This scheme adopts MAC protocol based on code 
division multiple access (CDMA) [9, 10], which 
allows multiple fusion nodes communicated with the 
base station simultaneously. 

The time consumed by multiple fusion nodes send 
fusion data of a certain length synchronously equals 
with that by one fusion node sends fusion data of the 
same length. 

 
 

3.2. Election Procedure 
 
In FTVM, the base station chooses one fusion 

node to send its fusion results, which is called 
“chosen node”, other fusion nodes, serve as 
“witness”, send their agreeing or disagreeing votes to 
the base station. The polling process ends until the 
number of votes reaches a threshold, otherwise a new 
polling round begins. The T+1 out of M voting 
scheme is adopted in this paper, where M is the 
number of fusion nodes participating in the election 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 24-31 

 26 

and T is a threshold. As the chosen node doesn’t 
participate in the polling, the base station will accept 
the fusion results in case that at least T agreeing votes 
are received. Generally, there is T ≥ [M/2]. 

In FTVM, the active nodes are comprised of three 
disjoint sets: reliable nodes set (set R), suspect nodes 
set (set S) and intrusive nodes set (set I). Denoting 
size(R)+size(S)=M. Which set a node belongs to is 
judged by the base station according to the polling 
result and intrusion detection algorithm, therefore, 
the judgment isn’t correct all the time. 

In the beginning, it is assumed that all the active 
nodes are reliable, M of which can be selected and 
placed into set R by the base station. Both set S and 
set I are null. Other nodes keep sleeping until the 
base station awakes them. 

The steps of a polling process are given as 
follows: 

Step 1. Determine the prerequisite condition that 
whether size(R)+size(S)=M or not. If it is not, 
terminate the polling. 

Step 2. The base station chooses a node from set 
R randomly, then size(R)=size(R)-1. If set R is null, 
the node should be chosen from set S, similarly, 
size(S)=size(S)-1. 

The witness set (set W) consists of the remaining 
nodes in set R and set S and they are randomly 
ordered. Their sequence determines the polling order 
of them. Denote M’=M-1 as the size of the set W. 

Step 3. The chosen node sends its fusion result to 
the base station. 

Step 4. The base station broadcasts the above 
fusion result to the witness nodes so that they can 
compare the received fusion result with their own 
fusion data and vote afterwards. The scheme adopts 
silent assent mechanism, that is, the witness nodes 
keep silent when it agrees with the transmitted fusion 
result. The polling stops when 

The base station receives T agreeing votes. 
The base station receives M-T disagreeing votes. 
All witness nodes have been polled already. 
Step 5. Let A represent the number of polled 

witness nodes that agree with the transmitted fusion 
result, D represent the number of polled witness 
nodes that disagree with the transmitted fusion result 
and U represent the number of witness nodes which 
haven’t polled. It is evident that A+D+U=M’. When 
the polling stops, the base station takes action 
according to the following conditions: 

If A<T, then the transmitted fusion result is 
verified. Stop the polling. 

If A<T and D+U<T+1, no reliable fusion result is 
valid. Stop the polling. 

If A<T and D+U≥T+1, then exclude the chosen 
node and agreeing witness nodes from set W. 
Randomly choose a node that disagrees with the 
transmitted fusion result to be the chosen node of 
next polling round. Simultaneously, let M’=A+D+U 
and go to Step 1. 

Apparently, the termination condition in Step 1 is 
affirmatively satisfied. Supposing size(R)+size(S)<M, 
then M-size(R)-size(S) nodes need to be awoke and 

added to set R. Nevertheless, if the number of 
sleeping nodes in WSN is less than M-size(R)-
size(S), the overhaul of nodes in set S and set I should 
be undertaken. Conversely, if size(R)+size(S)>M , 
then  size(R)+size(S)-M nodes in set R and set S are 
forced into sleeping state. 

Step 1 pledges that the number of nodes 
participated in the election is M, which can prevent 
energy wasting and ensure polling processing 
smoothly. 

In Step 2, as set S is the collection of suspect 
nodes, the base station randomly chooses a node from 
set R first. Thus the probability of getting valid 
results is increased. 

The chosen node sends fusion data encrypted by 
its private key to the base station in Step 3. 

Accordingly, the base station applies the chosen 
node‘s public key to decode the received fusion data 
in Step 4, and then work out the witnesses’ node ID 
based on the approach proposed in section 3.3. 
Before delivered to the witnesses, the fusion data is 
encrypted according to the nodes’ public keys. The 
witnesses decode the received data in accordance 
with their private keys and compare them with their 
own fusion data. 

Three conditions of terminating polling are listed 
in Step 4. Due to the second condition satisfies D=M-
T and A<T, the maximum amount of agreeing votes is 
A+U=M-1-D=M-1-(M-T)=T-1<T, therefore the 
following voting makes no sense. Generally, the 
polling process terminates before all the witnesses 
transmit their votes to the base station, which 
contributes to reduce the overhead and polling delay. 

In Step 5, the base station adopts corresponding 
operations according to the type and amount of the 
received votes. The first operation refers to the first 
termination condition in Step 4, thus, the polling 
stops and the transmitted fusion result is accepted. 
The latter two operations refer to the second 
condition in Step 4, notably, there exists D=M-T and 
A<T. The chosen node and agreeing nodes of the 
current polling round are bound to vote against the 
fusion result in next round, therefore, the chosen 
node and agreeing nodes shouldn’t participate in the 
next polling round. That is to say, the nodes of next 
polling process consist of disagreeing nodes and 
nodes that haven’t voted to reduce the unnecessary 
overhead, namely M=D+U. Consequently, when 
M=D+U≥T+1, go to the next polling process. 
Conversely, when D+U<T+1, the polling stops. 

Nodes that haven’t voted and disagreeing nodes 
are served as witnesses in the new polling round, of 
course, the chosen node is excluded. Let M’ =D+U-
1≥T and start the new polling process. 

 
 

3.3. Method of Choosing Witness 
 
Step 4 of the aforementioned election procedure 

requires repeating several times until the polling 
terminates. The number of witness nodes matters a 
lot. The energy consumed will be high if too many 
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witnesses are chosen. Nevertheless, if the amount of 
witnesses is too small, the polling delay of the 
election will be prolonging, which can’t meet the 
timeliness of WSN. A fast and tolerant voting 
mechanism is proposed in this paper to assist 
selecting the most appropriate number of witnesses, 
which contributes to save network energy and curtail 
the polling delay to a maximum extent. The 
minimum number of witnesses is min(T-A,M-T-D,U), 
which can be proved as follows: 

Firstly, as it is shown in Step 4 of the election 
procedure, the polling stops when T agreeing votes or  
M-T disagreeing votes are received. Obviously A=0, 
D=0, D≥T at the beginning of the polling, so the 
following formula is fulfilled:  
 
 min( , , ) min( , )T A M T U T M T    (1) 

 
The base station has already received A agreeing 

votes and D disagreeing votes after the first polling 
round, remaining U witnesses haven’t voted. Since 
the terminate condition of the election process 
maintains unchanged, the base station needs to 
choose  min(T-A,M-T-D,U) nodes to continue the 
polling. 

 
 

3.4. Statistical Anomaly-based Detection 
Method 

 
Even though there being a small quantity of 

compromised nodes in WSN, the base station is still 
able to obtain the correct fusion result with the help 
of the election mechanism. However, if the WSN 
tolerates attacks only but takes no reaction to them, 
more nodes will be compromised to lure the base 
station make wrong decisions over time. Therefore, 
we design a statistical anomaly-based detection 
method to verify whether a node has been 
compromised or not and exclude the compromised 
nodes promptly. 

Fig. 2 depicts intrusion detection process. The 
intrusion detection module of the base station 
contains a rule library with a list of intrusion 
detection rules in it. The rules mainly applied herein 
are as follows: whether the node unceasingly sends 
negative vote; whether the node can respond to the 
base station accurately; whether the data sent by a 
fusion node can be resolved successfully; whether the 
frequency of sending data is normal or not; whether 
the node loses its private key or not etc. The base 
station keeps monitoring the nodes' activities and 
compares them with the rules. If a node offends any 
rules of the rule library, further examination on 
whether this node has been compromised or not 
should be undertaken, if not, exit the current intrusion 
detection process and enter the next step of the 
election. 

The base station records abnormal behaviors of 
each node in the exception record memory, including 
the node ID, the occurrence timestamp, the ending 

timestamp, description of the exception, and the 
exception type etc. Table 1 depicts the record format 
of abnormal behaviors for nodes. 

 
 

 
 

Fig. 2. The diagram of statistical anomaly-based  
intrusion detection. 

 
 

Table 1. The record format of abnormal behaviors  
for nodes. 

 
Node

ID 
Starting

Time 
Ending 
Time 

Description 
Exception

Type 
… 

015 154 166 
Cannot 
analyze 

052 … 

015 640 - 
Transmit 
too fast 

077 … 

065 411 - 
No private 

key 
165 … 

012 3214 3789 Lose data 124 … 
… … … … … … 
 
 
The occurrence timestamp and the ending 

timestamp are relative to the initialized time of the 
WSN. The same or similar abnormal behaviors are 
divided into one exception type and represented by 
numbers, e.g. 077 represents DOS attacks,  
124 represents node failure etc. 

Three disjoint sets constitute the active nodes in 
FTVM, they are reliable nodes set (set R), suspect 
nodes set (set S) and intrusive nodes set (set I), and 
all fusion nodes belong to set R initially. The base 
station detector provides a variety of exception types 
to judge whether the nodes are compromised or not. 
For example, if a DOS attack continues over  
10 seconds or no private key can be detected in  
3 seconds, the base station will treat them as be 
compromised and put them into set I, and then delete 
them from set S. What should be pointed out is that 
the nodes in set I should be excluded from the 
network immediately and let M=M-1. If the excluded 
node is the chosen node, then terminate the polling 
and start a new polling process. If the excluded node 
has voted, then let the corresponding votes subtract 
one. The nodes surviving in set S can still participate 
in the polling process. 

The base station immediately replaces the 
excluded nodes with backup nodes or recovered 
compromised nodes of the same amount and adds 
them into set R for next polling process. In other 
words, the intrusion detection module of the base 
station replaces the compromised nodes with the 
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normal nodes, so that the quantity of normal nodes 
becomes larger, which conduces to promote the 
tolerance of the network. 

The recovery ratio (RR), which is defined as the 
probability of one compromised node to be 
distinguished and replaced, is used to represent the 
performance of intrusion detection module in the 
proposed scheme. Notably, there is 0≤RR≤1. 

 
 

3.5. Analysis of FTVM 
 
The RR of the intrusion detection module makes a 

difference with the intrusion detection rules and the 
settings of intrusion detector. Since different kinds of 
wireless sensor networks suffer different attacks, the 
intrusion detection rules should be flexible according 
to the networks’ application types. The detailed 
detection rules and intrusion conditions are not taken 
into consideration in this scheme, instead only the 
final impact emerged by the RR is to be discussed. 

Besides the polling result (Result), indicators to 
measure the quality of a polling scheme include 
overhead (OH), round delay (RD) and polling delay 
(PD). The overhead is defined as the total number of 
bits that are transmitted to the base station by 
uncompromised nodes during the polling process, 
excluding the bits of fusion result transmitted by the 
chosen node. The power consumed by all 
compromised nodes is not considered since they are 
useless to the WSN. The round delay is defined as the 
number of rounds that are required at one election 
and the polling delay is defined as duration that is 
required at one election. 

As mentioned above, the FTVM and DVM 
require the same amount of votes and polling rounds, 
therefore the Result, OH and RD of them are 
identical. 

Let C represent the number of compromised 
nodes at the beginning of one election. Without 
regard to the intrusion detection function, the base 
station could get the correct fusion result when C[0, 
M-T-1], could not get reliable result when C[M-T, 
T] and will get the forged fusion result when 
C[T+1, M]. That is, if and only if C≥T and all the 
compromised nodes join hands, the base station will 
accept the forged result.  

In a long period of polling process, the average 
time of transmitting a vote at one node is regarded as 
identical. Since the witnesses vote one after another 
in DVM, the PD equals to the number of votes at one 
election. By contrast, several witnesses can transmit 
their votes synchronously in FTVM, thus PD equals 
to the times of calculating min(T-A, M-T-D, U). If 
and only if one witness is chosen each time, the PD 
of the FTVM and the DVM are the same, otherwise 
the PD of the FTVM is smaller than that of the DVM 
definitely. 

The number of compromised nodes will decrease 
from C=n to C=n*(1-RR) when RR≠0, whose indexes 
are equivalent to that of RR=0, C=n*(1-RR). 

4. Performance Evaluation 
 
As the header and the parity bit have no influence 

on the polling result, this scheme only considers the 
length of the votes. As the FTVM adopts “silent 
assent” mechanism, the length of agreeing votes is  
0 bit and the length of disagreeing votes is 1 bit. 

The probability Pf is used to represent the type by 
which the compromised nodes are attacked. If a 
compromised node attempts to make the base station 
accept the forged fusion result to the maximum 
extent, then it will vote against the fusion results 
transmitted by normal nodes and vote for the fusion 
results transmitted by other compromised nodes, that 
is, Pf=1. Conversely, if the compromised node wants 
to exhaust its energy by prolonging the polling 
process, then it will disagree with the transmitted 
fusion results wherever they from since only 
disagreeing votes can participate in the next polling 
round, that is, Pf=0. Apparently the closer Pf is to 0, 
the more rounds of polling one election will take. The 
behaviors of compromised nodes accord with that of 
the normal nodes entirely when Pf=0. Let RD and PD 
be the functions on C, thus the following formulas 
can only be fulfilled when M=11: 

 
( ) ( )RD C RD M C   (2) 

 
( ) ( )PD C PD M C   (3) 

 
Since [M/2]≤T≤M-1, it is apparent that with the 

increase of T, the attackers must compromise more 
nodes if they want the base station to accept the 
forged result, which increases the degree of intrusion 
difficulty. However, the tolerance of the WSN 
decreases with the increase of T. When T=M-1, the 
base station can’t obtain any reliable results if there 
are more than one compromised nodes in WSN. 
Overall, T should be set around ([M/2]+M-1)/2, such 
that the network holds the balance between security 
and tolerance. The performance of FTVM is 
discussed under M=11 and T=7 in the experiment. 

RR is set to 0, 30 %, 50 % and 80 % respectively 
in the following experiment. First of all, the impact of 
RR to FTVM is considered. In Fig. 3, the ordinate 
“have result” means that the base station accepts the 
fusion result, and the ordinate “no result” means that 
the base station does not obtain any reliable results. 
In both Fig. 3 (a) and Fig. 3 (b), the curve of the 
DVM exactly coincides with that of the FTVM when 
RR=0, which implicates that the changes of C on 
DVM is identical to that on FTVM, which proves the 
validity of witnesses chosen from another 
perspective. Notably, the curve of FTVM gradually 
moves right along the abscissa C with the increase of 
RR, which implies the enhancing tolerance. 
Particularly, the FTVM can restore a vast majority of 
compromised nodes to ensure that the base station 
could obtain credible results when RR=80 %. 
According to the pervious analysis, the number of 
compromised nodes that the base station could 
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endure at most to obtain the reliable fusion result 
increases by 1/(1-RR)-fold. That is, if the attacker 
attempts to make the base station accepts the forged 
fusion result or no result, more fusion nodes should 
be compromised at a time. Therefore, the tolerance of 
the WSN is strengthened. 
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Fig. 3. Result comparison between FTVM and DVM for 
M=11 and T=7 when (a) Pf =0 (b) Pf =1 

 
 

Observing Fig. 3, if RR=0, it can be derived that 
the FTVM can regain the forged result when Pf=1, 
C≥8. However, no reliable result can be obtained as 
well when Pf=0, C≥8, whose reason is that the 
attackers vote against the fusion result constantly to 
enlarge the energy consumption of the nodes. 

Fig. 4 compares the PD between the FTVM and 
the DVM. Notably, the PD of the FTVM is far more 
less than that of the DVM despite Pf =0 or Pf =1. The 
FTVM’ average PD occupies two fifth of the DVM’ 
when RR=0, Pf =0, and the DVM’ average PD is 
merely three times of the FTVM’ when RR=0, Pf =1, 
which is because that multiple witnesses can vote 
simultaneously in FTVM so that a plenty of time is 
economized. In Fig. 4 (a), there exists only one 
maximum value. However, since the purpose of 

attackers is to exhaust WSN’s energy rather than 
prompt the base station to accept forged results, the 
base station mistakes compromised nodes as normal 
nodes when C≥T+1. That is to say, formula 
PD(C)=PD(11-C) establishes when C≥T+1, so there 
are two maximum values in Fig. 4 (b). 
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Fig. 4. Polling delay comparison between FTVM and 
DVM for M=11 and T=7 when (a) Pf =0 (b) Pf =1. 

 
 
As it is mentioned in section 3.5, the indexes of 

FTVM when RR≠0, C=n are equivalent to that when 
RR=0, C=n*(1-RR), therefore PD(C)=PD(C*(1-RR)) 
and the alteration of the curve becomes slow. 

Fig. 5, Fig. 6 and Fig. 7 depict the OH, PD and 
RD when RR=0, Pf≠0,1 respectively. It can be seen 
that the OH and RD curves are almost entirely 
coincident, which proves the correctness of the 
FTVM polling process. Since multiple witnesses can 
vote simultaneously in FTVM, its average PD only 
occupies two fifth of the DVM. In case of other 
conditions are the same, the larger Pf is, the smaller 
the OH and the RD will be, nevertheless, PD 
maintains almost unchanged. 
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Fig. 5. Overhead comparison between FTVM and DVM 
for M=11 and T=7 when Pf≠0,1. 
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Fig. 6. Polling delay comparison between FTVM and 
DVM for M=11 and T=7 when Pf≠0,1. 
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Fig. 7. Round delay comparison between FTVM and DVM 
for M=11 and T=7 when Pf ≠0. 

 
 
 

5. Conclusion 
 

The security insurance of data fusion in wireless 
sensor networks is a hot research topic in recent 
years, which mainly focuses on how to guarantee the 
validity of the fusion results and how to protect the 
security of the fusion nodes. This paper presents a 
fast and tolerant voting mechanism, which assists the 
base station to complete the election with minimum 
energy and shortens the polling delay to a large 
extent. The proposed scheme is more reliable with 
less assurance overhead and delay than the power-
efficient direct-voting mechanism. In addition, the 
intrusion detection method based on statistical 
anomalies is used to monitor the ballot information 
and activity of the witness for judging whether the 
fusion node is in a normal state. An approach for 
recovering compromised nodes is proposed, and the 
tolerance of the network is enhanced. The simulation 
experiments prove that the proposed scheme doesn’t 
increase the overhead and round delay, but decreases 
the polling delay and strengthens the tolerance of the 
networks apparently. 
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Abstract: In this paper we address the network deployment problem, in which we aim to maximize the lifetime 
of a sensor network with minimum total energy consumption by computing the optimal locations of relay nodes 
with energy consumption rate (ECR) constraint and their assignment relationship with sensor nodes. Firstly a 
mixed integer programming model with fewer variables is proposed to formulate the relay deployment problem 
under the constraints of network flows and ECR. Then a shortest path based heuristic algorithm is developed to 
give the suboptimal solution of the model by constructing an energy efficient three-tiered hierarchical structure 
consisting of many power-limited sensor nodes, a small set of relays, and multiple BSs. Finally the effectiveness 
and performance of the proposed strategies are illustrated through simulations. Copyright © 2013 IFSA. 
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1. Introduction 
 

Wireless sensor networks (WSNs) have been used 
in a wide range of applications. In the network 
scenarios, Sensor nodes (SNs), such as sensors and 
transducers are deployed at strategic positions with 
fixed sensing and transmit energy, thus they can 
sustain a fixed length of lifetime. In addition to the 
deployment of SNs, one or multiple base stations 
(BSs) is necessary to collect data from the sensing 
field. However, due to geographic reasons, 
sometimes the BSs could only be established far 
away from the sensing field, resulting in very low 
data reception rate and high transmission energy 
consumption. To address this problem, a small 
number of Relay nodes (RNs), as energy-limited as 
SNs, can be placed between the sensing field and the 

BS to forward data packets. Here we consider a large 
scale multi-hop relay routing from SNs to the BSs. 
Therefore, the SNs, RNs and BSs build up a three-
tiered wireless network in such applications. 

There is a renewed interest in research on relayed 
communication networks [1, 2]. In this paper, we 
consider three-tiered wireless networks [3, 4] that can 
be used for a wide range of applications, such as 
disaster area communications, environment 
information gathering, etc. Such realistic scenarios 
share similar characteristics: task-based SNs are 
distributed on the desired spots for sensing and 
sending local information; RNs, placed between SNs 
and the BSs, receive information packets from SNs 
and forward them to the BSs; the BSs, which is 
located distant away from the sensing field as in  
Fig. 1, collects all the data from RNs and processes 
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the information to make a decision. The RNs are 
battery powered, are temporally placed to enhance 
the network performance. As described in [5], the 
locations of SNs and the BSs are given at the first 
stage of network deployment. The data rates of SNs 
are also known, but may be different for different SN 
depending on the specific type of data sensed, which 
is reasonable since most of sensor networks gather 
data from SNs at a predefined period round by round. 
The total energy consumed by a RN per round of data 
collection is defined as energy consumption rate 
(ECR) of a RN [6, 7], which can be given a 
maximum threshold in case it will deplete energy too 
faster. If a RN k’s ECR is defines as Ck, its initial 
energy is defined as ek, its lifetime LTk= ek/Ck. 
Therefore, it is important to consider ECR as a key 
constraint in the lifetime-oriented deployment. 

Relay node deployment for WSNs has been 
studied in various contexts [8-10]. The problem of 
adding relays to improve the connectivity of multi-
hop wireless networks was firstly addressed in [11], 
A set of candidate points are given and the available 
relays must be deployed in a smaller set of these 
candidate points. The set of relay locations, are 
determined based on testing all the candidate points 
and choosing the combination, which results in 
higher connectivity measure. Obviously, this scheme 
is very complex as the network size increases and is 
an NP-hard problem. Later [12] further extended the 
problem by formulating it as a semi-definite 
programming (SDP) optimization problem. Secondly 
they proposed a routing algorithm, namely, Weighted 
Minimum Power Routing (WMPR) algorithm to 
increase the network lifetime by efficient utilization 
of the deployed relays. On the other hand, there are 
several works [13, 14] explicitly considering relay 
node placement to prolong network lifetime, e.g., [13] 
proposed two deployment strategies, namely, lifetime 
oriented deployment and hybrid deployment to 
overcome the BECR problems and [14] stresses on 
using energy provisioning and formulates the joint 
problem of energy provisioning and RNs deployment 
into a mixed-integer nonlinear programming problem 
(MINLP). Since an MINLP problem is NP-hard in 
general, a heuristic algorithm is proposed to address 
this problem. 

 
 

  
 

Fig. 1. A three-tiered wireless network. 

As we know, most of researches have focused on 
the deployment problem for one or two tier sensor 
networks including multiple BSs except [16], which 
deploys sinks and relays to minimize the deployment 
cost of BSs and RNs and to guarantee that all sensor 
nodes in the network are double covered. But the 
lifetime of WSNs isn’t considered in [16]. 
Furthermore, since relay nodes are responsible for 
data transmission between a lot of sensor nodes and 
multi BSs, it is obvious that the energy constraint of 
RNs has serious impact on the performance of large 
scale hierarchical sensor networks besides other 
constraint. Although some works have noticed the 
importance of relay and BSs energy constraint, to the 
best of our knowledge, this paper is the first to 
incorporate the ECR constraint and network traffic 
flow into deployment problem and gives an efficient 
solution. 

The main contributions of this paper are as 
follows: first, we present a three-tiered wireless 
network architecture in which RNs are added to 
overcome the long distance communications between 
the SNs and the BSs layer and the RNs are energy 
constrained; secondly, a mixed linear programming 
model is defined and analyzed for relay node 
deployment and assignment; thirdly, an efficient yet 
practical solution is proposed using heuristic 
algorithms named by RDFMIP; finally, the 
simulation results are presented to demonstrate that 
the RDFMIP algorithm outperforms other relay 
placement schemes. 

 
 

2. Problem Formulation 
 
We define the deployment problem more 

precisely as follows: Given a complete graph G=(N, 
A), where N={1,…, n} is the node set and A=NN is 
the set of directed arcs. N consists of three subset 
Ns(SNs set), Nr(candidate relay location set) and 
Nb(BSs set).There is a network flow of fij associated 
with each pair of nodes (i,j)A. fij is the volume of 
the associated network flow which can be estimated 
and controlled initially. We do not assume that fij = fji 
since the sensor reporting flow is not the same as the 
query flow. Also we are give Eij the transmission 
energy of sending one unit of data directly from i to j. 
Eij is usually proportional to the distance between i 
and j and therefore generally can be represented as 
Euclidean distance multiplied by traffic according to 
the energy model in [16]. Each flow in multi-hop has 
three separate components: collection (sensor node-
to-relay), transfer (inter-relay), and uplink (relay-to-
BS). Each component has the respective per unit 
energy cost coefficient of 1, 2, 3. Thus the cost per 
unit flow for gathering is 1Eik, where i is a sensor 
node and k is a relay. Similarly inter-relay transfer 
has cost 2Ekl, where k, l are both relays and uplink 
has cost of 3Elj where l is a relay and j is a BS node. 
Usually, due to the inter-relay and relay-BS transfer 
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efficiencies, 2<1 and 3<1 is a transfer discount 
factor, while 1=1.  

This paper mainly studies the constrained relay 
deployment problem where the RNs can only be 
placed at a subset of candidate locations whose 
number is defined as P. Now we present the 
formulation of relay deployment (RDF) as below. 
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where the variable ijkm denotes the fraction of flow 
that transmits from node i to BS node j via relay 
located at k and m, Ns is the initial sensor node set 
and Nb is the BS set, both of them are subset of N. the 
variable Xk is defined by 
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The per unit transmission energy cost of ijkm flow 

is defined by 
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where ck is the energy consumption rate threshold 
(ECRT) of node k according to its battery level. By 
ECRT, we try to guarantee the lifetime of each relay. 
In the above formulation, Eq. (2) ensures that the 
total flow (fij) from i to j is transferred, while Eq. (3) 
and Eq. (4) guarantee that transfers only occur via 
relays. Eq. (5) ensures that the ECR constraint is 
being adhered to. With the deployment problem the 
relays are capacitated. Thus the model not only 
decides on the optimal location of the relays and the 
allocation of sensor nodes to relays.  

The deployment problem can be furthermore 
formulated as a MILP (Mixed Integer Linear 
Programming) named by RDFMIP. The variables in 
our formulations are: p as the number of RNs to be 
placed as relays; fi

k the flow from node i to relay k; 

fi
km the flow from node i via relays k and m; fi

mj the 
flow from node i to BS j via relay m;  
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Eq. (10) specifies the network traffic from i 

equals the traffic to BSs, Eq. (11) specifies the traffic 
from node i to BS j is transferred by relays. Eq. (12) 
represents the divergence equation of network flow 
from node i. Eq. (13) and Eq. (14) ensures no flow 
travels directly between SNs. Eq. (15) ensures that 
the energy constraints are being satisfied. Eq. (16) 
specifies the maximal number of relays could be 
placed, defined as pr, this equation can be removed 
according to the need of real application. 

Note that this formulation has substantially fewer 
variables than a formulation of RDF. RDF shows 
usage of O(n4) variables, whilst RDFMIP uses O(n3) 
variables. Thus we hope to solve much larger 
problems with our formulation. 
 
 

3. Algorithm Description 
 

Here we develop a heuristic algorithm to solve 
RDFMIP. This is motivated by the knowledge that, if 
there is no energy constraint on the relays, the 
shortest path algorithm can provide a good basis for 
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relay deployment problems (see [12, 17]). Given a set 
of relays without energy constraint, the shortest path 
algorithm such as Floyd will optimally place relays to 
sensor networks. However, since we have relay 
constraints for the RDFMIP, we can develop a 
heuristic method for relay selection, the shortest path 
procedure and a rerouting procedure for flow that 
violates energy constraints. We set off with an initial 
placement of relays. To this, we apply the shortest 
path algorithm. If the energy and flow constraints are 
satisfied at any stage, we have a feasible solution for 
the RDFMIP and we record its value. If not, we 
reroute excess flow using a heuristic procedure. 

Since the above approach is biased by our initial 
placement of RNs, we attempt a greedy swap 
procedure to investigate if other potential locations 
(in the neighborhood of the placed RN set) yield 
better solutions. We repeat this process until some 
termination criteria are satisfied. Furthermore, it is 
possible to use an exact multicommodity flow 
approach to perform the allocation of candidate 
locations to the placed RNs in an efficient manner. 
However, since this is a computationally expensive 
procedure, we only apply it to the fixed number of 
best RN solutions (defined as l in our algorithm) 
found during the heuristic approach. 

We start by creating an ordered list L, which is a 
permutation of all the candidate locations. We refer 
to the locations in L as candidate RN. Initially the 
candidates are ranked in descending order of ECRTk 
for each location k  Nr. We refer to the kth element 
of L as L(k) for each kNr. Define S(L, s)={L(i): i≤s} 
where s  Nr. Initially the first s locations are taken 
as trial locations. Trial locations are locations that are 
chosen to place RNs in a given iteration of the 
heuristic. Suppose that at some iteration of the 
heuristic L={…} and s=3, then S(L, s)={1,2,3}, i.e. 1, 
2 and 3 are the trial locations. We also define v(S) to 
be the objective value calculated by the heuristic (this 
might not necessarily be the true objective value) 
corresponding to S= S(L, s). 

The algorithm below gives a description of the 
heuristic. The number of candid date locations for 
relay placement is denoted as p. Since the number p 
is very large, we keep track of the l best solutions 
found by the algorithm (l=6 in our simulation), 
denoted as {S*

k}l where S*
k=(L*

k, sk), L*
k is the list 

corresponding to the kth best solution and sk is the 
number of relay locations in the set. The main loop 
performs a descent in which relay locations are 
swapped one at a time. In each iteration v* is the best 
solution found so far. The final two procedures of the 
heuristic perform a search in the vicinity of the l best 
solutions and evaluate the exact objective value for 
the l best sets of locations found. 

 
Main RDFMIP 
begin 
initialize L to be RNs in descending order of 

ECRTk 
Lo=L 
for (i=0 to l-1) do 

z*=∞ 
if (i=l-1) 
        L=L*

1 

for (g=1 to p) do //swap every node with the gth 
relay 

       {S*
k}l, L,v*=Evaluation(g, l) 

   repeat  //add a relay until no improvements 
         v= v* 
        p=p+1 
       {S*

k}l, L, v*=Evaluation(g, l) 
  while (v< v*) 
  if (i=0) then 
        L =Lo 
        L =swap(0) 
 {S*

k} l =Minim() 
  Multicommodity({S*

k}l) 
end 
 
The following paragraphs describe the procedures 

that are referred to above. 
 
 

3.1. Evaluation of Relays Selection 
 
This function takes locations in S(L, s), uses them 

as trial locations and evaluates the location selection 
using a heuristic. Every other location is then 
swapped with the trial location L(g) and the resulting 
selection of locations is evaluated using the same 
heuristic. The relay location receiving the flow from i 
to j is stored in rij. The shortest path distance from i 
to j is given by dij. All flow is initially routed along 
the shortest paths irrespective of relay constraints. 
The flows are then adjusted by rerouting some of the 
flow away from RNs exceeding their energy 
constraint, to obtain a feasible solution. It is 
important to note that we always ensure that there are 
no duplicate solutions in the set of l best solutions. 
This is important for the effectiveness of The Minim 
and the Multicommodity procedure.  

 
{S*

k}l,L, v*=Evaluation(g, l) 
begin 
    repeat p+1-l times 
  d,s=CreateStruct(p, L) 
  v=ijd

4
ijfij 

  if (a relay has exceeded it’s ECRT 
constraint) then 

        v=Rerouting(l, L, r, d) 
  if (v*>v) then v*=v 
          if (v<v(S*l)) then update {S*

k}l 
L=Swap g, l+1  
L=SwapSeq l 
return 

 
 

3.2. Construction of Three-tier  
Network Structure 

 
Given a set of nodes, this procedure creates a 

network with three layers: sensor nodes in the bottom 
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layer, relay nodes in the centre layer and BS nodes in 
the top layer. The arc costs in this network are given 
by the collection (layer 1 to layer 2), transfer (layer 2 
to layer 2) and uplink (layer 2 to layer 3) costs. It 
then uses the Floyd Shortest Path algorithm to assign 
nodes to RNs irrespective of constraints. rij represents 
the successor of node i, that is the RN which transfers 
the traffic from i to j. The shortest distances from i to 
j are returned in dij. Also note that this algorithm has 
complexity O(pn2), where p is the number of  
trial RNs.  

 
 

3.3. Reroute of Network Flow 
 

Rerouting is performed by removing RNs from 
the network that have reached their ECRT constraint 
and rerouting the excess flow via RNs that have not 
yet reached their constraint. We use H to denote the 
set of RNs that have not yet reached their ECRT 
constraint. The excess flow is rerouted via the 
cheapest alternative in H (Note that it is possible for 
this alternative path to include two new relay 
locations that was not used before). However this 
procedure does not guarantee optimality, since the 
flow to be rerouted is chosen arbitrarily. Optimal 
solutions could be obtained by solving a linear 
program which is too computationally expensive to 
perform for each iteration of the heuristic. Note 
however that we do solve the flow problem exactly 
for the l best sets. It should also be noted that if the 
energy consumption rate of the RN placed in the 
location exceeds its constraint then it is never 
selected as a potential location since such a location 
is unlikely to be in the optimal solution. We use k to 
denote the energy consumption for collecting data 
flow by RN located at location k. 

 
v=Rerouting(l, L, r, d) 
begin 
     




i rj ijikk
kij

fd
:

2  

       kk CkH  :  

   while (k s.t. k > Ck) do 
        for (i, j) NN  
         if (

ijij rr C ) then 

             k=argmintH(cit+dtj) 
     

},min{ kkrr CC
ijij

   

        v=v+ 
       

ijij rr  

      k=k+ 
      if (k Ck) then H=H-{k} 
return 
 
 

3.4. Procedure of Swap 
 
This process simply swap the node L(i) with node 

L(j). So if L={1, 2, 3, 4, 5, 6, 7, 8} after one 

application of Swap(1,5) we would now have L={5, 2, 
3, 4, 1, 6, 7, 8}. 
 
 
3.5. Procedure of SwapSeq 

 
A SwapSeq is the following sequence of Swaps: 
L= SwapSeq l 
begin 
for (k=1 to p-l-1) do 
L=Swap (l+k, l+k+1)  
return; 
 
 

3.6. Procedure of Minim 
 
The minim finds l local minima by using a 

descent procedure starting from the l best solutions. 
The final solutions returned by the procedure are 
minimal with respect to the neighborhood operation 
of swapping any selected RN location with any non-
RN location. For solution S*

1 we accept any 
improvement, while for other solutions S*

2, …, S*
l we 

use a steepest descent method. Note that the 
algorithm never searches the same neighborhood 
twice as {S*

k}l are always different and because our 
implementation includes a check to skip any of these 
if they were already searched in a previous iteration 
of the repeat loop. 

 
{S*

k} l =Minim() 
begin 
repeat 
M=l 
for (j=1 to M) do 
Lj=L*

j 
For (l=l*

j-1 to l*
j +1) do 

        if  (j=1) then L=Lj 
        for (g=l to 1) do 
            if (j>1) then L=Lj 
        {S*

k}l, L, v*=Evaluation(g, l) 
Until no improvement in {S*

k}l 
return 
 
 

3.7. Procedure of Multicommodity 
 
This procedure takes the l best solutions found 

and solves the Linear Programming formulation 
given by RDFMIP with the Sk accordingly for each 
solution. That is we solve the LP for each of the l 
solutions using the relay locations that were found for 
each corresponding solution. The linear programs can 
be solved by CPLEX. 

 
 

4. Experiment 
 
The simulations were performed in NS-2 and the 

radio model used by our simulations can be seen in 
[18], in which the energy consumption of unit data 
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transmission of between a distance of d meters is 
given by 

 
Et=Eelec+Eampd

4 , 
 
where Eelec and Eamp are the energy consumed by the 
electronic components of the sensor and the amplifier 
circuit, respectively. Meanwhile, the receiving energy 
consumption is given by 
 

Er =Eelec 
 
In the simulations, Eelec and Eamp were configured 

as 60 nJ/bit and 12 pJ/bit/m2, respectively. In addition, 
the total energy bound of each sensor and relay was 
configured as 30 J and 280 J, respectively. The 
bandwidth of wireless channel was specified as  
1 Mbps, and the length of reporting packet was 
configured to be 512 bit. The data reporting rates of 
SNs are generated according to uniform distribution 
in [1,3] packets per simulation step. The transmission 
and sensing radius of relay nodes and sensor nodes 
were specified as 20 m, and the energy consumed in 
performing each sensing action was specified as 
510-3 J. The sensors were deployed according to 
Gaussian distribution in a square field measuring 
6000 6000m and only die due to energy completion. 
We pick five of them as BSs by using k-means 
clustering algorithm [19]. Each sensor sends data to 
its physically closest BS. The candidate locations for 
relay placement are divided into various numbers of 
grids ranging from 500 to 1500. Each relay allocates 
a certain fraction of their energy capacity as ECR 
threshold for relaying traffic. This ECR threshold is 
the same for all relays in our simulation. We call this 
parameter Cq.  

 
 

4.1. Impact of RNs Number 
 
In the first simulation, we remove the constraint 

of equation (16) to compute the minimal number of 
RNs needed to minimize energy consumption of 
networks, which is important to decide the relay 
deployment cost of different algorithms. 

The performance of RDFMIP is compared to the 
following two methods; the first algorithm adopted a 
Binary Integer Linear Programming (BILP) model to 
optimally locate sufficient RNs to achieve minimum 
energy consumption in WSNs, which is similar as [20] 
but removing signal to noise ratio constraint. This 
algorithm aims to determine optimal locations to 
install RNs in the target sensing field and determine 
optimal route to forward sensing data packet from 
SNs directly to SNs or indirectly via RNs without 
considering the network flow and ECR constraints. 
The second algorithm formulates the relay 
deployment problem as a nonlinear programming 
problem and then propose an approximation 
algorithm to compute the optimal positions of RNs 
with the optimal energy allocated to them such that 
lifetime of sensor network can be maintained by 

minimum energy [21] named by EERP algorithm. 
Both of the methods do not consider the optimization 
for multiple BSs. 

Fig. 2 shows that the number of RNs increases as 
the number of SNs number when Cq =0.02 % and Cq 
=0.05 %. In the BILP algorithm, in order to install 
RNs, the sufficient number and the suitable locations 
are selected based on the distribution of SNs in the 
sensing field. In some area where SNs are out of 
transmission range from other nodes, RNs is needed 
to receive and forward the packet to BS. Thus, the 
BILP algorithm needs a larger number of relay nodes 
than either the other two algorithms. In the EERP 
algorithm, the number of relay nodes increases 
proportional to that of SNs since the positions of the 
relays are determined regularly. The number of relays 
deployed in the RDFMIP algorithm is slightly less 
than that in the EERP algorithm since the grid points 
at which RNs are selected to cover the maximum 
number of sensor nodes and optimized for multiple 
BSs. 

 
 

 35

 40

 45

 50

 55

 60

 500  700  900  1100  1300  1500

N
um

be
r 

of
 R

N
s

Number of SNs

BILP
EERP

RDFMIP

 
 

(a) Cq=0.02 % 
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(b) Cq=0.05 % 
 

Fig. 2. Variation of RNs number with SNs changes. 
 
 
Fig. 3 shows how the number of RNs in the 

middle tier network changes with different candidate 
relay locations. We see that the quality of the solution 
improves with the initial number of candidate 
locations that are considered. At first there is a 
significant improvement, as the number of candidate 
locations is increased (e.g. from 500 to 1000 to 2000). 
However, as the number of candidate locations 
increases beyond a certain value, it does not yield any 
significant improvements in the solution. This can be 
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shown in Fig. 3, where the curves smooth after the 
initial steep decrease in the number of nodes required 
for the transfer. For a given number of possible initial 
locations, the number of RNs required to transfer the 
data of SNs increases with the number of SNs. 
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Fig. 3. Variation of the number of RNs with the number  
of candidate locations. 

 
 
From the results we can see that different number 

of RNs has some impacts on the performance 
comparison, there exists a minimum number of RNs 
to guarantee the sensor networks working well. The 
required minimum number of RNs varies with the 
given number of SNs, their candidate locations and 
data rates, and the used deployment strategy. During 
our simulation analysis, we find that the RDFMIP 
algorithm always needs a lower minimum number of 
RNs than the other two schemes. We thus computer 
an upper bound on the minimum number of RNs 
required by RDFMIP algorithm for a given SNs 
number and their locations. We compute this bound 
for each simulation case and use the results as the 
default number of RNs in the remaining of this 
section. 

To investigate how these three algorithms 
perform in the case of the number of RNs is 
comparable to the number of SNs, we temporarily 
extend the communication range constraint of RNs 
ranged from 20 m to 50 m. The results are shown in 
Fig. 4. It illustrates the simulation results for different 
network size with different number of extra RNs. 
Specifically, X-axis represents the number of RNs 
that should be placed in the network, and Y-axis 
denotes the normalized network lifetime (normalized 
by the results of no relay deployment). The two 
curves show the achieved network lifetime by 
applying the three different relay deployment 
schemes. 

Fig. 4(a) shows the results of the network lifetime 
with different number of RNs when 2000 SNs are 
deployed. From these results we can see that if we 
can place RNs in an energy-efficient way, significant 
gain can be achieved even when only a small number 
of RNs are deployed. For example, when only 10 % 
of relay nodes are deployed, the network lifetime can 
be further extended more than 70 % by applying the 
RDFMIP heuristic deployment method. We can also 
see that if we deploy nodes randomly, the gain is very 

minor. For example, the network lifetime increased 
only 50 % if we deploy them randomly even  
1000 RNs are deployed. On the other hand, the 
network lifetime can be 3 times if the 1000 relays are 
deployed in an efficient way, as demonstrated by the 
figure. 
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(a) SNs=2000 
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(b) SNs=1000 
 

Fig. 4. Normalized network lifetime with different  
number of RNs. 

 
 
Fig. 4(b) shows the results for a smaller network 

size with SNs number is 1000. From these results we 
can see that significant network lifetime 
improvement still can be achieved by relay 
deployment. For example, when only 10 % of 
additional relays are placed, the network lifetime can 
be improved by more than 40 %. If we compare the 
results in Fig. 4(a) and Fig. 4(b), we can see that 
more network lifetime improvement can be achieved 
in a larger network, where 10 % additional relays can 
bring 70 % lifetime improvement. This is because in 
larger network, the energy hole around the BS is 
more significant. This also suggests that the proposed 
algorithm can effectively alleviate the energy whole 
problem. 

It can be seen that there are some small 
fluctuations in the Fig. 4. This is because as the 
number of RNs increases, the marginal effects of the 
network topology vary and that only a small number 
of RNs can be used to improve the network 
performance significantly. However, the curve trends 
of RDFMIP and EERP are still relatively stable with 
the performance improvement only slightly decreased. 
Also, in Figs. 4 and 5, while RDFMIP performs 
roughly up to 5 times of without relay, EERP raises 
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the gain up to 3 times. This demonstrates the 
importance of considering the traffic patterns during 
node deployment stages. Furthermore, the 
performance of RDFMIP is higher than EERP since 
the ECR constraint can guarantee RDFMIP tries to 
find the more eligible locations for relay deployment. 

Fig. 5 shows the results of the normalized 
remaining energy (normalized by the results of 
RDFMIP deployment) with different number of RNs. 
We can see that the RDFMIP and EERP solution 
have much less total remaining energy than BILP, 
since the energy consumption of the former two 
algorithms is more balanced by assigning more RNs 
to the SNs with higher traffic flows. This also 
explains that the remaining energy of BILP increases 
much faster than the other two solutions. It is because 
BILP deploy RNs without considering the impact of 
network flow.  
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Fig. 5. Normalized remaining energy with different  
number of RNs. 

 
 

In Fig. 6, the energy consumption by RNs in three 
algorithms is compared with simulation steps. The 
energy cost spent by relay nodes per step in RDFMIP 
is much lower than that in BILP, and is about the 
same as that in EERP. Because in BILP algorithm 
relay nodes send their data to the BS via 1-hop or  
2-hop communication, the energy cost is much higher. 
In OERD and EERP, relay nodes are permitted to 
send their data to the BS via multi-hop relay 
communication. By this way a large number of 
energy consumption is decreased in relay nodes. In 
EERP and RDFMIP, the amount of energy 
consumption spent by relay nodes in RDFMIP is 
slighter smaller than that of EERP in each step due to 
its optimization of three–tier network. 
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Fig. 6. Average energy consumption by RNs  
with simulation step. 

4.2. Scalability with Number of SNs 
 
We next investigate how our solution performs 

with different number of SNs. Fig. 7 shows the 
results of the network lifetime with different number 
of SNs. It is clear to see that our RDFMIP scheme 
performs much better than the other solutions. As the 
number of SNs increases, the lifetime of both EERP 
and RDFMIP increase faster and is much higher than 
that of BILP. From the results we can see that the 
lifetime of BILP first increases and then decreases 
slightly. We analyses that the reason may be that the 
energy whole phenomenon [22] becomes more 
serious when the number of SNs increases. The 
energy whole problem can result in a case that the 
RNs close to the BS are depleted while most of other 
RNs still have most of the energy. As the number of 
SNs increases, more traffic will accumulate close to 
the BS. This reduces the lifetime seriously if the 
deployment is not aware of the traffic accumulations 
such as the BILP scheme. On the other hand, EERP 
and our solution successfully solve this problem by 
using algorithms deploying more RNs close to the BS. 
In addition, RDFMIP algorithm performs better than 
EERP since it assigns the RNs to SNs according to 
the network flow and its energy consumption rate. 
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Fig. 7. Normalized network lifetime with different 
number of SNs 

 
 

Fig. 8 shows the results of the total remaining 
energy with different number of SNs. As the number 
of SNs increases, all the three schemes show a 
similar trend and are not very sensitive to the number 
of SNs. As we expected, the RDFMIP solution has 
the lowest remaining energy, which is followed by 
EERP solution. BILP performs worse due to without 
considering the impact of network flow in its relay 
deployment model. 

Fig. 9 compares the average transmission energy 
of RDFMIP scheme to that of the other two schemes. 
As the number of SNs increases, the average 
transmission energy decreases. Compared to the other 
schemes, the additional transmission energy required 
in our scheme decreases significantly as the number 
of SNs increases (see the lower plot in Fig. 9 which 
shows the difference in average transmission energy).  

Fig. 10 plots the variance of the remaining energy 
of the sensors after the lifetime expires. The variance 
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of the remaining energy in RDFMIP scheme is much 
smaller than the other two schemes, which indicates 
that the remaining energy of RDFMIP scheme 
reaches almost uniform distribution. This result 
satisfies the requirement of sensor networks since we 
balance the network flow among the RNs by 
rerouting method. On the other hand, higher variance 
of the other two deployment schemes indicates that 
the remaining energy of the sensors fluctuate 
seriously, which results in low energy efficiency. 
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Fig. 8. Normalized remaining energy with different 
number of SNs. 
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Fig. 9. Comparison of the average transmission energy 
with different number of SNs. 
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Fig. 10. The variance of the remaining energy. 
 
 

We also vary the number of candidate relay 
locations in the networks to show whether it has an 
impact on the computation complexity of RDFMIP. 
As depicted in Fig. 11 for the 3000-SNs networks, 

the run time increases significantly when the number 
of candidate relays increases. 

Fig. 12 shows the normalized lifetime in the 
network with different number of BSs (normalized by 
lifetime of the network deployed by BILP with one 
BS). Results are averaged over 50 simulation runs. 
Simulation results depict that the lifetime increases 
almost linearly as the number of BSs increase. 
Comparing the results when the number of BS is 7, 
we can see that our proposed RDFMIP algorithm can 
increase the lifetime by 100 % and 35 % compared to 
algorithms BILP and EERP, respectively. 

 
 

 0

 100

 200

 300

 400

 500

 300  600  900  1200 1500 1800 2100 2400 2700

R
un

ni
ng

 T
im

e(
s)

Number of Candidate RN Locations

l=5
l=3

 
 

Fig. 11. Running time of RDFMIP with different l. 
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Fig. 12. Lifetime with different number of BSs. 
 
 

5. Conclusions 
 

This paper proposes a novel relay nodes 
deployment algorithm under the constraints of 
network flow and energy level for three tier wireless 
sensor network. We assume that the positions of SNs 
can be predetermined by the sensor placement 
algorithm of the application and the data reporting 
traffic patterns can be estimated too. The problem is 
then to select the optimal locations of RNs together 
with the optimal assignment of senor-relay so that the 
energy consumption of the network can be minimized 
under the energy constraint of relays. In our heuristic 
algorithm that was used, the maximum sensor 
assigned to the minimum number of relays performs 
better in term of the energy consumption with respect 
to network size. The computation complexity of 
RDFMIP is analyzed mathematically and the 
performance is validated through simulation. The 
simulation results have showed its performance 
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advantage compared with traditional algorithms. 
RDFMIP algorithm not only minimizes the energy 
consumption of sensor networks, but also save the 
number of RNs. 
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Abstract: Recent advances in technology have made low cost and low power wireless sensors a reality. Time 
synchronization may play a key role in wireless sensor networks. In this paper, The AORBS (accurate On-
demand Reference Broadcast Synchronization Protocol) mainly made two improvements on the basis of typical 
RBS algorithm. Firstly, the node clock is not synchronized with the natural frequency at all time, and the 
synchronization algorithm will take effect only after an event of interest has happened. Waste is reduced since 
the system avoids performing synchronization at times when it is not necessary. Furthermore the algorithm 
achieves the drift compensation by using Taylor expansion but not the linear regression method, greatly 
reducing the computation cost and improving the synchronization accuracy. As shown in our experimental 
results: the improved algorithm is more efficient and can be applied to a variety of scopes and types of wireless 
sensor networks. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor network, RBS (Reference broadcast synchronization), On-demand, Taylor expand. 
 
 
 
1. Introduction 

 
Wireless Sensor Networks (WSN) are composed 

of a set of planned or ad-hoc deployed sensors that 
are sensitive to their surrounding environments and 
capable of communicating with each other through 
their wireless channels. WSN can be applied in many 
application scenarios [1], such as smart 
environments, inventory management, precision 
agriculture, battlefield surveillance, animal herds 
tracking, and civil infrastructure monitoring. 
Recently, there has been a continuing increase in 
popularity and interest among researchers in Wireless 
sensor networks as the technical foundation of the 

Smart Earth and Internet of Things era. Time 
synchronization is an important supporting 
technology of wireless sensor networks, which 
affects the operation and application of the sensor 
network protocol, such as tag data acquisition time, 
collaborative hibernation, positioning, and data 
fusion. These applications require accurate clock 
synchronization of the node in the network. 

 
 

2. Related Works 
 
Over the last decade, a number of time 

synchronization protocols have been proposed to 
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maintain the clocks in distributed systems [2]. NTP 
[3] has been the standard Internet time protocol 
because of its robustness, scalability, and flexibility. 
Synchronization protocol can be divided into three 
categories in accordance with transmitting-accepting 
model: the first is the sender-to-receiver 
unidirectional synchronization, in which the Flooding 
Time Synchronization Protocol (FTSP) [4] computes 
all delays in the packet transfer time to synchronize 
precisely both sender and receiver using only one 
broadcast and providing a global synchronization. 
The FTSP multi-hop synchronization algorithm 
includes both a leader selection (i.e., root node) and a 
flooding-like algorithm to propagate the timing 
information throughout the network. Multiple 
floorings can also be used to compute the clock drift; 
A similar approach is the Delay Measurement Time 
Synchronization (DMTS) [5], which differs from the 
FTSP on how the packet delay is estimated. Such 
algorithms are flexible, lightweight and energy-
efficient, and they can achieve synchronization of all 
network nodes with high complexity and low 
accuracy. 

The second category synchronization algorithm is 
based on the pair-wise bidirectional interaction, such 
as TPSN [6], Tiny-sync and Mini-sync [7], and the 
basic idea of TPSN is similar to NTP. It first 
organizes WSN into a hierarchical structure. Then 
synchronization algorithms based on two-way 
message exchange are performed along every edge of 
this tree-like structured network by taking the root 
node as the reference node. The implementation of 
TPSN is simple but not lightweight. Every node has 
to synchronize with its parent node by pair-wise 
message transmissions similar to NTP. Therefore, a 
lot of traffic over-heads are introduced into the 
networks.  

The third is based on the receiver - receiver model 
such as RBS (References Broadcast Synchronization) 
[8]. RBS algorithm is a not-so-complicated classic 
time synchronization algorithm, which does not need 
to spend a large storage space, and is able to meet 
most of the time synchronization accuracy 
requirements. This algorithm is firstly proposed by  
J. Elson and K. Romer, at Hot Nets-I International 
Conference in August 2002 and has soon caused 
concerns in the field of sensor network research. 

RBS [8] is derived from Post facto and it also 
keeps the time of neighboring nodes synchronized. 
One node periodically broadcasts to its neighbor 
reference beacons without explicit timestamps. The 
receivers use the beacon arrival time as a reference to 
compare their local clocks by exchanging the beacon 
receiving time. In this way, all the nodes know the 
clock offsets between each other. RBS requires a 
number of packet transmissions in order to exchange 
time information. It consumes a large amount of 
energy and computation power of sensor nodes. 
Moreover, RBS achieves drift compensation by using 
linear regression technique. 

In this paper, we propose an accurate on-demand 
Reference Broadcast Synchronization algorithm, 

abbreviated as AORBS. AORBS uses the same 
method of timestamp acquisition and estimation as 
the traditional RBS, taking the "busy running, idle 
sleeping” model to meet the on-demand reactive 
mechanism. This approach can greatly reduce the 
energy and calculating cost of wireless sensor 
network nodes to extend its life period. And 
moreover we use the Taylor expansion to achieve the 
drift compensation. Compared with the smallest 
linear regression method, it can reduce the spatial 
accumulative effect, save the data space, and improve 
the algorithm accuracy. All of these are shown in our 
simulation and experimental results. 

 
 

3. Systems Model 
 
3.1. Network Model 

 
We assume a sensor network with N sensor nodes 

distributed in a random region. In general there is an 
internal crystal oscillator in any node [9, 10], which 
provides an almost stable vibration frequency to keep 
X's local continuously running. These nodes are 
connected into a distributed topology wireless sensor 
networks. We use a simple undirected graph  
G=(V, E) to represent the distributed wireless sensor 
network. The set of vertices of the graph V={1, 2, …, 
N} represent the net. For any pair nodes (i, j) which 
can send and receive information to each other, we 
called it adjacent nodes. If (i, j)∈E, where E is the set 
of the margins, and (i, j) can represent a margin of the 
net. For any undirected graph, (j, i) ∈E is inevitable 
under the premise (i, j)∈E. An adjacent node of the 
i∈ V can be defined as follows: 

 

0( ) { : ( , ) } ( )x x x xS i j V j i E t a t t Drift t


     
  

(1) 
 
The metric of node i is represented as 

( )id S i
. We define the sequence vector of the 

graph G as 1 2[ ... ]T
nd d d d

. ija
 is the margin 

number from node i to node j. If the node i and node j 

are neighbors, then ija
=1, else ija

 =0, we call 
( )ij N NA a 

 the adjacency matrix of graph A. We 
assume a static topology network and the undirected 
graph G = (V, E) is a connected graph. 

 
 

3.2. Clock Model 
 
Clocks can be out of synchronization in two 

ways: drifting (clock skew-oscillator's frequency 
offset) or shifting (clock offset or phase offset) [9]. In 
the former case, they run at different rates. In the 
latter case, they run at the same rate, but their clock 
readings differ by a constant value—the shift 
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between the two clocks. Synchronizing clocks should 
solve both these two problems.  

The clock rate of sensor node depends on the 
environmental temperature, the supply voltage, 
crystal quartz aging, and the conditions of the node's 
surrounding physical environment [11]. In fact, the 
relationships between node i's clock and tx the 
Coordinated Universal Time (UTC) t matches the 
following function: 

 

0 ( )x x x xt a t t Drift t   , (2) 

 

where xa is the clock skew caused by the natural 

frequency differences between i's oscillator and the 

ideal standard ones and 0xt is the initial time offset. 

( )xDrift t  is the rambled clock drift caused by the 

variations of environmental conditions. If the clock 

of I perfectly followed the UTC time t, xa  would be 

equal to 1 and both 0xt and xDrift  would be zero. 

Fig. 1 shows one case described by Eq.(2). 
 
 

t

tx 

0xt

xa

( )xDrift t  

 
 

Fig. 1. Relationship between local clock and the UTC. 
 
 

In the distributed wireless network, crystal 
oscillator is used to record the local time of each 
node i. The free-running output of the crystal 
oscillator can be represented in a cosine function as 
follows: 

 

( ) cos ( )i iS t t  , (3) 

 
where 
 

( ) (0) 2 / ( ),i i it T t      ( )i t  (4) 

 

( )i t  is the instantaneous phase, iT  is the period of 

the free oscillation, and 0i iT T T   , in which 0T  

is the real period of oscillation, iT  is random 

period deviation, (0)i  represents initial phase, and 

( )t  is random phase noise. 

( ) (0) ( )i i it n t nT v t    (5) 

 

The sequence ( )it n  is defined as the time scale 

of the crystal oscillator, which is a discrete phase, and 

there's ( ( )) 2 , 0,1,2......i it n n n    . Thus we 

can obtain the discrete uncoupled clock model: 
 

( ) (0) ( )i i it n t nT v t    (6) 

 

where (0)it  is the initial phase, iT  is the period of 

the free oscillation, and ( )v t  is the discrete random 

noise. 
The clock synchronization is divided into the 

frequency synchronization and fully synchronization 
(i.e., the frequency and phase are synchronized). 
When the time parameter is large enough, if each 
time node has a common oscillating period T, which 
meets the following conditions: 

 
, , , 1,2...,

( ) ( ), , 1,2,..., , 1,2,1/ 4,

i j

i j

T T T i j i j

t n t n i j j N n

   

   
 (7) 

 
Then these network nodes are considered 

frequency synchronization. If each network node 
clock tick is equal, we can say the network is 
synchronization。 

 
 

3.3. Model of Packet Delay 
 
Another biggest enemy of precise time 

synchronization of sensor network is non-
determinism [8] .We decomposes the packet delay 
into the following 6 components as shown in Fig. 2.  

 
 

 
 

Fig. 2. Components of packet delay. 
 
 
Send time: the delay which is spent in assembling 

a packet and delivering the packet to MAC layer in 
sender. It depends on the system call overhead of the 
operation system and the load of processor. It is 
nondeterministic.  

Access time: the delay incurred by waiting for 
access to the wireless channel. It is the least 
deterministic part of packet delay.  
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Transmission time: the delay it takes for sender to 
transmit the packet bit by bit at the physical layer. It 
depends on the length of the packet and the 
transmission baud rate.  

Propagation time: the delay it takes for one binary 
bit in packet to travel the wireless link from sender to 
receiver. It is deterministic and depends on the 
distance between the sender and the receiver.  

Reception time: the delay it takes for the receiver 
to receive the packet. Similar to transmission time, it 
depends on the length of packet and the transmission 
baud rate. It may partly overlay with transmission 
time.  

Receive time: the delay of processing the 
incoming packet and delivering it to the application 
layer in receiver. Its character is similar to that of 
send time.  

 

4. Accurate On-demand References 
Broadcast Algorithm  
 
For convenience, we first introduce some terms 

and assumptions used throughout this paper. A 
sequence of nodes A1,..., An, is called a path from A1 

to An if Ai−1 is in the communication range of Ai for 
each 1 <i ≤n. A network is called connected if there 
is a path connecting every pair of nodes. For a given 
inter-node, we call the difference between the time of 
the event about to be sent by the inter-node and the 
time of the event about to be received by the inter-
node as the residence time of the event in the inter-

node. ,i kT  denotes the time of node i for receiving 

the k-th message. 
 
 

4.1. AORBS Principle 
 
As it is consumed in the last section, the network 

is clustered such that all the nodes in the same cluster 
can communicate with each other directly and with 
cluster heads. The execution of the algorithm is 
shown in Fig. 3. 

 
 

2A

1A

3A

2,0T

3,0T
3,1T

2,1T

1,2T 1,3T
1,0T  

 
Fig. 3. The Fundamental Principle of AORBS. 

 
 

AORBS's execution sequences are listed as 
follows: 

1) Node A1 gets the event timestamp from local 
time and broadcasts it to all nodes in the cluster; 

2) Ai marks the arrival time of beacon packet in 
its own MAC layer, and calculates its residence time, 
and these two sums up to the node Ai's local time; 

3) Calculate the local clock time of Ai and Ai -1, 
and then send the clock offset back to node A1; 

4) The sink node A1 counts the average of all the 
clock offset; 

5) The sink node A1 collaborates all of the drift by 
Taylor Expansion to obtain the Offset coefficient; 

6) When events reach the sink node, the node 
executes the same sequence of step 2; 

7) The sink node estimates the global time by 
adjusting the drift coefficient and statistics clock 
offset to synchronization. 

We record two timestamps at both the sender and 
receiver sides when the message is being transmitted, 
as the method used in [12, 13].Therefore, during the 
synchronization process using AORBS, a 
participating node will collect either four or two 
timestamps. Each inter-node I will collect four 

timestamps ,i kT (k=1,2,3,4) successively. The first 

two timestamps ,i kT (k=1,2) are collected during the 

phase when I receives the synchronization packet 
from its child node (prior node), while the last two 

timestamps ,i kT (k=3,4) are collected in the phase 

when I sends the synchronization packet to its parent 
node (successor node). Since the event source A0 
does not experience the phase of receiving the 
synchronization packet, it only collects two 

timestamps ,i kT (k=3,4). Similarly, as the sink node 

An does not experience the phase of sending the 
synchronization packet, it only collects two 

timestamps ,i kT (k=1,2). 

Let An be the sink node, and A0 be the event 
source. Since the network forms a breadth-first 
search tree whose root is the sink node, there exists a 
unique sequence of nodes A=A0, A1,……Ai=A0, such 
that for every 0<i ≤n, Ai is the parent node of Ai-1. 

For simplicity, we use ,i kT (k=1,2,3,4) to denote 

,iA kT (k=1,2,3,4) for every 0<i <n; Moreover, let 

, ,( )i k i i kT C T  for every 0 <i <n and 1≤k≤4; 

let 0, 0 0,( )k kT C T  for k=3 and 4; and let 

, ,( )n k n n kT C T  for k =1 and 2. Next we describe 

the procedure in which A0 is synchronized to An by 
using AORBS. 

As soon as A0 detects an event of interest, it first 
uses its own clock to timestamp the event, and then 
prepares to transfer a synchronization packet M0 to 
other members in the cluster as described above. 
Before A0 is about to send M0, it obtains its own 
clock value T0,3 through the MAC layer, and uses 

0,4 0,3T T  to fill in M0·eta, where 0,0 0 0( )T C t  is 
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the timestamp of the event. Before A1 is about to 

receive M0, it obtains its own clock value 1,1T  

through the MAC layer. When A0 finishes sending 
the last bit of M0·eta, it obtains its own clock 

value 0,4T  through the MAC layer, and uses 

0,4 0,3T T  to fill in M0·eta. 

Once A1 finishes receiving the last bit of M0· eta, 

it obtains its own clock value 1,2T  through the MAC 

layer. For every 0 <i <n, the part of the 
synchronization procedure related to Ai is as shown 
in Fig. 3. Although Ai at the MAC layer obtains 

timestamps 1,iT and 2,iT , it can only obtain the entire 

synchronization packet Mi−1 at the application layer. 
Once Ai receives the entire synchronization packet 
Mi−1 from Ai-1, it obtains a synchronization triple 

0,4 0,3 1, 2,( , , )i iT T T T  as Mi−1 · tt = 0,4 0,3T T . Let 

δ= 1, 0,3iT T . Then the event arrives at Ai from A0 

after i  delay. The problem of synchronization 

between Ai and A0 can be reduced to finding the time 

transformation function  i 0f  such that 

C 0 i  i 0 1,C ( ) ( ( )),i it f C t t t     . In theory 

 i 0f   can be constructed from the following 

parametric equation system: 
 

0

( ) 1
( ){ ,i

i

x c t
y C t it t

      (8) 

 

Since ( )ix C t  is a strictly increasing function 

of t, 1( )it C x , therefore, 1
0 ( ( ) )i iy C C x   , 

that is, 1
0 0( ) ( ( ) )i i if x C C x 

   . By the 

parametric equation system (8) and the derivative 
formula for the function defined by it, 

 
'

10
0 '( )

( )
,

( )i

i
i ix C t

i

C t
f t t

C t


 

      (9) 

 
It is very reasonable from Eq.(9) and Eq.(11) to 

use the above 0if 
  to approximate 0if  . Before An 

is about to receive the last synchronization packet, 

where 1i iM tt M tt   , it obtains its own clock 

value ,3nT  through the MAC layer, and uses 

1i iM eta     to fill in iM eta  where 

0 ,3 0 ,1( ) ( )i i n i nf T f T     I, that is, 

 

0,4 0,3
,3

,2 ,0

( ,1 )i i i
i i

T T
T T

T T


   


 (10) 

Since i  is approximately the time (In the local 

time of A0) which elapsed from the event occurrence 
at physical time t0 to the event arrival at An at 

physical time ,1nt , 0 ,1 0 0( ) ( )nC t C t  . Hence 

we can say that every node in the synchronization 
procedure using AORBS has finished by using  
3 arithmetic operations only.  

 
 

4.2. Drift Compensation Using  
Taylor Expansion 

 
To avoid frequent resynchronization, many 

synchronization algorithms adopt drift compensation 
techniques, i.e. they estimate the ratio between the 
clock speed of the node to be synchronized and that 
of the reference node and then use this estimated 
value to compensate the synchronizing clock reading 
[14]. AORBS uses Taylor expansion to implement 
drift compensation. Next we show that drift 
compensation achieved by using Taylor expansion 
has better accuracy than drift compensation achieved 
by using linear regression, which is the most common 
technique used by current time synchronization 
algorithms. 

Let ( )f t  be the clock function of a node. The 

best uniform linear approximation of f on an 

interval  ,a b  is defined as a linear function 1( )p x  

such that for any linear function p(x), 

1max ( ) ( ) max ( ) ( )a x b a x bp x f x p x f x      . 

Chebyshev proved that the best uniform linear 
approximation exists and is unique [16]. From this 
definition, it is clear that the best uniform linear 
approximation is better than other linear 
approximations. Using Theorem 4.8 (the oscillating 
theorem) in [14], we can prove that the best uniform 

linear approximation of f on the interval  ,a b  is 

 

1

( ) ( ) ( ) ( )
( ) ( )

2 2

f a f f b f a a
p x x

b a

   
   


 (11) 

 
where a b  , such that 

( ) ( )
'( )

f b f a
f

b a
 




. Calculating the drift 

compensation on the interval  ,a b  by using Taylor 

expansion is equal to using the line segment 

1

( ) ( )
p̂ ( ) ( ) ( )

f b f a
x f a x a

b a


   


 as 

substitute for the clock curve and using the slope of 
this line segment as the estimated value of the clock 
frequency. It can be easily seen that the line segment 

1p̂ obtained by the Taylor expansion drift 

compensation on the interval  ,a b  and the best 
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uniform linear approximation p 1 on the 

interval  ,a b  are in parallel, and the distance 

between them is very small. Suppose that at physical 

times 1 2 1n na x x x b x     …  the values 

of the clock f  are 1y … ny  respectively. Doing the 

drift compensation on the interval  ,a b  by using 

linear regression is equal to using the following line 
segment 
 

1 1 1
1

2 21 1

1 1

1 1
( ) ( )

( )

n n n

i i i in n
i i i

i in n
i i

i i
i i

n x y x y
p x y x x

n nn x x

  

 

 


   



  
 

 
 

 (12)  
 
as substitute for the clock curve and using the 

slope of this line segment as the estimated value of 
the clock frequency. The probability of 
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is very small because (2 1)ix i n    has 

randomness. Since Taylor expansion drift 
compensation uses the slope of the best uniform 
linear approximation as the estimated value for the 
clock frequency, while linear regression drift 
compensation generally does not, the effect of the 
drift compensation achieved by using Taylor 
expansion is better than that of the drift compensation 
achieved by using linear regression.  

 
 

4.3. Computational Complexity and Spatial 
Accumulative Effect 

 
Time synchronization is typically based on one or 

several packet exchanges containing the timestamp 

[15]. For a given event, the communication cost of an 
on-demand time synchronization algorithm to 
transform the timestamp of the event from the local 
time of the source of the event to the local time of the 
sink node (we call it the communication cost of the 
algorithm with regard to the event, for short), is 
defined as the total number of the packet exchanges 
during the transformation process.  

Let E be an event, and A be the source of E. Let n 
be the hop distance from event source A to the sink 
node. Therefore there exists a path with length n 

0 1, ..., nA A A , such that 0A A , and nA is the sink 

node. In order to convert the timestamp of event E 
from the local time of event source A to the local 
time of the sink node by an on-demand 

synchronization algorithm, in fact we must first use 
the algorithm to complete the time synchronization 
between event source A and the sink node. To 
achieve the synchronization between them, there 
must exist at least one synchronization packet that 
starts from event source A, after n packet exchanges 
and reaches the sink node or vice versa. Hence, the 
communication cost of the algorithm regarding event 
E is at least n. Therefore, it is straight forward to see 
that, for a given event, the communication cost of any 
on-demand time synchronization algorithm regarding 
the event is greater than or equal to the hop distance 
between the source of the event and the sink node. 
We will see from the description about AORBS that 
the communication cost of AORBS regarding any 
event is equal to the hop distance between the source 
of the event and th0mmunication is a primary source 
of energy consumption in WSN. Even though the 
communication cost of an on-demand 
synchronization algorithm regarding an event is a 
function of the hop distance between the source of 
the event and the sink node, sometimes we only 
mention the communication costs of algorithms 
regardless of any events. When in our experiments 
we compare the communication cost of two different 
on-demand synchronization algorithms, we always 
base the comparisons on the same event, although we 
do not mention this explicitly. 

It is not difficult to see that the computational 
complexity of the first-order Taylor expansion whose 
monomial coefficient is replaced with the ratio of the 
increment of the function to the increment of the 
argument is 6 arithmetic operations. By the formula 
in [11], performing a linear regression requires 6N+9 
arithmetic operations, where N(≥2) is the number of 
data points used in the linear regression. Hence, the 
computational complexity of any on-demand 
synchronization algorithm which achieves drift 
compensation by using linear regression technique is 
N+1 times greater than that of any algorithm which 
achieves drift compensation by using the first-order 
Taylor expansion technique. Since all existing on-
demand synchronization algorithms which achieve 
drift compensation use linear regression and our 
algorithm AORBS achieves drift compensation by 
using the first-order Taylor expansion, the 
computational complexity of any existing on-demand 
synchronization algorithm which achieves drift 
compensation is N+1 times greater than that of 
AORBS. Because the computational complexity of 
AORBS is only 6 arithmetic operations, it has very 
low computational complexity, which is an important 
requirement considering the constrained processing 
power of WSN nodes. 

For on-demand synchronization algorithms with a 
strong spatial accumulative effect using linear 
regression to achieve drift compensation, if the 
absolute value of the error in step one is ε, then the 
error in step two is approximately ε2, and in step 
three the error is approximately ε3. For on-demand 
synchronization algorithms without a strong spatial 
accumulative effect using Taylor expansion to 
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achieve drift compensation, if the absolute value of 
the error in step one is η, then the error in step two is 
approximately 2η, and in step three the error is 
approximately 3η. Hence, the error in step n is O(nη). 
Although in the case of on-demand synchronization η 
is much smaller than ε, in large-scale networks the 
accuracy of algorithms that use Taylor expansion to 
achieve drift compensation and have a strong spatial 
accumulative effect is much lower than that of 
algorithms that use linear regression to achieve drift 
compensation.  

 
 

5. Error Analysis 
 

The estimated time of the RBS algorithm can be 
divided into two parts, receiving estimated time of 
the node and system clock error estimates. The node 

receiving estimated time iT  is the average 

differences of numbers of receiving message 

time , ( , )i jT T i n j n  . Two nodes receiving 

differences message time error id i n   can be 

calculated by: 
 

  , ,
1

1
, ; , ( )

m

i i j i k
k

i n j n T offset i j T T
m 

       , 

(13) 
 
where n represents the n-th node, and m represents 
the m-th message. The system clock error for the 
node can be found by Taylor Expansion as follows: 
 

, , ,, ; ( ) ( )i j k i k i ki n j n d T T a bT        (14) 

 
Through the above analysis, the receiving time of 

the k-th message of each node ,i kT  play the decisive 

role. Let's assume 1,kT  as the time of node 1 for 

correctly receiving the k-th message, 1,kT  as the time 

of node 1 for receiving the k-th message after the 

error happened, the difference of 1,kT  and 1,kT  is 

constant 1,kd . Similarly, the receiving time of the k-

th message of node 2 is 2,kT , 2,kT  is the time of  

node 1 for receiving the k-th message after the error 

happened, and the difference of 2,kT  and 2,kT   is a 

constant 2,kd . By formula (2), we can work out the 

error of receiving time difference   between the two 
cases of errors and error-free, which can be shown as 
follows: 

 

, , 2, 1,
1

1
( )

m

i k i k k k
k

T T d d
m




      (15) 

6. Performed Experiments 
 

To evaluate the performance of the proposed 
algorithms we implemented and tested them on two 
sets of data points. Since a wireless sensor network 
was not available, we used an 802.11b multi-hop ad-
hoc network. It is expected that wireless sensor 
networks will exhibit similar delay patterns as the 
ones encountered in this ad-hoc network. To mimic 
the data traffic in the wireless sensor network, we 
used background traffic in the ad-hoc network as 
well. For the first set of data points the two 
computers to be synchronized were neighbors (i.e. 
one hop away). For the second data set, the 
computers were five hops away. For both 
experiments a message probe was sent once a second 
for about 83 minutes thus resulting in almost  
5000 data-point samples for each experiment. Each 
experiment was repeated 32 times to increase the 
confidence in the results. The statistics of the 
collected data-points are presented in Table 1. We 
will analyze the synchronization error of AORBS 
compared to three reprehensive time synchronization 
algorithms, namely TPSN [6], FTSP [4] and 
traditional RBS [8]. 

 
 

Table 1. Statistics of the data-points collected  
for the one hop and the five hops experiments. 

 

 Min 
(ms) 

Max 
(ms) 

Ave. 
(ms) 

Std. Dev. 
(ms) 

One 
hop 

3.0401 24.217 3.366 1.112 

Five 
hops 

16.073 177.744 31.540 12.874 

 
 
In our first experiment, we observe  

32 synchronization processes in which D always 
takes value 1 and N takes values 1–8. We 

use , ( 1, 2,3,4; 1,...,8)i jX i j   to represent the 

average absolute errors of these synchronization 
processes, where i corresponds to one of the 
evaluated algorithms, and j corresponds to one of the 
8 values of N. Since the clock frequency of every 

node is random, each ,i jX  is a random variable. We 

use E( ,i jX ) to denote the mean of ,i jX , and use  

I ( ,i jX ) to denote the 95 % confidence intervals. We 

repeat this experiment 30 times. We use 

,

( ) ( 1,...,30)
i j

kX k   to represent the k-th sample 

value of ,i jX , According to probability theory, we 

know that 
 

,

30 ( )
, 1

1
( )

30 i j

k
i j k

E x X


   (16) 

 

and  
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, , , , ,( ) [ ( ) , ( ) ]i j i j i j i j i jI x E x y E x y    (17) 

 
where 
 

,

30 ( ) 2 2
i,j ,1

2.045 1
y ( ( ) 30 ( ) )

2930 i j

k
i jk

X E x


      (18) 

 
The average absolute errors considering a 95 % 

confidence interval for each algorithm are drawn in 
Table 2. The elements of the AORBS row are I (X1,j), 
j =1, ... , 8, and the other rows have a similar 
meaning. We draw the average absolute errors for 
each algorithm in Fig.4. 

The points on the ‘AORBS’ curve are  
(1, E(X1, 1)) ~ (8, E(X1, 8)), where  (i, E(X1, i)) I is 
a point with horizontal coordinate i and vertical 
coordinate E(X1, i) for every 1 ≤ i ≤ 8, and the other 
curves have similar meaning.  

When N =1, both TPSN and FTSP become linear. 
Since the accuracy of TPSN is low, the accuracy of 
both TPSN and FTSP is lower than that of RBS when 

N=1. Because both AORBS and TPSN do not require 
performing linear regression, their accuracy does not 
change obviously as N grows. When N=1, FTSP uses 
TPSN to synchronize the event source to the sink 
node after they exchange two synchronization 
packets, while FTSP uses TPSN to synchronize the 
event source to the sink node immediately after the 
event occurred. 

We only list the experiments analysis in multi-
hops in the paper. From Fig. 4 we can say that the 
accuracy of TPSN is more than 10 times higher than 
that of FTSP. The biggest shortcoming of FTSP is its 
unsuitability in a multi-hop scenario. Since the 
elapsed time for synchronization is usually short, 
Taylor expansion has obvious advantage in 
comparison to linear regression in terms of accuracy. 
Because AORBS achieves drift compensation by 
Taylor expansion, while others use linear regression, 
thus the accuracy of AORBS is higher than that of 
them. From Fig. 4 we can say that the accuracy of 
AORBS is about 10 times higher than that of 
traditional RBS. 

 
 

 
 

Fig. 4. Error analysis of four algorithms in multi-hops. 
 
 

Table 2. Average absolute errors of experiment. 
 

D 
Algorithm 

1 2 3 4 5 6 7 8 
AORBS [0.22, 0.41] [0.52.0.81] [0.90, 0.94] [0.69, 0.99] [0.95, 0.99] [0.46, 0.86] [0.66, 0.89] [0.34, 0.75] 
TPSN [1.67, 2.93] [1.71, 2.88] [1.76, 3.1] [1.53, 2.75] [1.75, 2.97] [1.81, 3.09] [1.67, 3.22] [1.7, 3.01] 
FTSP [2.72, 4.78] [1.05, 1.76] [1.14, 2.01] [1.0, 1.8] [1.12, 1.93] [1.16, 2.01] [1.08, 2.1] [1.1, 1.96] 
TRBS [5.88, 12.02] [0.28, 0.63] [0.15, 0.31] [0.09, 0.18] [0.1, 0.16] [0.13, 0.24] [0.09, 0.16] [0.14, 0.22] 

 
 

7. Conclusion 
 

A light-weight synchronization algorithm is 
presented. The proposed algorithm is able to produce 
tight, and deterministic synchronization with only 
few message exchanges. While the algorithm is 
suitable for any type of network, it is especially 
useful in wireless sensor networks which are 
typically extremely constrained on the available 
computational power and bandwidth and have some 

of the most exotic needs for high precision 
synchronization. The performance of the presented 
algorithms is verified with an experimental test bed. 
The experimental results match closely the 
theoretical expectations. The algorithm is presented 
and its performance is compared using real delay 
traces collected from a wireless ad-hoc network with 
other algorithms. The experimental results show that 
the most effective of the four algorithms produces 
results very close to the optimum (within 0.1 %) and 
thus is more preferable. 
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Abstract: The Distributed Video Coding (DVC) which has the feature of simple encoding and complex 
decoding can solve the problems that occur when Wireless Sensor Networks (WSN) nodes process and 
compress information in the resource-constrained conditions. Transitional Wyner-Ziv distributed video coding 
scheme adopting regional unified coding, may lead to the distortion problem of decoding estimation of the 
intense motion region. Aiming at the limitation of conventional Wyner-Ziv distributed video coding, an 
improved Wyner-Ziv distributed video coding algorithm which based on region of interest (ROI) extraction is 
proposed in this paper. The improved algorithm extracts the regions of the Wyner-Ziv frame which are intense 
motion area and cannot coding and decoding accurately, then compresses based on entropy coding. Simulation 
results show that the proposed algorithm can reduce the rate and improve the quality of decoded image, at the 
same time decrease the energy consumption of sensor nodes. Copyright © 2013 IFSA. 
 
Keywords: Wireless sensor networks (WSN), Distributed video coding (DVC), Wyner-Ziv, Region of interest 
(ROI), Entropy coding. 
 
 
 
1. Introduction 
 

As the rapid development of wireless 
communication technology and the Interact, it is 
possible for real-time accessing to multimedia data, 
especially information-rich high-resolution video 
data. However, in wireless of networks, due to sensor 
network resources by the nodes, the transmission 
bandwidth constraints for the network video coding 
algorithm must be simple and easy to achieve, coding 
efficiency, but also strong anti-error capacity [1]. 
Nowadays, many typical Video Compression Coding 
Standards (like MPEG-X, H.26X) adopt motion 

compensation on the encoder side. So the complexity 
of Encoder is 5 to 10 times then the Decoder that 
can't meet the demand of Wireless Multimedia 
Sensor Networks which not only have a limited 
network resource but also the low complexity and 
low power consumption node [2]. In response to 
these requirements, distributed video coding (DVC) 
has been considered as an approach to shift the 
computational burden of the encoder to the decoder. 
Since the Distributed Video Coding adopt intra-frame 
encode and Inter-frame decode, and excavate the 
dependence of video sequence on the Decoder, so the 
complexity of Encoder is lower and make the 
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Encoder brief. The distributed video coding is very 
applicable to solve the video coding issues on the 
Wireless Multimedia Sensor Networks [3]. 

Distributed video coding (DVC) driven by 
emerging requirements in several applications, has 
sparkled much research interest in recent years. 
Distributed video coding (DVC) shifts the 
computation complexity from the encoder to the 
decoder. Therefore, the correlation between the 
frames is not exploited anymore at the encoder but 
only at the decoder.  

DVC is based on two results of information 
theory appeared in the 70’s [4]: the Slepian-Wolf 
theorem[5] for distributed lossless compression, and 
the Wyner-Ziv theorem [6] for the lossy compression 
of a signal X with receiver side information Y, a 
correlated signal of signal X. The latter theorem is 
the driving force for many practical DVC schemes, 
the so-called Wyner–Ziv (WZ) video encode. 

In many Wyner–Ziv DVC implementations  
[7-10], a video sequence is divided into two 
interleaving sub-sequences: key frames and Wyner–
Ziv (WZ) frames. The encoder uses intra-coding to 
encode the key frames while the decoder uses the 
reconstructed key frames to predict the WZ frames. 
The predictors of WZ frames are called side 
information (SI). SI prediction errors are then 
corrected by channel codes [11] to reconstruct the 
WZ frames. SI prediction, Slepian-Wolf encodes, and 
WZ reconstruction are the most critical components 
in a DVC codec. 

In [8, 12, 13], the turbo-based or LDPC-based 
encoding has been presented. This coding scheme 
treats all regions of the Wyner-Ziv frames equally. 
However, it can’t accurately predict regions of drastic 
motions as well as edges of moving objects, with 
using the motion estimation technology. And, the 
decoding process would ask the encoder for a large 
amount of feedback information. In this way, not 
only the code rate would be increased but parts of the 
decoded images may still be not precisely enough.  

Transitional scheme adopting regional unified 
coding, may lead to the distortion problem of 
decoding estimation of the intense motion region. In 

this paper, in order to overcome the limitation of 
conventional Wyner-Ziv distributed video coding, an 
improved Wyner-Ziv distributed video coding 
algorithm which based on region of interest (ROI) 
extraction is proposed. The improved algorithm 
extracts the regions of the Wyner-Ziv frame which 
are intense motion area and cannot coding and 
decoding accurately according to the criteria of 
region of interest, then compresses based on entropy 
coding. However, other regions which are encoding 
and decoding based on LDPC. 

The paper is organized as follows. Section 2 
describes the architecture of the Wyner-Ziv video 
coding system being used. In Section 3, an improved 
Wyner-Ziv distributed video coding algorithm is 
presented .Experimental results are presented and 
discussed in Section 4. Finally, Section 5 concludes 
the paper. 

 
 

2. The Wyner–Ziv Video Coding 
Architecture 
 
The Wyner–Ziv video codec is divide into (pixel 

domain Wyner–Ziv) and TDWZ (transform domain 
Wyner–Ziv).  

The WZ codec discussed in this paper based on the 
transform domain coding with feedback channel.  
Fig. 1 illustrates the WZ video coding architecture. In 
a short, the adopted WZ codec works as follows: 
first, a video sequence is divided into key frames and 
WZ frames. The key frames are coded using the 
H.264/AVC Intra coding scheme while WZ frames 
are coded by applying a 4×4 H.264/AVC integer 
discrete cosine transform (DCT), followed by the 
construction of the DCT coefficients bands, which 
represent the DCT coefficients of the entire frame at 
the same position within the 4×4 blocks. Then, each 
DCT band is uniformly quantized, and bit planes are 
formed and sent to the turbo encoder which generates 
the corresponding parity sequences. Only the parity 
bits are stored in the buffer, punctured and 
transmitted in small amounts upon decoder request 
via the feedback channel. 

 
 

 
 

Fig. 1. The Wyner–Ziv video coding architecture. 
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Distributed video coding (DVC) makes the 
decoding videos improved greatly, and meanwhile, it 
can obtain high compression efficiency. However, 
neither pixel-domain-based nor transform-domain-
based DVC plans can avoid the weakness in 
decoding motion videos, which would often cause 
serious double images or ghost images after they 
have been decoded. Later, some researchers proposed 
in their literatures the spatial smoothing processing, 
which helped to enhance the quality of motion video 
decoding. Yet, some drastic motions still can’t be 
well treated, and these drastic motions are exactly the 
root causes of video problems. The estimation 
algorithm, used in for decoding by a DVC system, 
will not generate correct motion information because 
the motion amplitude may go beyond its prediction 
range, and thus decoding errors would appear. 

 
 

3. The Improved DVC System Encoding 
and Decoding Scheme 
 
In Wyner-Ziv video encoding, the video frames 

are generally divided into two types: key frame (K-
frame) and Wyner-Ziv frame (WZ-frame), where, the 
K-frame is usually encoded by the conventional 
H.264, while the WZ-frame is encoded by Wyner-
Ziv. At decoder side, WZ-frame uses check codes 
and the matched side information that sent from the 
decoder to make reconstruction. Here, the side 
information is a prediction to Wyner-Ziv frames. 
With strongly related to the Wyner-Ziv frames, these 
side information are obtained from neighboring 
frames, and can help decoder to decode the Wyner-
Ziv frames. For encoding a Wyner-Ziv video, the 

motion estimation technology at the decoder side is 
to predict the motion vector in accordance with the 
relevance between frames. A weak relevance 
between side information of the decoder and Wyner-
Ziv frames will lead to an inaccurate estimation, 
which hence affect the efficiency of decoding. In this 
paper, regions of drastic motions and edges of 
moving objects are extracted as ROI (regions of 
interest). Besides, entropy coding is employed to 
improve the encoding efficiency and the quality of 
decoded images. 
 
 
3.1. The Improved DVC System Encoding 

and Decoding Framework 
 

In the encoding and decoding framework, as 
shown in Fig. 2, the video stream that needs to be 
encoded is divided into K-frames, which are encoded 
by conventional method, and WZ-frames, which are 
encoded and decoded by a combination of LDPC and 
entropy. At encoder side, H.264/AVC encoding plan 
is employed for K-frames, while WZ-frames are 
encoded by ROI partition algorithm based on motion 
features: using ROI judging criteria to divide the 
micro-block into ROI micro-blocks, which take the 
entropy for encoding and decoding, and Non-ROI 
micro-blocks, which take LDPC for encoding and 
decoding. At decoder side, use the entropy to decode 
ROI micro-blocks, and use LDPC to decode Non-
ROI micro-blocks. After finishing the decoding, the 
decoded data should be treated with IDCT (Inverse 
Discrete Cosine Transform) and Inverse Quantization 
to reconstruct the image and complete the video 
compression. 

 
 

 
 

Fig. 2. The improved DVC system encoding and decoding framework. 
 
 

3.2. Extraction of Regions of Interest (ROI) 
 

In a traditional ROI model, the original gray or 
color images will be firstly extracted as feature 
distribution, for example, color brightness 
information along edge directions. Specifically, it is 

to extract the ROI eyes according to spatial 
distribution of each feature, and then integrate the 
ROIs of all extracted features to get the final ROI. In 
proposed algorithm, taking micro-blocks as the basic 
unit, calculates the motions of each micro-block to 
determine whether it belongs to the ROI motion 
region or not. 
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In this improved algorithm, the ROI extraction is 
implemented mainly by using the motion information 
of micro-blocks, and the regions of eyes visual 
system that commonly moves fast has also been paid 
close attention to. Motions of micro-blocks here are 
described by defining the motion factor m (i, j): 

 

 (1) 

 

 (2) 

 

, (3) 
 

where, ( i , j) is the position of current micro-block , 
mx ( i , j) and m y( i , j) expresses the horizontal 
direction motion factor and vertical direction motion 
factor of the micro-block; V x ( i , j) and V y ( i , j) 
represents the horizontal direction motion velocity 
and vertical direction motion velocity of the micro-
block; and V x, max ( i , j ) and V y, max ( i , j ) is 
the maximum value along V x ( i , j) and V y ( i , j), 
respectively. 

In this paper, we use an approach that based on 
absolute threshold to determine whether a micro-
block belongs to the ROI motion region. After 
obtaining the motion factor m(i, j) by calculating 
formula (3), we take ROI micro-blocks judging 
criteria to compare the factor m(i, j) with the 
threshold th (i, j) and make judgment by setting a 
threshold. If m(i, j) ≥ th (i, j), it means the micro-
block belongs to ROI, otherwise it not belongs to 
ROI. Once the ROI micro-blocks have been judged, 
different micro-blocks shall be encoded by different 
ways, i.e. use the entropy to encode ROI micro-
blocks, and use LDPC to encode Non-ROI micro-
blocks. The value of threshold shall be manually set 
in accordance with different features of the video 
image. Generally, a best efficiency would be got 
when the ROI occupies 20 % of the whole video 
frames. 
 
 

4. Experimental Results and Analysis 
 
Assume that the sensor nodes have already 

collected video data that will be compressed and 
encoded in the experiment. The simulation is 
conducted on Matlab platform, which includes 
quantizer, DCT module, ROI extraction module, 
encoder, side information generator, decoder, and 
reconstruction module. 

In this experiment, Wyner-Ziv frames are 
encoded and decoded by a combination of LDPC and 
entropy, in which, the check matrix of LDPC codes is 
generated by PEG method. Through the adjustment 
to different quantitative coefficients, different code 
rates can be outputted to obtain different compression 
rates. Meanwhile, key frames are encoded by using 
JPEG, and the encoding sequence is “K-W-K-W”, 
i.e. K-frames and WZ frames are encoded alternately. 

This experiment takes two standard video sequences: 
Akiyo and Foreman, with image format is QCIF 
(176×144) and the encoding rate is 100 frames  
(30 fps). Further, comparisons have been made 
between the ROI partition-based algorithm, Wyner-
Ziv encoding algorithm, H.264/AVC algorithm and 
the conventional JPEG algorithm. 

 
 

 
 

(a) Akiyo 
 
 

 
 

(b) Foreman 
 

Fig. 3. The simulation results of improved DVC system. 
 
 
Fig. 4 (a) and (b) shows, respectively, the 

decoded images corresponding to the 25th frames of 
Akiyo that encoded by using the conventional LDPC 
and by using the proposed algorithm of this paper. It 
can be seen that, the improved ROI algorithm 
proposed in this paper has a better visual effect when 
compared to the LDPC encoding algorithm. Besides, 
the proposed ROI algorithm not only won’t increase 
extra consumption at encoder side, but also can 
compensate the motions at decoder side and make 
full use of redundant information of the frames, and 
thus obtaining a better rate-distortion performance. 
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(a) Traditional LDPC. 
 

 
 

(b) Proposed algorithm. 
 

Fig. 4. The decoded frame of Akiyo based on traditional 
LDPC and proposed algorithm. 

 
 
5. Conclusions 
 

This paper presents, on the ground of the Wyner-
Ziv video encoding, a distributed video coding 
(DVC) plan that based on ROI motion regions which 
are extracted at the encoder side to use the entropy to 
encode those regions that can not be accurately 
predict by motion estimation. Next, apply entropy 
encoding for the ROI motion regions to protect these 
areas, so as to improve the quality of video decoding. 
Such method enriches Wyner-Ziv DVC’s theoretical 
system. DVC has such features as high compression 
efficiency, strong robustness, simple encoding, 
complex decoding, easy for classification and 
multiple description. Therefore, it is ideal for WMSN 
(Wireless Multimedia Sensor Networks) which is of 
low power consumption, small storage and limited 
computation capability. Effectiveness of the proposed 

algorithm can be verified by experimental results. For 
later works, we should take into consideration how to 
self-adaptively adjust the threshold in line with image 
features to further improve the quality of the  
decoded image. 
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Abstract: To improve the racking accuracy for wireless sensor networks and solve the problem of network 
overhead, reduce the energy consumption of nodes, analyzed existing localization and tracking algorithms, 
ensure that one of the core technology for wireless sensor network performance. In this paper, based on the 
existing localization and tracking mechanisms, the sensor node localization and target tracking application 
technology in WSN were analyzed from the views of improving precision, prolonging the network life based on 
the Rang-free theory, coordination theory, particle filter and other computing methods. Combining sensor 
activation algorithm and dynamic clustering algorithm, a parallel extended particle filter algorithm was proposed 
for target tracking. Considering Internet of Things target tracking, specific regions of applications such as 
intrusion detection, a localization and tracking prototype system based on WSN was built. For the localization 
problem in WSN, the localization algorithm based on mobile beacon was designed and implemented. And 
combined with target tracking collaborative algorithm, construct a prototype system for target tracking, which 
can lay the foundation for further application of localization and tracking technology in WSN.  
Copyright © 2013 IFSA. 
 
Keywords: Target tracking, Wireless sensor network, Internet of things, Localization, Particle filter.  
 
 
 
1. Introduction 
 

Wireless sensor networks (WSNs) as a new 
information acquisition and processing technology, 
positioning in areas relevant to a wide range of 
applications in environmental monitoring, target 
tracking, intelligent transportation, and intrusion 
detection [1]. In these applications, access to 
monitoring information often need to know the 
location information of sensor nodes in WSNs, 
otherwise, the collected data is meaningless or 
invalid [2]. Gets the sensor node location 
information is very important, for example, only bind 
the location information of the monitoring data 
position to elaborate on what happened in what 

position event, in order to achieve the goal of 
localization and tracking [3]; Another example, 
access to the sensor nodes position distribution can 
improve the efficiency of network routing, in order 
to achieve the load balancing of the network [4] and 
the network topology auto-configuration [5], to 
improve the quality of the coverage of the entire 
network [6], can also network namespace [7]. 
Therefore, scientific and effective positioning 
algorithm design is one of the key technologies in 
WSNs. 

Usually, WSNs positioning method is the most 
simple is loaded with the global positioning system 
(GPS) receiver for each node, to determine the 
location of the node. However, due to the cost, 
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energy of nodes and GPS has certain requirements 
for the deployment of environmental constraints, not 
actually may load the GPS receiver to all nodes. 
Therefore, WSNs generally only a few nodes by 
loading the GPS or pre-deployment in a particular 
position to get their coordinates, and a large number 
of unknown node location information must pass a 
certain location algorithm to obtain. In the design of 
WSNs algorithm for node location, need to consider 
many factors, including the proportion of anchor 
node, network scale, network fault tolerance, ranging 
and error, ranging and error, positioning accuracy [7]. 
Therefore, WSNs location problem is a very 
challenging task. 

Target tracking as a scientific and technological 
development in one direction, the first can be traced 
back to the eve of World War II; the world's first 
tracking radar station SCR-28 [8]. After that, with the 
continuous development of sensor technology, such 
as radar, infrared, sonar, laser and satellite-based 
target tracking system emerging and maturing, the 
theories and methods of target tracking has been 
greatly developed. With the development of wireless 
sensor network technology in the wireless sensor 
network environment maneuvering target tracking 
has become an important research target tracking 
direction. Target tracking in wireless sensor networks 
as a multidisciplinary subject, it involves including 
control, signal processing, network architecture, 
distributed computing and optimization algorithm [9] 
to achieve target tracking, wireless sensor networks 
has become a popular research direction [10]. 

In this paper, from the target tracking theory, in-
depth analysis based on the principle of particle filter, 
based on dynamic clustering, this paper proposes a 
parallel extended particle filter algorithm. Through 
the expansion filter to generate the proposal 
distribution, a reduction in the required number of 
particles to improve the particle filtering accuracy at 
the same time, reduce the calculation of target 
tracking algorithm complexity, thus reducing the 
energy consumption. In the particle filter stage, the 
cluster head will particle set into subsets, and assign 
it to run in parallel cluster member nodes in each 
cluster, and information fusion in the cluster head, 
get the target state estimation. Between each member 
node cluster does not exist the exchange of 
information, only the information exchange between 
the sensor nodes and cluster head, reducing the 
energy consumption of network communication. 
Meanwhile, since the particle filter is assigned to 
each sensor node in parallel to improve the efficiency 
of particle filtering, avoid single node excessive 
energy consumption, the equalization network energy 
consumption. 

 
 

2. WSN Target Tracking System 
 

Based on Internet of things target tracking, the 
specific area of intrusion detection applications, often 

with the monitoring area, the poor monitoring the 
environment and the lack of the necessary 
communications infrastructure characteristics, and 
wireless sensor networks with large-scale random 
deployment, and so on ad hoc networks, wireless 
sensor networks used in these occasions can give full 
play to the advantages of wireless sensor networks, 
location tracking has broad application prospects. 

Target tracking system based on wireless sensor 
network usually consists of sensor nodes, the base 
station and remote monitoring center. Sensor nodes 
by aircraft or other random dispenser in the 
monitoring area, the emergence of positioning sensor 
nodes detect the target, once the target appears, the 
sensor nodes measuring a moving target the message 
sent by the application of the proposed target tracking 
algorithm, the target tracking and forecasting, and 
real-time status information sent to the gateway 
target. The target state is estimated by the WSN 
gateway, the information is sent through the GPRS 
network to the monitoring center, and real-time 
display of the trajectory of the target position in the 
monitoring center to achieve real-time tracking of the 
target. WSN-based target tracking network 
architecture is shown in Fig. 1. 

The overall system is divided into three layers: 
the perception layer, network layer and application 
layer. Sensing layer, using the 802.15.4 protocol, 
sensor nodes target perception and detection. This 
layer is mainly responsible for the perception of the 
detected target information and self-organizing 
clusters strategy for the measurement of target 
information for efficient data co-processing and data 
fusion, to calculate the target position status 
information to predict the target trajectory tracking of 
the merged transmission of information to the 
gateway device. The network layer implements the 
transmission, routing and control of information, and 
to convert between the different protocol stacks and 
access, and to guarantee the security of data 
transmission process in the data network and the 
transmission reliability. Application layer 
information interaction through remote 
communication network and field station, real-time 
monitoring of target track and display, and can be 
real-time network state information to the target 
query. 
 
 
3. Tracking Filter Algorithm  
 
3.1. Bayesian Filtering 
 

The principle of Bayesian filtering is the a priori 
probability density and the state observer state 
variables of the system function to construct the 
posterior probability density, i.e. with the predicted 
state of the system model a priori probability density 
using a combination of the recent systematic 
observation value correction, thereby obtaining the 
posterior probability density. 
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Fig. 1. System architecture of target tracking in IoT. 
 
 

Variable system problems in reasoning and 
analysis of target localization, tracking, dynamic 
properties, often use the state space model to 
describe the time-varying system. The state-space 
model can describe the unknown amount of dynamic 
or tense and observed signal with an unknown 
amount of the relationship, it is suitable to solve the 
multi-variable data and non-linear, non-Gaussian 
process. The state space model typically includes a 
description of the state variables change over time 
system model and observation model state variables 
associated with measurement noise. The state 
variable contains information that describes the 
system state variables for target tracking, target 
position, speed and motion characteristics. The 
measurement vector typically means that the noise 
associated with the state vector of observations. 
Based on Bayesian framework, based on the discrete 
state-space model, recursive obtain the probability 
density distribution. Control input is ignored; the 
discrete state space model of the system is described 
as follows: 

 

State-space model:  1 1,m m m mx f x q   (1) 
 

Observation model:  ,m m m mz h x v  , (2) 
 

where  1 1,m m mf x q   and  ,m m mh x v  are 

bounded by nonlinear functions, n
mx R  as the 

state vector of the system at time m, n
mz R  is the 

observation vector mx  of the system state, 1mq  , mv  

respectively, for the process noise and observation 
noise, The process noise and measurement noise 
probability density distributions of ships are known. 
Definition: 
 

 1 2, ,...,m mz z z z ,  1 2, ,...,m mx x x x , 

 
were all observed values of k points in time, the set 
of values of the state variables. Assumes that the 
system state of a priori probability distribution is 

known, that is    0 0 0|p x z p x ,  |m mp x z  

filtering distribution can be obtained through the 
prediction and update of a two-step. 

Assuming the probability of time k-1 

adhesion  |m mp x z  is known, where  

 

     1 1 1 1 1| | , |m m m m k m k mp x Z p x x Z p x Z dx     
      1 1 1| |m m m k mp x x p x Z dx     , (3) 

 

where  1|m mp x x  v is a first-order Markov 

process, prior probability density distribution for the 
state variables not get the latest observations by the 
system of equations obtained. 
 
 
3.2. Trilateral Localization Algorithm 
 
In WSNs positioning algorithm, the triangular 

positioning algorithm based positioning algorithm, 
and on its basis also spawned a lot of improved 
algorithm. The principle of trilateral positioning 
algorithm is shown in Fig. 2. 

In Fig. 2, the location of the three anchor nodes is 

known, their coordinates are  ,i ix y , 1,2,3i  . 
Fig. 2 white dots represent unknown nodes, its 

location  ,u ux y , 1 2 3, ,d d d denote the unknown 

nodes to measure the distance of three anchor nodes, 
then the following relationship: 
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   2 2 2
u i u i ix x y y d     ( 1, 2,3)i   (4) 

 

 
 

Fig. 2. Principle of trilateral localization. 
 

In order to solve this equation, it can be converted 
into the on unknown node coordinates xu and yu 

linear equations. Therefore need to eliminate the 
quadratic term; to solve the above equations can 
calculate the coordinates for the unknown node:  
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(5) 

 
It is not difficult to see, three side positioning 
algorithm is extended to high dimension space is 
quite convenient. 
 
 

4. Extended Particle Filter Algorithm 
 

The particle filter is recursive Bayesian filtering 
method based on Monte Carlo simulation (Monte-
Carlo), the key idea is to use random sample 
weighted with the value of the related rights and to 
represent the posterior probability. When the sample 
size is very large, this probability estimates will be 
equivalent to the posterior probability density. 
Assumptions can be independent from the state of 
the posterior probability distribution 

 |m mp x z random sample of N independent 

samples  ( ) , 1, 2,...,i
mX i N  state probability 

density distribution can be approximated as:  
 

   ( )

1

1
| i

m

N

m m mx
i

p x Z dX
N




   (6) 

 

where  ( )i
m

mx
dX  as a Dirac pulse function, the 

corresponding function is expected to 

     |N m m m m m kI g g X p X Z dX   

 ( )

1

1 N
i

m k
i

g X
N 

   (7) 

 
It can be guaranteed on convergence by the law of 

large numbers, and convergence is not dependent 
state dimension, can easily be applied to the case of 
the high-dimensional. 

Because of sampling a probability to estimate 
distribution is often very difficult or even impossible, 
the importance sampling method avoids direct 
sampling difficulty, from the distribution of another 
more easily in samples randomly sample. If the 

probability density  |m mp x Z  directly from the 

sample is difficult to obtain particles directly from 
sampling, here introduce a probabilistic easier 
sampling and sampling from the distribution of 

 |m mq x Z , that is called the importance 

distribution. In this case, the above formula becomes: 
 

     
   |

|
|

m m
m m k m m m

m m

p X Z
I g g X q X Z dx

q X z
   

     |m m m m m mg X w X q X Z dx   

   | ( )
m m k kq ZE g X w X     

(8) 

 
One of the important weights: 
 

   
 

( ) |
( )

|
m mi

m m
m m

p X Z
w X w X

q X Z
   

 
   

| ( ) 1

|
m m m

m m m

p X Z p X

p Z q X Z
   

 
 

| ( )1

( ) |
m m m

m m m

p X Z p X

p Z q X Z
   

(9) 

 
 
5. Simulation Testing and Analysis 
 

The most important parameters to measure the 
performance of target tracking accuracy of target 
tracking, target tracking algorithm based on wireless 
sensor networks should protect high tracking 
accuracy under the premise as much as possible to 
save energy consumption of sensor nodes and to meet 
short track reaction time. In this paper, considering 
the target tracking accuracy and network energy 
consumption of two performance metrics, the 
experiment will be presented in this chapter improved 
particle filter algorithm with the traditional 
distributed particle filter were compared, the main 
difference between the two lies in the selection of the 
importance density function and the particle filter 
node to select two aspects, two aspects of the target 
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tracking accuracy and network energy consumption 
simulation comparison. 

In the experiment of Fig. 3, the 126 Rules 
unknown node deployed in the area of 200 × 100 m2 
of, respectively, in the anchor nodes 6, 9, 12, 15 case, 
all the unknown nodes to locate the positioning error 
respectively: 2.93 m, 4.01 m, 3.06 m, 3.12 m.  

Fig. 4 compares the tracking error target tracking 
in the case of different particles. The figure shows, 
with the increase in the number of particles, the 
higher the accuracy of target tracking, but the 
increase in the number of particles increases the 
amount of computation of the sensor node, the 
network power consumption increases. 

 
 

 
 

Fig. 3. Randomly deployed sensor nodes and network 
connectivity graphs. 

 
 

 
 

Fig. 4. Different particle number. 
 
 

6. Conclusions 
 

In this paper, the theory and application of 
technology based on wireless sensor network target 
tracking conducted in-depth research, around of 
target tracking in wireless sensor networks in recent 
years carried out research work, three algorithms, and 

these algorithms built for wireless sensor networks 
targeting tracking prototype system achieved a 
certain theory and applied research in the relevant 
fields, and forming characteristics. The main 
contribution of the features include: research target 
tracking in sensor nodes collaboration strategy to 
solve the problem of target detection and tracking 
process node collaboration. A parallel expansion of 
the particle filter algorithm. Algorithm using the 
extended filter to generate the importance density 
function of the particle filter, making the important 
density function sample of closer inspection the 
probability density of the sample, to improve the 
efficiency of particle filter weakened particle 
degradation. Considering Internet of Things target 
tracking, specific regions of applications such as 
intrusion detection, localization and tracking 
prototype system based on WSN was built. For the 
localization problem in WSN, the localization 
algorithm based on mobile beacon was designed and 
implemented. And combined with target tracking 
collaborative algorithm, construct a prototype system 
for target tracking, which can lay the foundation for 
further application of localization and tracking 
technology in WSN. 
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Abstract: In this paper, we focus on building a system of Chlorine gas monitoring wireless network, which the 
coverage optimized by artificial fish swarm algorithm. Based on this system, Gaussian leakage model was 
improved to estimate the location and damage of a leakage accident. The measurement resolution of the system 
was 1 ppm. Maximum measuring error was less than 5 %. The coverage of the system was 2 km. And the 
system power consumption reduced 40 % as well as the coverage of network was not less than 95 % by using 
artificial fish swarm algorithm. The improved model can accurately forecast the damage and diffusion path in a 
specific region. This research provided a method for designing wireless sensor network and forecasting leakage 
damage. Copyright © 2013 IFSA. 
 
Keywords: Chlorine gas monitoring, Wireless sensor network, Artificial fish swarm algorithm, Coverage, 
Leakage model. 
 
 
 
1. Introduction 
 

Accidents of toxic gas leakages, which often 
occurred at the period of production, transport, 
storage and using, caused great human damage and 
property losses [1, 2]. Chlorine, which is a 
manufactured material of 60 % chemicals, is one of 
the highest rates of hazardous chemicals. If the 
leakage of Chlorine is more than 15 ppm, the damage 
will threaten human life. Chlorine gas monitoring 
devices currently was divided into two types, single-
handheld and on-line devices. Using single-handheld 
devices, the operators directly touched the toxic gas 
and cannot continuous monitor. On-line monitoring 
devices had weak anti-jamming capability, complex 
laying lines, poor scalability and high cost [3]. 
Wireless sensor network (WSN) provided a new 

technical support for leaking monitor, and it can be 
the mainly method of toxic gas leakages monitoring 
[4, 5]. 

How to improve detection efficiency, which is 
assigned a minimum of detection nodes to get a 
maximum coverage, is the primary issue of WSN 
design [6]. At present, some researchers have applied 
the hybrid particle swarm optimization and the 
genetic algorithm to get the optimal solution. The 
average time of both analyses was too long and the 
rate of convergence was slow [7]. The artificial fish 
swarm algorithm had fast convergence rate and can 
solve real-time problem [8]. 

In this paper, the hardware and software of a 
WSN system for monitoring Chlorine was designed 
and experimentally testified. What is more, we got an 
optimal solution between the coverage and power 
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consumption by artificial fish swarm algorithm. The 
designed system was applied in industrial field to 
build a leakage model of the small area. Thus, the 
model provided theoretical basis of accident 
prevention and rescue. 

 
 

2. A System of Chlorine Wireless Sensor 
Network 
 
Fig. 1 shows the system was constituted by three 

levels: monitoring level, transport level and 
management level. The monitoring level was the 
section of perception and information processing. It 
determined the accuracy of system. The device was 
designed for measuring environmental parameters, 
such as concentration of Chlorine, temperature and 
humidity. Considering of coverage and scalability, a 
Wi-Fi independent network was built by a high 
power wireless bridge. The management level was a 
friendly interface of the system which operators can 
observe data changes directly in PC or Android 
cellphone.  

 
 

 
 

Fig. 1. Structure of Chlorine WSN system. 
 
 

The monitoring device was divided into six parts 
as follows: MCU, sensors, alarm, display, power and 
wireless communication, as shown in Fig. 2. The 
section in the dashed line was power. MSP430 was 
adopted as the microprogram control unit.  

 
 

Fig. 2. Structure of the detection device. 
 
 

The section of sensor (in dash-dotted line) 
measured gas concentration of Chlorine, temperature 
and humidity of environment, and transformed the 
sensor output (current signal) to standard voltage 
signal (1-3 V). Measurement of temperature and 
humidity was in order to compensate the Chlorine 
gas sensor. The Chlorine gas sensor was a three 
electrodes electrochemical sensor. Two stages of 
amplifier transmission circuit were designed for this 
based on single power supply [9]. As shown in Fig. 
3, the circuit adopted 2.5 V as zero potential. The 
current output of sensor I turned into positive voltage 
signal 1V by low pass filter circuit. 1V and zero 

potential 2V input gain adjustable operational 

amplifier which was made up by A, B, C part of 
LM124. After two stages amplifications, MCU can 
read the signal oV . 4R is used to adjust the gain, 

and 9R is used to regulate the zero output voltage. The 

relationship between input and output is shown as 
formula (1).  
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where oV is the output signal and I is the input signal. 

We adopted Wi-Fi as the communication mode 
which consumption was very high (>100 mA) [10]. 
In this paper, this problem was improved from two 
aspects. On one hand, the operating mode of wireless 
communication was changed from continuous to 
discontinuous which leaded to consumption decrease 
80 %. On the other hand, the system used DS2438 to 
monitor the battery state parameters, such as voltage, 
current, working time and remaining capacity and to 
alarm. What is more, a circuit of charging battery and 
power supply automatic switching was designed. 
External power can charge battery if it switched on, 
at the same time, battery did not supply the system. 
The circuit is shown as Fig. 4. 
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Fig. 3. Transmission circuit of Chlorine sensor. 
 
 

L
T

C
43

58

L
T

C
43

58

 
 

Fig. 4. Circuit of charging and automatic switching. 
 
 

The main functions of software platform were 
controlling working node, displaying measurement 
data, querying historical data, locating leakage 
position, building accident model and etc. 

 
 

3. Experiment 
 
3.1. Experiment Details 
 

System test was carried out in a seal self-made 
test box (50L). There was a small fan in the box for 
accelerating the diffusion of gas. There was also a 

pump for exhausting. The test was conduct according 
to the following steps. 
- Gas distribution: 50 ml 2 % Chlorine gas with 
Nitrogen gas as balance gas was prepared. 
- Temperature compensation: humidity of 30 % RH 
in the test box was set. After the device was 
electrically stable (about 1 minute), injected 0.5 mL 
(10 ppm) gas into the test box, then, adjusted the 
temperature from -30 0C to 50 0C. 
- Concentration calibration: Set humidity of 30 % 
and temperature of 20 0C. in the test box. After the 
device was stable, injected 0.1 mL (2 ppm) gas into 
the test box. The measured value and extracted the 
gas was recorded. we tested 10 times from 2 ppm to 
20 ppm. 
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3.2. Temperature Compensation 
 

Because electrochemical sensor was easily 
influenced by temperature, the device should be 
compensation at different temperature. Non-
compensation test result shows in Table 1. The 
maximum relative error was 18 % which was out of 
requirement. We normalized the results measured 
under different temperature with the result under  
20 �. We used quadratic polynomial to fit the 
relationship between normalization coefficient and 
temperature, as expression (2). Fig. 5 shows the 
fitting curve. The sum of squares due to error (SSE) 
of the fitting was 0.001192, coefficient of 
determination ( 2R ) was 0.9739, Root mean squared 
error (RMSE) was 0.0141. 
 

9474.01048.310-5.065 32-5   xxy , (2) 
 
where x is the temperature and y is the coefficient.  

The compensated concentration was the actual 
measuring result divided by normalization coefficient 
y. The maximum relative error after compensated 
was descended to 4 %.  

 
 

3.3. Correction of Gas Concentration 
 

After the temperature compensation of the system, 
we tested the response of Chlorine according to 
experiment steps 3. As shown in the result of 

measurement (see Fig. 6 (a)), the curves of all testes 
showed the same trend. The response time of 
different concentration testes was all about 30s 
approximately. But the recovery time of high 
concentration was longer the low one. It was because 
the power of pump was constant and gas injected in 
the box of high concentration was more than the low 
one. The reason of curves jitter was that the fan in the 
test box blew the gas (density of Chlorine is greater 
than the air’s) result in the gas which the sensor 
contact with was unstable. When we injected 0.1 mL 
(2 ppm) and 0.2 mL (4 ppm) of gas, the result was 
1.5 ppm and 3.6 ppm. The relative error was 25 %, 
10 % which exceeded the system accuracy 
requirement (5 %). We used quadratic polynomial to 
correct the result. We can get the exact value by as 
formula (3), and SSE of the fitting was 0.3601, 2R  
was 0.9989, RMSE was 0.2268. 

 
 8687.0797.000908.0 1

2
12  xxx , (3) 

 
where is 2x exact value and 1x is measurement result. 

The corrected value is shown in Fig. 6 (b). From 
the Fig. 6 and Table 2, it is observed that the 
maximum relative error descended from 25 % to 5 % 
after the correction and the measure data was more 
close to the real value. 

 
 

Table 1. Comparison result under different temperature (ppm).  
 

Temperature (C) -30 -20 -10 0 10 20 30 40 50 

Actual Measuring 8.2 8.6 9.1 9.5 9.8 10.1 10.4 10.2 9.9 

Relative Error (%) 18 14 9 5 2 1 4 2 1 

Compensation Measuring 10.3 10.0 10.0 10.0 10.0 10.1 10.3 10.1 9.6 

Relative Error (%) 3 0 0 0 0 1 3 1 4 

 
 

 
 

Fig. 5. Fitting of temperature compensation. 
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a) The result of measurement. 
 

 
 

b) The result of compensation. 
 

Fig.6. Comparison correction result under different Chlorine concentration. 
 
 

Table 2. Comparison of correction results under different Chlorine concentration (ppm). 
 

Theoretical Value 2 4 6 8 10 12 14 16 18 20 
Measured Value 1.5 3.6 6.2 8.1 10.2 12.0 14.6 16.1 17.7 19.6 
Relative Error (%) 25 10 3.33 1.25 2 0 4.29 0.63 1.66 2 
Corrected Value 1.9 3.9 6.3 8.1 10 11.7 14.3 15.9 17.8 20.1 
Relative Error (%) 5 2.5 5 1.25 0 2.5 2.14 0.63 1.11 0.5 
 
 
3. Coverage Optimization Based  

on Artificial Fish Swarm Algorithm 
 

The coverage optimization of Chlorine WSN was 
to get the greatest coverage using least sensor nodes 
in the premise of keeping the network flow. Thus, it 
reduced the energy consumption of the system and 
increased the working time. The primary target of 
optimization was to keep the coverage as large as 
possible. Each sensor node had monitoring range, and 
Chlorine concentration can be measured in this area 
probably. Monitoring region A was assumed to be 
two-dimensional plane, and divided into m×n parts 
which the area of each was 1. There were N same 
sensor nodes in region A. The probability ( , )ip s m  

which the target ( , )m mm x y was measured by sensor 

node ( , )i i is x y can be calculated by formula (4). 
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where ( , )id s m is distance between sensor node is and 

target m , d is theoretically monitoring range of 
sensor, ed is reliably monitoring range of sensor, 
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1 , 2 , 1 , 2 are all specific parameters of the sensor 

node. 
The joint probability which the target was 

measured by the set of sensor nodes was calculated 
by formula (5). 
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where ( , )allp s m is the joint probability. 

The network coverage of the system 1f was 

calculated by formula (6). 
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The other optimization target was using sensor 

nodes as few as possible. The less sensor nodes there 
are, the less consumption of system there will be. We 
defined dormancy 2f to show the consumption. If 

there were totally S monitoring points, 
where 0S nodes was working, the dormancy 2f is 

shown as formula (7). 
 
 

S

S
f 0

2   (7) 

 
So, the optimization model of Chlorine WSN was 

established, considering the coverage 1f and 

dormancy 2f . In the formula (8), we considered 

that 1 was 0.9 and 2 was 0.1. 

 
 

2211 fff    (8) 

 
Artificial fish swarm algorithm is an algorithm 

that can quickly find the optimal solution by 
simulating behavior of a fish [11]. A fish got food by 
foraging, bunching, followership and comparison. 
The position of the fish was xi right now. The status 
of the fish was iX and the food in the position was iN . 

1. Foraging. The fish moved to an area for a fixed 
distance Step which the food was more than where it 
was in the visible region. After the movement the 
status of the fish was jX . If the fish cannot meet the 

condition after several selections, it will move to a 
random area. iN was the food at the status jX . 
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2. Bunching. The number of partners of the fish 

was m in the visible region, and the central location 

of them was cx . If the food in cx was more than cx  

and the crowd density in cx  was less than ix , the fish 

will move to the partners. After the movement the 
status of the fish was cX . 
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3. Followership. There was a fish in maxx where 

the food was maximum in the visible region, and the 
crowd density in maxx was less than ix . The fish will 

move to the fish in maxx . After the movement the 

status of the fish was maxX . 
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4. Comparison. The fish compared the food and 

the crowd density to choose an area to move and 
recorded. If the new selection was better than the 
record, it will be replaced. 

According to the food density, the fish chose 
bunching or followership and refresh the record. The 
optimization solution was obtained by repeat this. 
Using this algorithm, we adopt the wireless sensor 
node in the system as the artificial fish and set them 
random in area square area of 100 m×100 m. The 
number of artificial fish was 30. The visible distance 
was 20 m, the fixed displacement distance was 3m. 
When the coverage rate reached 95 %, the average 
time of iteration was 63 s operated in MATLAB 2009. 
Coverage was lifted from the random distribution of 
63.2 % to 96.4 %, and the work of sensor nodes was 
decreased to 13 which the energy consumption 
reduces by 56.7 %. Fig. 7 compares the initial 
random distribution and optimization of sensor node 
coverage distribution.  

 
 

4. Field Test and Chlorine Leakage Model 
 
4.1. Field Test Details 
 

According to the terrain and artificial fish swarm 
algorithm, we fitted the system of Chlorine WSN in a 
waterworks for testing. The waterworks was located 
in the suburbs of open area and it covered  
15000 square meters. Fig. 8 shows a schematic 
drawing of waterworks and monitoring point. In the 
period of monitoring, the leakage of Chlorine 
happened accidentally due to staff’s mistakes of 
conveying waste. The accident details are shown as 
Table 3. 
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a) Initial status 
 

b) Optimization 
 

Fig. 7. Comparison of Optimization result. 
 
 

 
 

Fig. 8. Schematic drawing of waterworks. 
 
 

Table 3. Accident details. 
 

Spillage 15 kg 
Leakage rate  50 g/s 
Height of leakage point  1.5 m 
Height of monitoring point 1.5 m 
Temperature  27 C 
Humidity 51 % 
Wind direction(angle with north wind) 117° 
Wind speed 2 m/s 
Atmosphere stability degree B 

 

4.2. Results and Analysis 
 

Workers started to rescue after 3 minutes when 
the accident happened. In the period of time, the 
leakage of Chlorine was without manual intervention. 
We adopted the monitoring data during this period to 
establish the model. Fig 9 shows the monitoring data 
of each test point. Which not shown in Fig. 9 is that 
the concentration of them is 0 all the time. 

 
 

4.3. Analysis of Location 
 

The measuring range of monitoring point was  
0-20 ppm. Although the measurement of high 
concentration was not precise, we still can use the 
data to alarm and analysis of leakage. As shown in 
Fig. 9, the data of No. 3 node increased fast, and 
stayed at maximum range stable, the No. 8 node 
increased soon afterwards. According to weather 
conditions at the time of the accident, we considered 
that the accident happened in the west of No. 3 nodes. 

 
 

 
 

Fig. 9. Monitoring data of each testpoint. 
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4.4. Analysis of Leakage Model 
 

The expression of Gaussian model [12] is shown 
as formula (12). If H is 0 then we get an expression 
as formula (13). 
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where  , , ,C x y z H is the concentration degree of a 

certain downwind point  , ,x y z which the height of 

leakage is H. Q is the leakage rate. u is the average 
wind speed. , ,x y z   are respective coefficient of 

diffusion on X, Y, Z three direction. 
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In the analysis, we considered that height of 
leakage was 0 approximately. According to the 
condition of leakage, we get the theoretically two 
dimension equidensity curve based on Gaussian 
model as shown in Fig. 10.  

For convenience of the analysis, we established 
two-dimensional coordinate that the accident point 

was origin, the direction of wind was the direction of 
X axis and the direction perpendicular to downwind 
was Y axis. Fig. 11 compares the theoretically model 
and improved model. We put the theoretically curve 
and condition of waterworks on the coordinate  
(see Fig. 11 (a)), and the Chlorine concentration of A 
area was greater than or equal to 200 ppm, the B 
region was greater than or equal to 80 ppm, the C 
region was greater than or equal to 40 ppm, the D 
region was greater than or equal to 20 ppm, the E 
region was greater than or equal to 8 ppm. The 
theoretical Chlorine concentration of No. 5 test point 
was 7.2 ppm, but the measuring data was changed 
from 0 to 10 ppm after 1 minute. For the No. 9 and 
No. 11 test point, the theoretical Chlorine 
concentrations were greater than 40 ppm and 8 ppm 
respectively, but the stable measuring data were  
6 ppm and 8 ppm ultimately. The reason for 
deviation between the actual and theoretical was that 
building prevented the gas diffusion. The building 
not only reduced the concentration of Chlorine gas, 
but also declined the diffusion rate. We connected the 
points which measuring concentration was same, and 
made up the high concentration measurement 
problem by Gaussian model. Then we can get a new 
model that more fit for the real situation. Fig. 11 (b) 
shows the improved model. If the accident happened, 
people should escape from the color area. 

 
 

 
 

Fig. 10. Theoretically curve of Gaussian mode. 
 
 

  
 

a) Gaussian model 
 

b) Improved Gaussian model. 
 

Fig. 11. Model Comparison. 
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5. Conclusions 
 

This paper completed the design of the wireless 
monitoring network of Chlorine leakage based on 
Wi-Fi. Its characteristic was that wireless self-
organizing network was designed based Wi-Fi. Thus, 
it increased the communication range and had good 
scalability. It will be the direction of industrial 
automation in future. The maximum error of the 
system was less than 5 %, the coverage radius was 
larger than 2 km. The working time of the system 
was prolonged at the same time the coverage was not 
decreased by using artificial fish-swarm algorithm. 
According to improved Gaussian model, we can 
know the location of accident and the evacuation 
routes after the accident. This system can be widely 
used in the field of data acquisition and monitoring 
system. 
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Abstract: Wireless sensor technologies are promising in the field of industrial tomography system, to visualize 
the cross-sectional images of an industrial flow process. The aim of the paper is to review the technical and 
scientific state of the art of wireless technologies, current trend of standards for wireless communications and 
their sensor applications in industrial process flow measurements. The paper focuses on presenting recent 
researches in wireless sensor based industrial tomography system, presenting the different systems available, 
recent developments and challenges in industrial wireless system. We provide contemporary reviews on wireless 
technology and wireless based industrial tomography system. Copyright © 2013 IFSA. 
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1. Introduction 
 

Industrial Tomography System is a computerized 
system that can provide cross-sectional images of an 
investigated pipeline in industrial process. There are 
many methods of performing process tomography, 
major methods widely being researched are Electrical 
Capacitance Tomography (ECT), Electrical 
Impedance Tomography (EIT), Optical Tomography, 
Nuclear Magnetic Resonance Tomography (NMR), 
Radio Frequency (RF) Tomography, Electrode 
Resistance Tomography (ERT) and Ultrasonic 
Tomography. In year 2011, York Trevor A. et al, 
introduced Agile Sensing Systems for tomography. 

The achievement of measurement agility is 
accompanied by two further critical features that are 
characteristic of agile tomography systems. First is 
the bespoke engineering for sensor access to the 
measurement environment, ensuring physical process 
compliance of the sensor system. The second is the 
sophisticated electronics to achieve sensitivity to the 
desired measurement, to have high signal-to-noise 
ratio (SNR) for useful image reconstruction. The 
tomography system designer is faced with a major 
architectural decision in choosing between hard-field 
and soft-field modalities. Hard-field sensing methods, 
as explained in technical paper of Joon-Ha Jin, 2008, 
refer to the sensing contribution to the actual 
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measurements only depends on the process medium 
inside the volume defined by the source and detector. 
The simplest example is X-ray tomography, where 
the measurements based on the straight-line path 
through the subject, such as the measurements will 
not influenced by the environment outside the subject 
volume. For the latter, the soft-filed case arises where 
any change of measurement at any position in the 
subject can influence the measurement obtained on 
any detector in response to a given excitation because 
of the fringe effects related to electrical and 
electromagnetic fields, irrespective of excitation and 
detection geometry. The simplest example is ECT, 
which in ECT system, a change in permittivity 
anywhere in the subject will modify the electric field 
lines everywhere in the subject, and thus influence 
measurements for all geometrical configurations of 
voltage excitation/current detection as per concluded 
in research by Mohamad Elmy Johana et al. 2012. 
Many researchers have been engaged in developing 
schemes that address the unique challenges of 
wireless sensor approaches in industrial tomography 
system. In year 2010, Wireless tomography is 
introduced, which bring together wireless 
communication and radio frequency tomography in 
industrial tomography system.  

The development of efficient and flexible wireless 
technology has created a wide variety of potentially 
new wireless systems. In this paper, we provide a 
review on the progress of wireless activities, and we 
focus on the application of wireless sensors in 
Industrial Tomography System (IPS), the challenges 
and the future wireless design modalities. In  
Section 2, we review on recent researches in the field 
of industrial tomography system based on wireless 
sensors. In Section 3, we provide a study on the 
wireless standardization activities applied in sensor 
technology. In Section 4, we identify the wireless 
design challenges and provide reviews on researches 
in overcome the challenges. In Section 5, we 
summary our reviews by providing the future 
wireless design modalities in field of industrial 
tomography system. Finally, this paper is concluded 
in Section 6. 
 
 

2. Recent Developments in Wireless 
Sensor Based Industrial Tomography 
Systems 

 
This section presents most relevant wireless 

sensor applications in recent industrial tomography 
researches. In year 2005, Infratography was 
introduced by Hoyle B.S. Infratography describes 
heterogeneous wired and wireless networks, 
augmented by smart cooperating agents in the entire 
network, to enable a variety of distributed monitoring 
and control functions in industrial system via wireless 
sensor network. In order to automatically detect the 
cardinal (highest or lowest) value in a wide area 
distribution, the developed system periodically sent a 
wireless single directed alert message to a monitoring 

point. A simple message can notify the network of an 
interest in a threshold level, and again all the wireless 
nodes having this level can alert this status instantly.  

Concurrently with the progress of Infratography, 
a new technique called “Ad hoc Wireless Sensor” 
had been introduced by York T. A., 2001. The 
technique was inspired by need of elimination of 
substantial modification to process vessels with the 
wiring challenges. In year 2006, York Trevor A. et 
al., deployed the new technique in ERT system. This 
technique involved ad hoc wireless sensor networks 
that were hosted in a process vessel. In contrast to 
conventional arrangement of electrodes was at the 
outer layer of industrial pipeline, their 
unconventional arrangements of electrodes were free 
to move with the flow in the vessel. This wireless 
sensor technique had improved tomographic results, 
from the increased number of measurements, and to 
explore optimum techniques to reconstruct  
3D images. Using same concept of ad hoc sensors, 
Renee Ka Yin Chin, 2010, further deployed the ad 
hoc technique in wireless communication and derived 
3D tomographic imaging. The work difference with 
earlier work is besides ad hoc wireless sensors 
located inside the pipeline, there were also 
conventional wall-mounted electrodes. The ad hoc 
wireless sensors giving the mobility to assume any 
location inside a process vessel, properties of interest 
such as temperature, pressure, pH level and 
conductivity can be measured. Each the ad hoc 
sensors in the vessel system were equipped with the 
embedded wireless communication system, which 
consisted of a microcontroller, four RF antennas, and 
an 868MHz RF transceiver. The wireless 
communication transmitted data from sensors to PC, 
the base station for further analysis. Disadvantage of 
this system is that although the ad hoc sensors were 
designed to be as small as possible, it is still intruded 
on the process initially. In year 2011, Mark G. and 
York Trevor A, advanced the ad hoc wireless sensor 
concept into ultrasonic tomography system. The 
research team worked based on consideration on the 
two industrial scenarios, conducting and non-
conducting media respectively. In non-conducting 
vessel, RF propagation is a natural candidate 
technology. However, when the media are 
conductive, RF is inappropriate and acoustic or 
ultrasonic techniques emerge as an attractive 
solution. The team concentrated on the challenge to 
determine the ad hoc wireless sensors’ position, using 
small, low power and low cost ultrasonic transducers 
driven by a low voltage, 10 Vpk-pk. Their software 
modelling was able to provide strategic location of 
four ultrasonic transmitters that to be mounted around 
the periphery of the designed ad hoc pill. However, 
future works still need to be explored on the 
optimization of receiver locations at the outer 
pipeline of the process vessel with interest in how 
different modelling copes with the measurement 
errors. 

The rapidly technology progress in wireless field 
has attracted considerable Radio Frequency (RF) 
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tomography research efforts since the early 2000s. 
RF tomography is a process of inferring information 
about an environment by capturing and analyzing RF 
signals transmitted between nodes in a wireless 
sensor network. In 2007, Mathew B. Cover et al. 
demonstrated tomographic imaging of room-sized 
spaces using the propagation properties of 2.4 GHz, 
IEEE 802.15.4 Direct Sequence Spread Spectrum 
(DSSS) radio waves. Instead of analyzing data 
located in the payload of packets, the network itself is 
used as a dynamic sensor to collect data. By using the 
received signal strength indication (RSSI) value of 
packets being received in the network with a known 
physical configuration, deflections in the RSSI value 
could indicate a physical obstruction in the network. 
Field test with phantom objects of known location, 
size, and material had been conducted, and results 
showed that the wireless application is feasible 
throughout an 802.15.4 network. In year 2009, 
Mohammad A. Kanso and Michael G. Rabbat, 
introduced Compressed Radio Frequency (RF) 
Tomography, an approach that combines RF 
tomography and compressed sensing for monitoring 
in a wireless sensor network. Information is 
processed based on RSSI measurements together 
with the basic analysis of the data located in the 
payload of the network packets. Under certain 
assumptions, compressed sensing techniques can 
accurately infer environment characteristics. This 
research demonstrated experiments with simulated 
and real data in proposed models to show the 
capabilities of their approach in both centralized and 
decentralized scenarios. 

R. C. Qiu et al., 2010, had a research 
breakthrough, with idea of wireless tomography, 
which is a new initiative to bring together two areas 
of technologies: wireless communication and radio 
frequency tomography. The research team suggested 
a self-coherent wireless tomography, by combining 
wireless communication and remote sensing. This 
novel approach has two steps. First, the phase 
retrieval is achieved using amplitude only data that 
are obtained through wireless sensors. Phase 
reconstruction means reconstructing the scattered 
field from the information in the incident field and 
squared amplitude of the total filed. Second, standard 
radio tomographic imaging algorithms are used. 
Conclusion from the results of the research showing 
that the architecture of a phase reconstruction 
algorithm to retrieve the phase of a communications 
signal, combined with time reversal imaging, seems 
promising. In the phase two of the system design, R. 
C. Qiu et al., 2010 have improved the wireless 
tomography system by applying machine learning 
and waveform diversity. Since the size of sample 
space in phase reconstruction is large, machine 
learning can be applied to reduce the dimensionality 
of dimensions—thus reducing the effect of 
measurement error induced by Commercial, Off-The-
Shelf (COTS) communication components. The 
random errors introduced by the COTS components 
tend to be infinite, compared with the finite 

dimensions. Machine learning has been applied 
before the phase reconstruction step and the coherent 
tomographic processing step. The new three-step 
approach works much better than the traditional two-
step phase reconstruction approach. It has been 
demonstrated that the proposed machine learning and 
waveform diversity techniques improves the 
reconstructed scattering strength. In the phase three 
of wireless tomography system, Peng Zhang and  
R. C. Qiu, 2010 further proposed a compressed 
sensing (CS) based UWB channel recovery method 
considering pulse distortion. The concept has been 
demonstrated through simulations with the results of 
sampling rate is reduced as low as 2 Gsps, compared 
with the Nyquist rate of 50 Gsps. 

Lately, Tushar Kanti Bera and J. Nagaraju, 
2012, had developed a RF based wireless digital data 
transmission module (WDDTM) in electrode 
switching of an EIT system. An analogue 
multiplexers based electrode switching module 
(ESM) is developed with analogue multiplexers and 
switched with parallel digital data transmitted by a 
wireless transmitter/ receiver (Tx/Rx) module 
working with radio frequency technology. The 
transmitter/receiver module developed is properly 
interfaced with the personal computer (PC) and 
practical phantoms through the ESM and USB based 
DAQ system respectively. Comparisons had been 
analyzed based on wired and wireless system, and 
Results show that, the boundary potential profiles of 
obtained with or without inhomogeneity are of 
similar fashion both for opposite current injection 
with wired instrumentation and common ground 
current injection methods using WDDTM.  
 
 
3. Activities in Wireless Standardization 

 
In 1895, Guglielmo Marconi opened the way for 

modern wireless communications by transmitting the 
three-dot Morse code for the letter ‘S’ over a distance 
of three kilometers using electromagnetic waves. 
Since then, historically work on wireless networks 
has been focused on infrared (IR) light technology 
and wireless transmission. The IR technology suffers 
from line-of-sight limitations and the wireless 
technology restricted by regulations from the Federal 
Communications Commission (FCC). In 1985, the 
FCC released several frequency bands called the ISM 
bands for Industrial, Scientific, and Medical 
applications. The ISM frequency bands include 902-
928 MHz, 2.2835-2.4 GHz, and 5.725-5.85 GHz.  

According to Renzo Calcagno et al., 2006, the 
first generation of radio wireless local area network 
(LAN) was designed to interconnect stationary 
workstations, consuming approximately 20 watts 
supplied by the mains. LAN connects computers in 
an office building. As electronic devices become 
smaller, lower power, and less expensive, personal 
information and communication appliances such as 
cellular phones, personal digital assistants (PDA), 
pocket video games, pen based computer pads, and 
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palm top computers are being more and more 
popular. The personal area network (PAN) is a means 
to interconnect these personal devices, in a manner 
appropriate to the power, size, and cost of these 
devices. Wide area networks (WAN) connect distant 
computers using microwaves, radio waves, coaxial 
cable, and fibre optic. Metropolitan area networks 
(MAN) connect computers in a city. In the 
development of wireless sensor network, the range of 
communication is expected to be in personal (PAN) 
or local range (LAN). WAN and MAN seem to be 
less suitable to be applying in wireless sensor 
network for several reasons. First, they involve a 
strategic partnership with some public (licensed) 
telecom operator. Secondly, they involve higher costs 
(the costs due to the public services and the higher 
costs of the devices). Furthermore, they are quite 
rigid in their configuration with a star topology and a 
central base station. In report of Sinem Coleri Ergen, 
2004, during the mid-1980s, the IEEE 802.11 
working group, WLAN is formed to create a wireless 
local area network standard, and the IEEE 802.15 
working group, WPAN is formed to create wireless 
wide area networks standard. WLAN was focus on 

features such as Ethernet matching speed, long-range 
(100m), and complexity to handle seamless roaming, 
message forwarding, and data throughput of 2-
11Mbps, while WPANs are focused on a space 
around a person or object that typically extends up to 
10m in all directions. The focus of WPANs is low-
cost, low power, short range and very small size. This 
group has currently defined three classes of WPANs 
that are differentiated by data rate, battery drain and 
quality of service (QoS). The high data rate WPAN 
(IEEE 802.15.3) is suitable for multi-media 
applications that require very high QoS. Medium rate 
WPANs (IEEE 802.15.1/Bluetooth) will handle a 
variety of tasks ranging from cell phones to PDA 
communications and have QoS suitable for voice 
communications. The low rate WPANs(IEEE 
802.15.4/LR-WPAN) is intended to serve a set of 
industrial, residential and medical applications with 
very low power consumption and cost requirement 
not considered by the above WPANs and with 
relaxed needs for data rate and QoS. The low data 
rate enables the LR-WPAN to consume very little 
power. 

 
 

 
 

Fig. 1. Summary of IEEE Wireless Standard. 
 
 

We discuss in below section the major 
standardization efforts related to wireless local area 
network, WLAN applying in most wireless sensor 
applications. 

 
 

3.1. RFID 
 
RFID is a wireless non-contact system that uses 

radio-frequency electromagnetic field to transfer 
sensors’ data from a tag attached to an object, mostly 
for the purposes of automatic identification and 
tracking. In RFID system, there is a device that in 
presence of an RF Tag scanner transmits a short 
sequence of pre-defined bits. RFID operates at low 
frequencies (30–500 kHz). Usually passive RFID tag 
is in used, which this wireless system usually is 
passive (no battery), light, cheap and have a virtually 
unlimited operational life. However, the wireless 

physical range is limited (2–5 m), the loaded 
information cannot be modified, and data rate is low. 
There are also active RF Tags, which incorporate 
battery, with considerable storage capacity. They 
operate at high frequencies (850–950 MHz and  
2.4–2.5 GHz) with wider range up to 30 m and higher 
data rates. Consequently, cost is also higher as per 
concluded by Esteban Egea-Lopez et al., 2005. The 
major disadvantage of RFID is it cannot be applied in 
a safety critical solution. It is a low cost solution 
which offers limited payload and simple 
functionality. It is suitable to keep track of goods and 
recognize them throughout an industrial process, but 
not to pilot an industrial plant and to guarantee 
flexible and huge data exchange. RFID always works 
as an additional collateral technology, not as the main 
process. 
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3.2. IEEE 802.11/WiFi 
 
The IEEE standard 802.11 specifies the most 

famous of Wireless Local Area Networks (WLAN), 
commonly known as WiFi. The 802.11 protocol, the 
first standard for WLAN, was introduced in 1997.  
A set of different physical layers exists for IEEE 
802.11. They are commonly referred by an 
identification letter, 802.11a, 802.11b, 802.11g and 
802.11n. Each of these standards achieves different 
performances which will be investigated below. The 
2.4 GHz ISM band, which is available in most 
countries around the world, was chosen for the WiFi 
standard. High Data rates ranges from 1 Mbit/s up to 
100 Mbits/s depending on the current interference 
and the distance between sender and receiver. WiFi is 
designed to be used indoors and outdoors at close 
range for exchanging data and providing Internet 
access to devices. In a WiFi network, devices are 
allowed roaming between access points to achieve 
mobility. Although popular in commercial 
applications such as wireless LAN within homes, 
business and stores, commented by Han W. et al., 
2008, WiFi has gain limited traction in remote 
monitoring and control due to its limited transmission 
range and security concerns. As references to 
Hirschmann Automation & Control GmbH  
Technical Paper, 2010, and report written by Renzo 
Calcagno et al., 2016, the IEEE 802.11 existing 
solutions are shortly recalled as below. 

802.11 the first IEEE 802.11 solutions were 
designed for the 2.4-2.4835 GHz band and used two 
different spread spectrum techniques: Frequency 
Hopping (FHSS) and Direct Sequence (DSSS). FHSS 
is not as complicated as DSSS and uses less energy, 
but DSSS has longer range. DSSS supports higher 
data rates from individual physical layers, which is 
why DSSS was chosen for a higher-rate 802.11 
physical layer (802.11b). Both FHSS and DSSS reach 
2 Mbps line rate and use approximately 30 MHz for 
transmission (one third of the band). This limits the 
number of no overlapping access points within 
coverage distance to a maximum of three. 

802.11b specifies a physical modulation using 
DSSS at data rates of 5.5 Mbps and 11 Mbps. The 
frequency bands and number of channels is the same 
as for the early IEEE 802.11 standard. 

802.11a operates in the 5 GHz band  
(5.150-5.350 GHz and 5.725-5.825 GHz). A 
technique called (Orthogonal Frequency Division 
Multiplex) OFDM is used to increase data rates to 
54 Mbps. This modulates the data signal not on just 
one carrier signal but in parallel over several. With 
OFDM, the high-speed data signal is transported via 
64 parallel sub-channels within a 20-MHz channel. 

802.11g similarly to 802.11b, 802.11g operates in 
the 2.4 GHz band, and uses one third of the band per 
channel. 802.11g mimics 802.11a modulation 
(OFDM) so that it can reach 54 Mbps data rates. The 
number of non-overlapping channels is 12. 

802.11n was announced in September 2009, is an 
amendment to previous 802.11 standards by adding 

new mechanism of Multiple-Input Multiple-
Output (MIMO) to significantly increase in data 
throughput. MIMO uses several transmitters and 
several receivers to transmit up to four parallel data 
streams on the same transmission channel. Networks 
based on 802.11n currently achieve a gross data 
throughput of up to 600 Mbps. For the first time 
speeds can actually exceed the 100 Mbps of wired-
based Fast Ethernet networks, which are currently 
standard in most workplaces. Like 802.11a/g, 
802.11n uses the OFDM scheme (Orthogonal 
Frequency Division Multiplex) as its method of 
modulation. MIMO is the most important new 
technology contained in 802.11n. 

 
 

3.3. IEEE 802.16 / WiMax 
 
IEEE 802.16 standard, also well known as 

WiMax is envisioned as a wireless replacement to a 
wired broadband, supports data rates up to 
100 Mbits/s. WiMax control protocol requires the 
devices to transmit only when instructed by the 
central access point (base station). WiMax also 
requires the remote device to be in clear line-of-sight 
with the base station. The technology supports 
transmissions over extended range, up to 50 kMs. 
These differences make WiMax ideal as monitor 
network for fixed point-to-multipoint network that 
lets huge devices connect to an enterprise data 
network or the Internet from a central access point. 
 
 

3.4. IEEE 802.15.4 / ZigBee 
 
In May 2003, The IEEE 802.15.4 standard was 

first approved to define a standard that would provide 
a standard for ultra-low complexity, ultra-low cost, 
ultra-low power consumption, and low data rate 
wireless connectivity among inexpensive devices. 
ZigBee compliant wireless devices are expected to 
transmit 10 - 75 meters, depending on the RF 
environment and the power output consumption 
required for a given application, and will operate in 
the unlicensed RF worldwide (2.4 GHz global, 
915 MHz Americas or 868 MHz Europe). The data 
rate for 802.15.4 varies depending on the device 
operating frequency. For the 2.4 GHz band, the raw 
data rate is 250 kb/s, 915 MHz data rate is 40 kb/s, 
and 868 MHz is 20 kb/s. The 802.15.4 standard 
defines that there are two types of devices that can 
participate in a network: a full-function device (FFD) 
and reduced-function devices (RFD). Only FFDs can 
serve as personal area network (PAN) coordinators. 
A reduced-function device (RFDs) is a device with a 
minimal implementation of the IEEE 802.15.4 
protocol. The standard only allows RFDs to 
communicate with FFDs. 

IEEE 802.15.4 committee started working on a 
low data rate standard, a short while later, the ZigBee 
Alliance and the IEEE decided to join forces and 
ZigBee is the commercial name for this technology. 
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The first version of the standard appeared in 2005. 
ZigBee is expected to provide low cost and low 
power connectivity for equipment that needs just two 
AA battery life as long as several months to two 
years but does not require high data transfer rates. In 
report of Sinem Coleri Ergen, 2004, ZigBee allows 
up to 254 nodes, and support very fast wake up time. 
When ZigBee node is powered down, the wake up 
time to receive a wireless packet is in around 15 ms. 
ZigBee is a mesh-networking standard based on 
IEEE 802.15.4 radio technology targeted at industrial 
control and monitoring, building and home 
automation, embedded sensing, and energy system 
automation. ZigBee is promoted by a large 
consortium of industry players. The good 
characteristics of the ZigBee are extremely low 
energy consumption and support for several different 
topologies, which makes it a good candidate for 
several sensor network applications. However, it is 
reported by Vehbi C. Gungor, and Gerhard P. 
Hancke, 2009, that ZigBee cannot meet all the 
requirements for at least some industrial applications 
due to it cannot serve the high number of nodes 
within the specified cycle time. 

There is updated version appeared as IEEE 
802.15.4a. In the report of Andreas Willig, 2008, on 
the physical layer the 2006 version of the standard 
operates in three different frequency bands, offering 
different rates: in the 868.0- / 868.6-MHz band at 
rates of 20/100/250 kbit/s, in the 902 – to 928-MHz  
band at rates of 40 and 250 kbit/s, and in the  
2.4 – to 2.4835-GHz band at a rate of 250 kbit/s. In 
the 868-MHz band only a single channel is available, 
while ten channels are available in the 915-MHz 
band and 16 channels in the 2.4-GHz band. 
 
 

3.5. IEEE 802.15.1 / Bluetooth and Bluetooth 
Low Energy 

 
Bluetooth-Low-Energy specification is a part of 

the Bluetooth specification as an ultralow-power 
technology addressing devices with very low battery 
capacity. This extension to Bluetooth allows for data 
rates of up to 1 Mb/s over distances of 5–10 m 
(Bluetooth Class II) to 100 m (Bluetooth Class I) in 
the 2.45-GHz band. Although Bluetooth Low Energy 
is similar to Bluetooth and can employ the same 
chips and antennas, it has some important 
differences. Bluetooth Low Energy has a variable-
length packet structure, compared to Bluetooth’s 
fixed length. It also employs a different modulation 
scheme. Bluetooth uses frequency hopping spread 
spectrum, with a common bandwidth of 80 MHz, 
divided into 79 channels. The basic unit of 
networking in Bluetooth is called piconet, and it is 
made up of one master and up to seven slaves. All 
devices in a piconet share the same hopping 
sequence, which is calculated as a function of the 
master clock and identity. A device may exist in 
more than one piconet at a time, and may operate 
either as a master or as a slave in each one. 

Therefore, the networks may overlap and form 
‘‘scatternets’’. However, reported by Sinem Coleri 
Ergen, 2004, when a Bluetooth device in power down 
mode, it would take slightly long time (about 3 s) to 
wake up and respond. Furthermore, the number of 
devices supported at a time is small, single Bluetooth 
supports maximum 8 nodes, and coverage range is 
also small. Bluetooth played an interesting role in the 
past of WPAN: it offers a good compromise between 
data rate (about 1 Mbps) and range (about 10 m or 
100 m with lower data rates). However, this trade-off 
seems to be its main limit: UWB seems to be 
preferred for higher data rates and ZigBee for lower 
consumptions and longer battery life. 
 
 
3.6. Wireless HART 

 
Wireless HART (Wireless Highway Addressable 

Remote Transducer), an open-standard wireless 
networking technology developed by HART 
Communication Foundation, was introduced to the 
market in September 2007. Wireless HART is an 
extension of the HART protocol and is specifically 
designed for process monitoring and control. The 
technology employs IEEE 802.15.4-based radio, 
frequency hopping, redundant data paths, and retry 
mechanisms. Wireless HART networks utilize mesh 
networking, in which each device is able to transmit 
its own data as well as relay information from other 
devices in the network. 
 
 
3.7. IEEE 802.15.3 UWB 

 
Ultra wideband (UWB) is a short-range wireless 

communication technology based on transmission of 
very short impulses emitted in periodic sequences. 
UWB technologies provide option to the problem of 
narrowband interference. In 2002, the FCC allowed 
the usage of UWB devices for communications and 
measurement systems in the range between 3.1 and 
10.7 GHz, high data transfer rate up to 450 Mbps, 
with the condition that the UWB signal must not 
exceed radiated power. Summary from the report of 
Andreas Willig, 2008, UWB stations are allowed to 
fully use the spectrum as long as it is ensured that at 
the location of a UWB transmitter the power spectral 
density of its signal is below a spectral mask defined 
by the FCC. UWB signals are kept below the level of 
unintentionally generated interference that any 
licensed user must accept from other devices. Due to 
the large bandwidth, UWB is robust against 
narrowband interferences from licensed bands, and 
theoretically very high data rates are achievable over 
short distances. UWB technology is conceived for 
high-rate personal-area networking applications. 
However, UWB is not a viable approach for 
communication over longer distances or measuring 
data from unsafe zone because of high peak  
energy of pulses.  
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3.8. ISA-SP-100 
 
The Instrumentation, Systems, and Automation 

Society (ISA) were announced at the beginning of 
2007 working on a series of standards addressing the 
adoption of wireless technologies in different 
industries. In a first step the process industry is 
addressed with the upcoming ISA-SP100.11a 
standard, addresses noncritical process applications 
that can tolerate delays up to 100 ms. The 
ISA100.11a, has been released on September 2009, 
with official description is "Wireless Systems for 
Industrial Automation: Process Control and Related 
Applications". Since this standard leverages the IEEE 
802.15.4 standard in the 2006 version, it inherits 
some of its properties: low rates (up to 250 kbit/s) 
and low implementation complexity for simple end 
devices. Similar to ZigBee standard, ISA-SP100.11a 
adopts a frequency-hopping scheme in the 
16 frequency channels offered by IEEE 802.15.4 in 
the 2.4-GHz ISM band. ISA-SP100.11a networks can 
be multihop networks having a mesh topology built 
among devices with routing. Gang Zha, 2011, 
summarized that both ISA-SP100 and ZigBee 
standards target overlapping application areas and are 
based on the same underlying wireless technology, 
and it will be very interesting to see the future 
development of ISA-SP100.11a, especially as 
compared to ZigBee. 

 
 

4. Challenges in Wireless Sensing System 
of Industrial Tomography 
 
This section reviews the challenges in wireless 

sensing systems. The major challenge that draws the 
attention of the researches is the energy effiency, in 
term of prolonging battery life time. Besides that, 
design considerations shall be attended on the 
challenges in antenna efficiency, wireless interference, 
eavesdropping, and quality-of-service, QoS. 

 
 

4.1. Energy Efficiency 
 
The energy consumed by electronic components 

increases with frequency due to the dissipative losses 
incurred discharging capacitances, which amount to  

 
P = (½)CFV2, (1) 

 
where P is the energy, C is the capacitance, F is the 
charging/discharging frequency, and V is the 
capacitance charging voltage. A wireless transmitting 
device would need to run at frequencies in the MHz 
to GHz in order to efficiently transmit as in reference 
by Thomas Guthrie Zimmerman, 1995, in his 
research. Using batteries as power source for the 
network sensor nodes is difficult due to their limited 
lifetime, making periodic replacements is 
unavoidable. Vehbi C. Gungor and Gerhard P. 
Hancke, 2009, discuss in their paper on energy-

harvesting techniques (also referred to as energy 
scavenging). This technique is to extract energy from 
the environment, to prolong the lifetime of sensor 
devices. Based on simple commercial photovoltaic 
cells coupled with rechargeable batteries and super 
capacitors, the designed systems able to perpetually 
provide power to sensors. Technologies to generate 
energy from background radio signals, thermoelectric 
conversion, vibrational excitation, and the human 
body are investigated in energy-harvesting 
techniques. Research by Thomas Guthrie 
Zimmerman, 1995, demonstrated that wireless power 
transfer using magnetic coupling between two copper 
coils is possible. Other energy-scavenging 
approaches employ piezoelectric materials. Andreas 
Willig, 2008, discussed in his paper on the battery 
management schemes in which having wireless 
sensor nodes coordinating each their activities 
properly through transmission protocols. For most of 
the transceiver designs, receiving requires 
approximately the same energy as transmitting. In 
wireless transmission scenario, there might also be 
the “idles state” situation that the transceiver is 
listening on the channel for incoming packets but 
without actually receiving something. The energy 
consumed in the idle state is often a significant 
fraction (50 % and more) of the energy consumed in 
receive mode. To reduce the average power 
consumption, protocols to have sensor nodes switch 
selected hardware components like the transceiver 
into a “sleep state” with ultra-low power 
consumption for most of the time, or even switch 
them off completely. 

Vehbi Cagri Gungor, 2009, suggested that 
effective operation of wireless sensor networks 
requires knowledge of the current status of battery 
lifetime in sensor nodes. He proposed a new 
forecasting-based monitoring and tomography (FMT) 
framework to address the need for an energy efficient 
monitoring mechanism for WSNs. To reduce the 
amount of energy consumed for monitoring purposes, 
the FMT framework incorporates available energy 
forecasting and network aggregation mechanisms. 
Instead of collecting the available energy data from 
individual nodes periodically, the FMT framework 
enables energy information to be communicated to 
the monitoring node only when there is a variation in 
the network behaviour, which significantly reduces 
the amount of energy consumed for monitoring 
purposes. The comparative simulation results show 
that the FMT framework achieves accurate energy 
monitoring and obtains network energy tomography 
of large scale wireless sensor networks with 
minimum energy expenditure. Praveen Kaushik and 
Jyoti Singhai, 2011, reviewed in their paper various 
energy efficient routing algorithms to increase the 
lifetime of wireless sensor network. Performance of 
routing algorithms of Minimum Total Energy (MTE), 
average Flow Redirection (FR), Maximum Residual 
Energy Path Routing (MREP), and Flow 
augmentation algorithm (FA) being analyzed. In their 
study, the lifetime of wireless sensor network is 
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defined as the time until the first node fails (or runs 
out of energy). And it is important to adopt energy 
efficient routing algorithm in the wireless sensor 
network in order to have traffic routing through the 
minimum energy path to the destination to prevent all 
the nodes in network drain out their battery power in 
quick. The proposed solution route the traffic such 
that energy consumption is balanced among  
the nodes. 

Another battery life prolong approach to reduce 
hardware power consumption is proposed by Ali 
Elkateeb, 2011. The researcher presented the design 
for the soft-core processor using Field Programmable 
Gate Array (FPGA) technology to support sensor 
networks nodes processing. In his research, he 
pointed out that existing sensor networks are using 
off-the shelf general purpose processor in the 
network nodes to support the processing capability 
required by different applications. Since the general-
purpose processors have a design that support all 
types of applications, these processors are generally 
have high cost and consume large power. Supporting 
sensor nodes with soft-core processor will optimize 
the processor architecture to match the needs of the 
sensor networks applications. Therefore, the 
processor will support only those hardware 
components required by the target application and 
that will reduce the processor power consumption. In 
addition, the soft-core processor can be integrated on 
a chip with the other hardware components required 
to develop the sensor node and that will reduce the 
size of the Printed Circuit Board (PCB) required to 
implement the sensor node and hence, reduce the 
sensor node cost. The soft-core processor design with 
multi-cycle architecture is optimized to the 
processing needs of the sensor node used for 
surveillance application and therefore, such design 
will minimize the node’s size and its power 
consumption. As the soft-core developed with VHDL 
code, a flexible and portable core design can be 
produced to be implemented over different FPGA 
product such as those chips from Xilinx, Altera,  
Actel, etc. 

 
 

4.2. Antenna Efficiency 
 
The fundamental of wireless transmission is 

demonstrated in antenna design. To maximize 
electrostatic coupling, electrode area is maximized. 
To maximize broadcast transmitter signal strength, 
the electrical impedance of the transmitter is matched 
to that of free space. The strength of the transmitted 
electromagnetic waves is a function of antenna 
current flow, which is inversely proportional to the 
reactance of the antenna. Maximum antenna current 
is achieved by operating the antenna at resonance. 
The shortest antenna length to achieve resonance is 
one half a wavelengths long. Thomas Guthrie 
Zimmerman, 1995, in his thesis concluded that 
Inductors can be used as a matching network to 
compensate for electrically short antennas; it can be 

solved by decreasing the bandwidth of the antenna 
and increasing the power dissipation in the  
matching network. 
 
 
4.3. Interference 

 
Interference is due to the nature of radiation is to 

propagate to infinity until stopped. Multipath fade 
and radio frequency (RF) interference are the two 
primary factors that affect wireless communications. 
In technical paper of Cirronet, Inc., 2002, Multipath 
fading occurs when multiple copies of a source signal 
arrive at a receiver through different reflected paths. 
The phase variance in the signal copies can result in 
destructive interference that reduces signal strength, 
effective range, and data transfer rates. RF 
Interference signals can be classified in two 
categories: broadband and narrowband. Broadband 
interference signals have high constant energy 
spectrum over all frequencies, whereas narrowband 
interference signals are intentional and have less 
energy. Broadband interference can be caused by 
motors, inverters, computers, electric-switch 
contacts, voltage regulators, pulse generators, 
thermostats, and welding equipment. On the other 
hand, narrowband interference can be caused by UPS 
system, electronic ballasts, test equipment, cellular 
networks, radio–TV transmitters, signal generators, 
and microwave equipment. Vehbi C. Gungor, and 
Gerhard P. Hancke, 2009, in their research found that 
the attainable capacity of each wireless link depends 
on the interference level perceived at the receiver. 
High bit error rates (10-2 – 10-6) are normally 
observed in wireless communication. Channel Bit 
Error Rate (BER) is usually two orders of magnitude 
higher than it is in a wired system. The challenge of 
operating many unregulated broadcasters is faced by 
wireless designers. Radiating transmitters are 
basically pollution to any receiver except the 
intended one. The emerging solution appears to be 
one of "spectrum etiquette" which promotes "listen 
before you transmit" and only transmit the power 
necessary to be heard by individual listener. 
 
 
4.4. Eavesdropping 

 
Some of the wireless data communicated will be 

of a sensitive nature, for example credit card and 
telephone numbers, business communications, and 
computer passwords. Radio systems can be made 
secure with cryptographic strategies, requiring 
additional processing overhead, but the best security 
is a message that is never intercepted. Security should 
be an essential feature in the wireless system design 
to make the communication safe from external 
denial-of-service (DoS) attacks and intrusion. Vehbi 
C. Gungor, and Gerhard P. Hancke, 2009, explained 
in their paper passive attacks are carried out by 
eavesdropping on transmissions including traffic 
analysis or disclosure of message contents. Active 
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attacks consist of modification, fabrication, and 
interruption, which in WSN cases may include node 
capturing, routing attacks, or flooding. If the distance 
between the transmitter and eavesdropper is large 
enough, the intercepted signal strength will be 
smaller than thermal noise, making reception of the 
message very difficult. One of the suggested solution 
to enhance security is by restricted the transmission 
signal strength, FCC limits a typical PAN transmitter 
has a signal strength less than 400 pV/m at 
300 meters, in which this signal strength not only 
minimize interference, also enhance security in 
wireless system. Andreas Willig, 2008, suggested 
eavesdropping prevention through encryption 
technique. In order to prevent external insertion of 
malicious packets, mechanisms for ensuring 
authentication (“who sent this message?”) and 
message integrity (“is this the message originally 
sent?”) are to create mutual trust relationships 
between wireless sensor nodes.  

The connectivity topology of the network may 
vary due to link and sensor-node failures. Network 
sensors may be subjected to highly caustic or 
corrosive environments, high humidity levels, 
vibrations, dirt and dust, or other conditions that 
challenge performance. These harsh environmental 
conditions and dynamic network topologies may 
cause wireless sensors to malfunction in term of low 
quality-of-service (QoS). The QoS refers to the 
accuracy between the data reported to the sink node 
(the control center) and the actual event occurring in 
the network environment. Since sensor data are 
typically time-sensitive, it is important to receive the 
data at the sink in a timely manner. Data with long 
latency due to processing or communication may be 
outdated and lead to wrong decisions in the 
computation system. 

 
 

5. Future Wireless Sensor Modality in 
Industrial Tomography 
 
Summary from above literature reviews, wireless 

sensing system in industrial tomography generally can 
be deployed in two areas of technologies: wireless 
communication and radio Frequency (RF) 
tomography. Wireless communication is referred to 
communication protocol between sensor front-end 
design and image application. A success implemented 
communication protocol makes hardware system a real 
time system. Ruzairi Abdul Rahman et al., 2007, 
implemented industrial ultrasonic tomography for 
monitoring water and oil flow, a commercial data 
acquisition card which using computer compatible PCI 
bus had been deployed to master the front-end 
electronic system, and acquiring data into PC system. 
Recent developed systems of Hudabiyah Arshad 
Amari et al., 2010, Mohd Hafiz Fazalul Rahiman 
et al., 2012, Ruzairi Abdul Rahim et al., 2007, were 
wired based data acquisition, which leads to the usage 
of serial bus RS232 or USB bus, was the 
communication link to PC for further data analysis in 

image reconstruction. Surveying from the recent 
researches in area of industrial tomography, it is found 
that wireless communication protocol is less attended 
as crucial experiment as focuses are more on the 
sensors improvement, noise elimination, and image 
algorithms. As we are in the midst of a wireless 
revolution, wireless technology shall be a potential 
element in industrial tomography that enable a major 
saving in system instalment and maintenance cost. 

As this cast market opens up, today, there are 
legion of choices exists for implementing wireless 
data connections from embedded system to computer, 
not only via PCI bus interface, USB, RS232 serial 
port, also through variety of wireless communication 
interfaces such as ZigBee, Bluetooth and WiFi to the 
core processor of the embedded system. These off-
the-shelf wireless evaluation modules help designers 
in overall in getting their designs with shorter time to 
market. Instead of spending significant time and 
money developing wireless specific hardware and 
protocol stack, designers can focus more on the core 
competence in sensor hardware and product 
application. In the report of M. Park et al., 2008, 
within a short decade, the data rate of 802.11 family 
products have evolved at an amazing pace, from 
1 Mb/s with the first generation of 802.11 products, 
to 11 Mb/s with 11 b, to 54 Mb/s with 11a/g, to up to 
600 Mb/s with in MIMO 802.11n products. It is 
about 30 times faster over this period, roughly 
matching Moore’s law advances in computing speed. 
There is also an on-going effort to migrate indoor 
LAN and PAN networks toward less congested 
higher frequency unlicensed spectrum bands such as 
60 GHz. C. Park and T. S. Rappaport, (2007), in their 
study on 60 GHz millimetre-wave WPAN, and 
ZigBee, discussed that there are significant 
propagation-related differences and challenges 
between the 60-GHz band and the lower frequency 
unlicensed WiFi bands at 2.4 and 5.0 GHz. Several 
standardization bodies have been working on the 60-
GHz PHY and MAC protocols approaching 1 Gbps 
service rate. The 60-GHz technology is expected to 
mature during the next three to five years, and this 
future technology is expected to provide an important 
option for high-speed indoor connectivity associated 
with applications. 

Another important industrial factor in embedded 
wireless sensor design modality is the energy source. 
Silicon Labs white paper, 2012, reviews that thin-
film batteries are proper used in embedded systems 
due to the battery ultra-thin profile and low leakage 
characteristics. Conventional batteries, such as coin 
cells, AA lithium batteries and lithium-thionyl-
chloride batteries are bulky and non-flexible, and the 
battery energy to weight ratio factor causes the output 
energy is quite low. The introduction of thin-film 
batteries has created a new option for system 
designers with trade-offs in cost, size and safety. The 
credit for developing thin film batteries goes to a 
team of scientists lead by Dr. John Bates. They 
conducted, since 1997, research at the Oak Ridge 
National Laboratory for the development of a thin 
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film battery. For over a decade, the size of the thin-
film battery has been reduced to the thinnest profile 
(as small as 0.17 mm) of any battery type. The total 
lifetime capacity of thin film batteries is equivalent to 
four lithium AA batteries. Thin-film batteries are 
rechargeable, thus batteries only store a portion of 
total lifetime capacity at any given time. This makes 
the thin-film battery much safer if it is accidentally 
shorted or exposed to extreme heat or an open flame.  

In order to maximize battery lifetime, the standby 
power of the computation and communication 
circuits in the industrial wireless system must be 
minimized. The new term to wireless solution is the 
power efficiency, the measure of a system’s passive 
and active techniques to minimize power 
consumption. Anantha Chandrakasan et al., 2009, 
addresses the wireless sensor system should be 
designed to deal with low duty cycles since the 
environmental conditions may not change rapidly or 
the sensors remain in a sleep state until some 
interesting event happens (detected by some simple 
front-end electronics. In their study, for transmission 
at GHz carrier a frequency, the power is dominated 
by the radio electronics (frequency synthesizer, 
mixers, etc.) besides actual transmits power. Sensors 
may have very low data rates (<1 kbs) and utilize 
short packet sizes (100’s of bits). In order to save 
power in the wireless module, the designed system 
must be duty cycled to have ability to turn off during 
periods of inactivity. The higher the system 
efficiency the more power is conserved. Future 
wireless design modality in industrial tomography 
shall be power-efficient portable system, in which it 
is a solution that continually focuses on minimizing 
its output power to ensure only the lowest level 
necessary to wireless communicate is used. It shall be 
an embedded wireless application that can minimize 
its on-air time. The goal of a future wireless sensor 
industrial tomography system is to achieve a 
perpetually powered system without a necessary 
maintenance for battery replacement. 

 
 

6. Conclusions 
 
As utilization increases, and the great progress on 

development of wireless technologies, wireless 
industrial flow tomography system will be able to 
replace conventional wire-based industrial 
tomography system in many well-testing industrial 
applications and eliminate the need for costly and 
space-consuming wired based instalments. 
Researchers still need to explore quite a few issues 
during the design of the efficiency embedded 
wireless tomography system as per the technologies 
outlined in sections above as far as further 
development towards more real-time measurements 
can be designed. In this paper, we survey the state of 
the art in wireless standardizations, challenges, trend 
and industrial tomography system developments in 
applying wireless sensing technologies. The wireless 
sensors in industrial tomography system create the 

great potential to improve productivity of any 
automation systems by providing greater wariness, 
control, and integration of business processes. 
Despite of the great progress on development of 
recent researches in field of wireless industrial 
tomography system, quite a few issues still need to be 
explored in the future. An efficient deployment of 
wireless industrial tomography system in the real 
world is highly dependent on the ability to have 
communication latency, reliability, and quality and 
energy efficiency. Others than that, optimal sensor-
node deployment, localization, security, and to cope 
with interference issue is another challenging area yet 
to be explored.  
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Abstract: Frame slotted ALOHA (FSA) protocol is a classic tag anti-collision protocol. Similar to most existing 
anti-collision protocols, The FSA initially aims at tag identification of static scenarios, that is, all tags keep still 
during the tag identification process. However, in many real scenarios, tags generally move along a fixed path in 
the reader coverage area, that is, tags stay the coverage area only for a restricted time (sojourn time). Obviously, 
tag loss is inevitable in some mobile RFID scenarios. For example, tag quantity is too large or their moving 
speed is too high. Like almost existing tag identification protocols, FSA is not concerned with optimal 
management of lost tags. In this paper, we propose an improved FSA algorithm with early end which can 
decrease tag loss by early termining idle slots, collision slots and slots that are occupied by lost tag. Simulation 
results show that the proposed protocol can significantly reduce the numbers of lost tags in mobile RFID 
scenarios. The idea of the paper is beneficial for redesigning other existing tag anti-collision protocols so as to 
make these protocols adapt to mobile RFID systems. Copyright © 2013 IFSA. 
 
Keywords: RFID, Anti-collision, Frame slotted ALOHA (FSA), Early end, Tag identification protocol, Tag loss 
rate (TLR). 
 

 
 
1. Introduction 
 

One of radio frequency identification (RFID) 
advantages over traditional bar code is that RFID can 
support simultaneous multi-tag identification without 
any contact. So, RFID technique is applied to various 
sectors, such as supply chain management, 
traceability and emergency management. The 
majority of RFID systems are composed of some 
RFID readers and many passive transponders, called 
tags. Passive tags get their power supply from the 
electromagnetic field of the reader. 

When the multiple tags simultaneously transmit 
their signals to the reader, collisions will happen. So 
far, many collision resolution protocols have been 
proposed for static scenarios, that is, no tag enters or 
leaves the reader coverage area during the process of 
tag identification. These algorithms can be grouped 
into two broad categories: tree-based algorithms and 
aloha-based algorithms [1–6]. In ALOHA-based 
systems, the channel time is divided into frames. 
Each frame in turn is divided into several time slots. 
Within a frame, each tag randomly selects a time slot 
and transmits its identifier to the reader in that slot. 
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Note that, within each frame there exist three kinds of 
slots: (1) the idle slot where no tags reply; (2) the 
successful slot where only one tag replies; and (3) the 
collision slot where multiple tags reply. In tree-based 
systems, anti-collision protocols are based on binary 
trees and every root-to-leaf path in these trees 
represents a unique tag ID. Compared with ALOHA-
based algorithm, tree-based algorithms promise 
deterministic identifications, but need a high number 
of reader-to-tag commands. 

 
 

 
 

Fig. 1. “Early end” for idle slots. 
 
 
To decrease tag identification time, ISO-18000-

6A and EPCglobal Class 1 [8] presented frame 
slotted ALOHA with early end, as shown Fig. 1. 
From this figure, we can see that all idle slots are 
terminated early, which can decrease identification 
delay effectively 

Besides, in many practical scenarios, tags attached 
to items usually move along the fixed path in the 
reader coverage area [3, 9-11], that is, tags stay the 
coverage area only for a certain time (sojourn time). 
Since the reader has limited sojourn time to identify 
the passing tags, it is critical to decrease the number 
of tags which leave the coverage area without being 
identified. Systems involving moving tags are 
generally called mobile RFID systems [3, 9-10]. A 
typical example of them is the portal of a warehouse 
equipped with RFID reader to automatically identify 
passing tags and update the central database with the 
captured information. Another typical example of 
them is a conveyor belt in a factory or a logistic 
center where objects attached with RFID tags have to 
be identified [9]. In these situations, tags usually 
move along a fixed path at a constant speed and can 
enter or leave the reader coverage area during the 
process of tag identification. Fig. 2 shows the mobile 
RFID system diagram and illustrates some 
parameters: the reader coverage area length, the tag 

moving velocity (assumed constant) and tag sojourn 
time S (given in slots) which can be derived from 
mentioned main parameters and the time interval for 
one slot. Mobile RFID systems shown in Fig. 2 are 
our research scenarios. 

 
 

 
 

Fig. 2. The mobile RFID system diagram. 
 
 
As mentioned previously, in the mobile RFID 

systems, some tags may leave the coverage area 
unidentified. We refer to such a tag as a lost tag. In 
some situations (e.g. the tag moving velocity is too 
great, etc.), the phenomenon of lost tags is inevitable. 
How to decrease the number of lost tags is the critical 
research issue in mobile RFID applications. 
Therefore, we rate tag loss ratio (TLR) as a critical 
performance metric, which is defined as the quotient 
between the number of lost tags and the total number 
of tags entering the coverage area [3, 10-11]. 

Obviously, TLR is related to other many system 
performance metrics, such as throughput, system 
efficiency and the identification delay [4]. For 
example, if throughput of protocol A is higher than 
protocol B, then TLR of protocol A is usually lower 
than protocol B. Compared with other performance 
metrics, the users of RFID systems put more 
emphasis on TLR and it reflects the performance of 
mobile RFID system very well. So, we only focus on 
the performance metric TLR in the paper. 

In mobile RFID systems, there exists a special 
slot, named lost tag slot, which is different from the 
idle, collision and successful slot. The reason for its 
advent is that one or more tags that select the slot to 
communicate with reader have left the reader’s field 
unidentified when the reader identifies them. 
Successful and collision slots could switch to lost 
slots when tags that select them leave the coverage 
area unidentified, as shown in Fig. 3. So, in the 
mobile RFID systems, there are four types of slots: 
idle, collision, successful and lost tag slots.  

In this paper, we will present an improved frame 
slotted ALHOHA (FSA) protocol with early end 
which can decrease tag loss by early termining idle 
slots, collision slots and slots that are occupied by 
lost tag in the mobile RFID systems. The proposed 
protocol is named EARLY-END protocol. 

The remainder of this paper is organized as 
follows. In Section 2 we briefly review the related 
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work in the area. Then, in Section 3 we offer 
EARLY-END protocol in the mobile RFID systems. 
Section 4 provides the simulation results. Finally, 
Section 5 concludes. 

 
 

 
Fig. 3. The illustration of lost slots. 

 
 

2. Related Works 
 
The tag recognition rate is a conception that is 

similar to TLR since it also involves unidentified 
tags. In [13], Vogt first modeled the identification 
process of framed slotted ALOHA as a Markov 
chain, and asserted that only by performing multiple 
read cycles, a high tag recognition rate can be 
reached. Unlike our research scenarios, tag 
recognition rate is based on the static scenario. 

In order to compute TLR, many researches based 
on Markov chain were done. In [11], Vales-Alonso et 
al. focused on TLR of single tag set passing the 
coverage area in a limited time. In the scenarios, no 
more tag sets enter the coverage area until the 
previous one has left. However, the scenarios are 
different from our research scenario. 

In [10], Vales-Alonso et al. offered a Markov 
model for the analysis of mobile RFID systems. The 
big drawback of applying the Markov approach to 
mobile RFID scenario is that, as the dimension of the 
problem increases, TLR requires too much 
computation. Furthermore, the model did not 
consider the wastage due to the lost tag slots. 

Alcaraz et al. [3] provided dynamic systems 
model for mobile RFID systems implementing FSA 
as the collision resolution protocol. In this model, 
both TLR and the optimal frame size can be easily 
obtained. However, the model is only suitable for 
analyzing TLR of FSA. In addition, the model did not 
consider the wastage due to the lost tag slots. 

There are other works that focus not only on 
computation of TLR but also on performance 
improvement of mobile RFID systems. In [9], Xie  
et al. presented a probabilistic model for a conveyor 

belt carrying tag sets and proposed a dynamic frame 
length ALOHA to improve the system performance. 
The proposed protocol can improve to some extent 
the system performance of mobile RFID systems. 
However, the scenarios studied in [9] are similar to 
that in [11] and thus they are also not our research 
scenarios. 

In this paper, we develop an improved frame 
slotted ALOHA protocol with early end in mobile 
RFID systems which is devoted to avoid the wastage 
due to the lost tag slots. 

 
 

 
 

Fig. 4. Idle and lost tag slots terminated early. 
 
 

3. Early-end Protocol 
 
The ideal of EARLY-END protocol is if the 

reader detects no transmission after a small period of 
time, it terminates idle, collision and lost tag slots 
early using the End-slot command, as shown in Fig. 
4. From the figure, the time spent by idle, collision 
and lost tag slots are decreased effectively. The 
method of EARLY-END protocol can be 
summarized as follows: 

1) At the beginning of a frame, the RFID Reader 
sends the Frame-begin command with an integer 
parameter 'L'. Upon hearing this command, 
unsilenced tags generate a random number from 0 to 
L - 1. Those generating '0' reply immediately. 

2) If only one tag replies, the reader can identify it 
and send back the Silence command. Upon hearing 
this command, the replied tag will be silenced, that is, 
it will not respond to future commands, while the 
other tags decrease their counter values by 1 and 
contend the channel if the counters reach 0. 

3) If the reader detects a collision, the reader will 
send back the End-slot command early. In this paper, 
time cost of a collision slot is equal to 0.6 times of 
that of a successful slot. Upon hearing this command, 
all the unsilenced tags will decrease their counters by 
1 and contend the channel if their counters reach 0. 
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4) If no tag replies, the reader will send back the 
End-slot command early. This means that an idle slot 
or a lost tag slot has occurred. In this paper, we 
assume that time cost of an idle and a lost tag slot is 
equal to 0.2 times of that of a successful slot. Upon 
hearing this command, all the unsilenced tags will 
decrease their counters by 1 and contend the channel 
if their counters reach 0. 

5) After one frame ends, the Reader will begin a 
new frame by sending the Frame-begin command if 
some tags were collided in the previous frame. 

Through these steps, EARLY-END protocol can 
terminate idle, collision and lost tag slots early under 
the mobile RFID systems. 
 
 
4. Simulation and Results 
 

Now, we begin to evaluate the proposed protocol. 
Because TLR can be derived by mathematical model 
only for FSA and CSMA so far [8] [10], we offer a 
simplified mobile RFID experiment model. The 
model comprises 3 groups of mobile tags, as shown 
in Fig. 5 where T1 denotes the arriving interval 
between the 1st and 2nd groups of tags, T2 denotes 
the arriving interval between the 2nd and 3rd groups 
of tags, N1, N2 and N3 respectively denote the 
number of tags in the 1st, 2nd and 3rd groups of tags, 
S denotes the tag sojourn time. Notice that in the 
paper, all parameters related to time, such as T1, T2 
and S are measured in slot. Parameters S have been 
defined in section 1.  

Below, we compare EARLY-END protocol with 
FSA without early-end feature [14] which is similar 
to EARLY-END protocol except that it is not 
characterized by early end. Our simulation based on 
Monte Carlo technique and the simplified mobile 
RFID experiment model. 
 
 

 
 

Fig. 5. Simplified mobile RFID experiment mode. 
 
 

In the Fig. 6 (a), we survey the relationship 
between TLR and the tag density by changing the 
number of tags N2 in the second group. Related 
parameters in the experiment are: N1=70, N3=70, 
T1=50, T2=80, S=230. We can find that TLR of both 
protocols increases as the tag density increases. The 
reason is that the reader must identify more tags in 
the identical interval. Compared with FSA, EARLY-
END protocol has better performance. For example, 

when the number of tags in the second group N2 is 
equal to 50 tags, TLR of our method is nearly 3 
percent while that of FSA is 42 percent. 

In the Fig. 6 (b), we survey the relationship 
between TLR and the tag sojourn time S by changing 
S (corresponding to change of the tag moving speed 
or the reader coverage area length). Related 
parameters in the experiment are: N1=70, N2=70, 
N3=70, T1=50, T2=80. We can find that TLR of both 
protocols decreases as S increases. The reason is that 
the reader has more time to identify tags as  
S increases. Compared with FSA, EARLY-END 
protocol has better performance. For example, when 
tag sojourn time S is larger than or equals 350 slots, 
TLR of the proposed protocol is zero while that of 
FSA is about 26 percent.  

 
 

 
 

(a) TLR vs. the tag density. 
 

 
 

(b) TLR vs. the sojourn time model 
 

 
 

(c) TLR vs. tag arrival rate. 
 

Fig. 6. TRL of IVAEEMR and Vogt protocols. 
 
 

In the Fig. 6 (c), we survey the relationship 
between TLR and tag arrival rate by changing T1. 
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Related parameters in the experiment are: N1=70, 
N2=70, N3=70, S=230. From the figure, we can find 
that TLR of both protocols decreases as the tag 
arrival rate become slow. The reason is that the 
reader has more time to identify tags when the rate 
becomes slow. Compared with FSA, EARLY-END 
has better performance. When T1 is equal to 60 slots, 
TLR of EARLY-END protocol is nearly 4 percent 
while that of FSA protocol is equal to about 44 
percent. 

In general, the simulation results demonstrate that 
compared with FSA, EARLY-END protocol can 
reduce TLR and improve mobile RFID system 
performance remarkably since it can terminate idle, 
collision and lost tag slots early. 

 
 

5. Conclusions 
 
This paper introduces a term lost tag slot first in 

the mobile RFID systems. Then, EARLY-END 
protocol is proposed. The protocol can terminate idle, 
collision and lost tag slots, which decrease TLR 
effectively in the mobile RFID system. 

Moreover, in order to evaluate our method, we 
present a simplified mobile RFID experiment model, 
which can easily analyze the TLR of many tag anti-
collision protocols in the mobile RFID systems and 
avoid complicated mathematical computation of TLR 
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Abstract: Content-centric networking (CCN) brings a new change in today's Internet communication mode by 
addressing named-data instead of host locations. Another major feature is the possibility to added storage 
capabilities into the network. Now, the focus of this work is on the design of a receiver-driven Interest control 
protocol for CCN. ICP realizes a window-based Interest flow control, achieving full efficiency and fairness 
under proper parameters setting. In order to research ICP in-depth, in this paper, we summary the recent 
research progress of it. ICP is divided into several parts: content request process, bandwidth sharing model, 
content request aggregation, storage sharing model. We make these process modeling, research and analysis in 
linear and binary tree network topology separately, and confirm the accuracy of the models and its 
characteristics through the numerical analysis, finally give the research trend for ICP. Copyright © 2013 IFSA. 
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1. Introduction  
 

The design principle and structure of today's 
Internet originated in the in the 1960s and ’70s. The 
goal of network design is to solve the shared 
hardware resources. Therefore, the main purpose of 
the communication is to connect the two hosts, and 
the need to determine the specific location of a 
device. However, with the rapid development of 
information technology, computer hardware costs a 
significant reduction in shared hardware resources 
demand have faded, and the subject of network 
applications has turned to text messages and video 
content, and content services is slowly becoming a 
main network service body. The content of the 
Internet service has been more attention. In content 
services network, people do not care about what 
computer to provide content information, and is only 

concerned about the speed of access to the content as 
well as the reliability and security of the content. So, 
content service has become the main network 
services. Under this premise, people do not care 
which computer provides the content information, but 
only concern about the speed of access to the content 
as well as the reliability and security of the content. 
However, the currently widely used in the Internet's 
TCP / IP is still a Host-to-Host communication 
model, this model is obvious shortcoming to post and 
access to information-based Internet. In this case, the 
point-to-point (p2p) technology and content delivery 
network (CDN) technology, to some extent, ease the 
user's “content / information sharing” needs. 
However, any content delivery mechanism in the 
current networking is not completely overcome the 
defects of the underlying mechanism, resulting in a 
waste of resources, and requires a complex mapping 
of the content and "position". 

Article number P_1255 
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In order to adapt to this change in demand, new 
network architecture should be established. 
Therefore, the Information Center Network (ICN, 
Information Centric Networking) is proposed, and its 
goal is to solve all the problems existing in the 
internet today. It has been proved that ICN is better 
able to solve the various problems in today's Internet. 
In these future networks research projects, Palo Alto 
research Center’s (PARC) Content-centric 
networking (CCN) [1] has more advantages. 

Currently, many research institutions are involved 
in the content-centric network architecture, Such as 
UCLA, and Bell Labs [7], Europe CONNECT project 
team [2] and so on. 

The rest of this article is organized as follows. In 
Section 2 describes the CCN architecture, the 
difference between CCN and the TCP / IP protocol. 
In Section 3 describes the research progress of the 
ICP protocol requests from the research framework 
and content transmission bandwidth sharing, shared 
storage and filtering of the routing nodes several 
processes to describe. In Section 4 is a summary of 
the thesis. 

 
 

2. CCN System Introduction 
 

The basic meaning of the Content-centric 
networking is that the demand of the entire network 
is content, not the host. It fundamentally changed the 
IP packet’s encapsulation structure and addressing 
mode, the packet header no longer identifies the 
address, but the content name. CCN communication 
is driven by the consumers of data. There are two 
CCN packet types [4], Interest and Data (Fig. 1).  

 
 

 
 

Fig. 1. CCN packet types. 
 
 

The entire information transmission process is 
that the request packet defines the title of the contents 
contained in a packet and the packet is transmitted to 
all directions, then the device of an adjacent node 
which can provide the requested content will sent 
data to the requesting node through the content data 
package. It can be seen that the CCN entire process is 
no longer concerned about the location, but quickly 
get the most from the neighboring nodes in a 
minimum price. So, CCN provides a new protocol 
stack (Fig. 2). 

Fig. 2 compares the IP and CCN protocol stacks. 
CCN architecture shape and TCP / IP network is very 
similar, the lower layer protocols are designed for 
adaptation of the underlying physical links and 

communication, the upper layer protocols are 
designed to correspond to the related application. The 
main difference is that the CCN using the Content 
chunks instead of the IP and using named data 
instead the naming of physical entities. IP protocol's 
success lies in its relaxed requirements for second 
layer protocol, CCN inherited it, and CCN can be 
implemented in any of the underlying protocols, can 
even architecture above the IP layer. In addition, the 
content-centric network routing node built storage 
function used to cache data packets which can speed 
up access to other users and reduce network traffic. 

 
 

 
 

Fig. 2. The compare between TCP/IP and CCN. 
 
 

The ICP protocol [5] of CCN describes the entire 
information communication process: fair sharing of 
the transmission, and the routing node storage and 
filtration process from the transmission of the request 
packet, the bandwidth on the link. We will describe 
the progress of the current study as follows. 

 
 

3. ICP Introduction 
 

The CCN’s ICP protocol [5] describes the entire 
information communication process. The client sends 
a request packet, transmitted via the link, reaches a 
routing node, the routing node of the query sequence 
are sequentially processed (the detailed procedure as 
followed), then sends to uplink by a node (in CCN, 
only the request packets are routed), until retrievals 
needed data packets, then the packet request reverse 
transmission path of the packet routing, service 
receiving end. The ICP process is divided into several 
parts: content request process, link bandwidth sharing 
transmission process, storage and filtration process of 
the routing nodes. For the benefit of research, we 
model these sub-processes, and discuss the ICP’s 
availability, efficiency and fairness based on linear 
and binary tree network topologies. 

 
 

3.1. Node Model Analysis 
 

3.1.1. Interest Packet Routing Analysis 
 

From Fig. 3, the typical CCN node model 
includes the contents of memory (CS), pending 
requests table (PIT) and forward forwarding (FIB). 
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CS is similar to IP routers cache, but uses different 
caching strategies. Because each of the IP packets 
belong to a single point-to-point session, no value to 
the other session, so it uses the MRU replacement 
strategy which empty the information stored after the 
completion of a session. CCN each packet is self-
identity and self-validation, so there is also value for 
other users, CCN will uses the LRU or LFU 
replacement policy to maximize store important 
information, in order to reduce the content download 
delay and network bandwidth. 

PIT records the uplink routing path of request 
packets, so the content data package can be backtrack 

spread back to the requesting node according to PIT 
recorded information track. When the content 
requested arrives at the receiving node, PIT will 
delete this entry. 

FIB and the IP router’s processing mechanism are 
similar, but it can be forwarded to the plurality of 
directions at the same time request. 

When an Interest packet arrives on some face, a 
longest-match lookup is done on its Content Name. 
The index structure used for lookup is ordered so that 
a Content Store match will be preferred over a PIT 
match which will be preferred over a FIB match. The 
specific operation is as follows:  
 
 

 
 

Fig. 3. CCN forwarding engine model. 
 
 

 If CS contains a request packet, it will directly 
sends the corresponding content to the requested 
port, and discards the request packet, otherwise it 
will continue to query the PIT. 

 Otherwise, if PIT contains entries associated with 
the content name, it will let request port added to 
the request port list, and discards the request 
packet, otherwise it will continue to query the 
FIB. 

 Otherwise, if FIB contains entries associated with 
content name, it will forward the packet to the 
next CCN node in accordance with the 
instructions of the FIB. If the rest of the port is 
not empty, then it will forward request to all the 
rest, and format new list of entries and ports in the 
FIB.  

If there is no match for the Interest it is discarded 
(this node does not have any matching data and does 
not know how to find any) 
 
 
 

3.1.2. Data Packet Routing Analysis  
 

Data packet processing is relatively simple since 
Data does not require routing, followed by only PIT 

port records the request data packet transmission 
trajectory to reach the initial client. When a packet 
arrives routing nodes, the longest match its content 
name query. Described in the PIT match the packet 
after the request when the CS match the packet 
duplication, to remove it; PIT port of the FIB 
matching the node does not match, the packet is 
unsolicited delete it; packet forwarding path, request 
the end through the node to accept. 

 
 

3.2. Assumptions and Notation 
 

For the various parts of the ICP protocol, we 
reference [5, 7, 8] and summarize all of the models. 
The main assumptions are the following: 
1. M different content items are equally partitioned 

in K classes of popularity, i.e. k is requested with 

probability kq ， k≥1. We assume a Zipf 

popularity distribution, 

k

c
q

k , 1

1
( 1/ )

K

k
c k 


  , with 1  . 

2. Content items are divided into chunks (P size) and 
the content size distribution is geometric with 
average σ chunks. 
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3. N network nodes (or levels for tree topologies). 

Node i is equipped with a cache of size ix chunks.  

4. The request arrival process is modeled as a 
Markov Modulated Rate Process (MMRP) [3] and 
the process is according to a Poisson process of 

intensity 
kk q   

5. We define virtual round trip time of class 

k, kVRTT  , is similar to the round trip time for 

TCP connections in IP networks. It describes the 
average time of a chunk to send the request and is 
accepted. 
 

1

1 1

(1 ( )) ( ), 1,...,
iN

k i k k
i j

VRTT R p i p j k K


 

     (1) 

 

kVRTT is defined as a weighted sum of the round 

trip delays iR associated to node i, and the weights 

are related to the stationary hit probabilities 

1 ( )kp i . 

 
 

3.3. Content Request Process 
 
 

Notation 
 

 
 
 

The content request process is structured in two 
levels, content and chunk. The process is modeled as 
a Markov Modulated Rate Process (MMRP): the 
request for content items is according to a Poisson 

process of intensity:
kk q  . A request for content 

is exactly the content of the first chunk, and when a 
chunk is received, the other new chunk is going to 
sent until the contents of the last chunk.  

ICP realizes a window-based Interest flow control, 
and it uses the AIMD (Additive Increase 
Multiplicative Decrease) mechanism to adapt the 
Interest window size to attain the maximum available 
rate allowed on the network path. 
 Interest window increase: W is increased by η/W 

at Data packet reception. 
 Interest window decrease: The protocol reacts by 

multiplying W by a decrease factor β< 1, no more 

than once for a duration equal to the timer as in 
Fig. 4 (b). 

 Interest timer value: τ should be set larger than 
the minimum network delay, and a minimum τ 
value is necessary to guarantee high utilization of 
the available bandwidth. In the case of variable τ, 
ICP maintains round trip delay estimates at every 
data packet reception. Each flow adapts its timer τ 
according to 

 

min max min( ) , 0.5RTT RTT RTT       (2) 
 
 

 
 

Fig. 4. Linear (a) and binary tree (b) topologies  
with bandwidth-limited down-link. 

 
 

3.4. Content Request Aggregation 
 

CCN’s a basic feature of blocking requests flood 
is the aggregation, which it can prevent the 
transmitted request for the same data again by the 
node of the PIT records pending requests chunk 
trajectory. PIT time window Δ: the value is used to 
limit the number of packets in its pending request. 
The larger of the value, the more the number of filter 
out a request packet; smaller the value, means that 
there are more unnecessary requests continue to be 
routed. 

The request aggregation clearly impacts the miss 
rate of a given cache. In fact, when a request chunk 
arrives at a node, if the corresponding chunk is stored 
in the node, it will generate a hit, otherwise it 
generates a lost. For the latter, the request is filtered 
only if a previous request for the same chunk has 
been emitted and the chunk has not been received yet. 
Given the request process, the filtering probability 
associated to class k at the first hop is, 

 

,

1
(1) 1,...,

1 (1 1/ )
k

filt k
k

b
p k K

b


 
 

 

k k
kb e   

(3) 

 
The proof is reported in [11]. 
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3.5. Bandwidth Sharing Model 
 

In CCN, a receiver can download data from 
multiple nodes and share bandwidth with other 
concurrent transfers. User-perceived performance 
depends on the parallel download bandwidth sharing. 
A generally accepted fairness objective is max-min, 
which can achieve rate equalization. 

Every route i is characterized by a number of 

parallel transfers, iN , sharing the same route and 

therefore the limited bandwidth. iN is a random 

process that varies according to the demand λ and the 
service rate each transfer in progress gets. 

iN is a birth and death Markov process, 

birth rate: ( 1) ( ), ( (0) )i i       

death rate: ( ) / ( )in i   

( 1) ( )i i   denotes the rate of the Poisson 

process of content requests satisfied by node i, under 
the assumption of a MMRP miss process of intensity 

( )i at node i. The death rate, ( ) / ( )in i  , is 

determined by the max-min fair shared 
bandwidth ( )i  in bps associated to each of the 

in content transfers in parallel over route i. 

 
 

3.6. Storage Sharing Model 
 

The research about storage sharing model is based 
on above three models: content request process, 
content request aggregation and bandwidth sharing 
model, so we validate numerical analysis through the 
storage sharing model.  

Except 3.2 assumptions, we give the others as 
follows: 

1. K popularity classes with the same number of 
content items m = M/K in each one. 

2. Non-unitary content size (σ). 
 
 

3.6.1. Storage Model Analysis at Node 1 
 

We first analyze the first node which means the 
first from the content request point. Given a MMRP 
request arrival process with intensity λ, and average 
content size σ, be x > 0the cache size in number of 
chunks, then the stationary miss probability for 
chunks of class k is, 

  
 

1 1
1/ (1 )g c m   


    (4) 

 
We use an ad-hoc C++ event-driven simulator[8] 

to confirm the accuracy of the model and assume a 
simple transport protocol which it uses a fixed 
window size for chunk requests as in CCN. Nodes’ 

forwarding tables are implemented by Carzaniga et al. 
in content-based networking simulator [6]. 

For the case of a single node, we present the 
experimental case is that a population of M = 20000 
content items, and K = 400 classes, each one with  
m = 50 items. Content items are split in chunks of  
10 kB each. Users generate content requests 
according to a Poisson process of intensity  
λ= 40 content/sec, and the interest transmission 
window size is W = 1. The cache of size  
x = 200000 chunks (2 GBs) which implements the 
LRU replacement policy. Each cache is assumed to 
be initially empty, while statistics are collected in 
steady state only. 
 
 

 
 

 
 

Fig. 5. Miss probability as a function of class  
popularity (a); miss rate with and without  

request filtering for α= 2 (b) [8]. 
 
 
In Fig. 5 (a) [8] we can see that the greater the 

value of α, the miss rate is lower, and for high 
popular level (1 is the highest) of the content, it’s 
miss rate is low, while the lower popular Level of the 
content, it’s miss rate is getting higher and higher, 
almost, that is certainly lost. Fig 5 (b) [8] shows the 
miss rate with request filtering is lower than without. 
Through these two simulation graphics, we can 
confirm the accuracy of the eq.4 for predicting the 
probability of loss. 
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3.6.2. Storage Model Analysis at Network 
Topologies 

 
In this section we consider the topologies reported 

Fig. 4, in order to derive the stationary miss 

probabilities ( )kp i at hop i > 1, we need the 

following auxiliary result. 
Given a MMRP request arrival process with rate 

λ(i) and popularity distribution: 
1 1

11 1
( ) ( ) / ( ) , 1,...

i lK

k k k l llj j
q i p j q p j q k K

 

 
   and 

defined Si(0, t) the number of different chunks 

requested in the open interval (0, t] at the 
thi node. Be 

μ(i) the miss rate at node 

i ( ) ( ) ( ) ( )k kk
i i p i q i   , then it holds 

 

1[ (0, )] ( ) 1
1/ ( ) lim (1 )

( 1)
i

t

S t i
g i c m

t i


    

 





   


(5) 

 
i.e. ( ) / ( 1) / ( )g i g i i   , being 

(1)g g .The proof is reported in [9]. 
 
 

3.6.2.1. Miss Rate Characterization without 
Request Aggregation 

 

Given a cascade of N caches as in Fig. 4 (a) and a 
MMRP request arrival process, then ∀ 1 < i≤ N it 
holds 

 
1

1

1

1

( )
log ( ) ( ) log (1)

(1)

( ) log (1)

i

k k k
l

i

k k
l

g i
p i p l p

g

p l p
















 

(6) 

 

Similarly, one can study the binary tree topology 
in Fig. 4 (b), that has no difference with the line 
topology in the homogeneous case expect that 
λ(i)=2μ(i-1). 

Given a homogeneous binary tree with 

2 1N  caches (that is with N levels) as in Fig. 4(b) 
and a MMRP requests arrival process, then ∀ 1 < i≤ 
N it holds 

 
1

1

1

1

( ) ( )
log ( ) ( ) log (1)

( 1) (1)

( ) log (1)

i

k k k
l

i

k k
l

i g i
p i p l p

i g

p l p




















 (7) 

 
 

3.6.2.2. Miss Rate Characterization with 
Request Aggregation 

 

Given a cascade of N caches as in Fig.4 (a), a 
MMRP request arrival process and an aggregation 
timescale ∆, then it holds 

1

,1
( ) 1 (1)( ) (1) ( )

i
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For the topology in Fig. 4 (b) the request 

aggregation can take place at several hops depending 
on traffic and cache parameters. 

Given a binary tree with 2 1N   caches (that is 
with N levels) as in Fig. 4 (b) and a MMRP requests 
arrival process and an aggregation timescale ∆, then 
it holds 
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The proof is provided in [9]. 

For the case of topology, we present the 
experimental case is that N = 3 levels binary tree, 
where data is stored at the root of the tree. Each link 
has the same capacity of 10 Gbps and the same round 
trip delay equal to 2 ms. The Zipf parameter α= 2, 
and chunk size is 10 kB. Other parameters are same 
to the above case. 

Fig. 6 compares the miss probabilities at different 
nodes (from the 1st to the 3rd level) without request 
aggregation. The comparison summarizes the good 
match between model predictions Eq.(4) at level i = 1, 
Eq.(6) at level i > 1. we can be see that the requests 
for content items of the most popular class are almost 
completely served by caches of first nodes, so the 
miss probability for class k = 1 is nearly 1 at i>1. 
Content items of class 2 are mainly cached at first 
and second level, whereas less popular classes, 
represented in the queue of the curves, are very rarely 
cached as hardly requested. 

 
 

 
 

Fig. 6. Miss probability at different levels for binary tree 
topology, with no filtering [8]. 
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4. Conclusions 
 

Content-centric networking is the research focus of 
the next generation network. In this paper, we 
summary the recent research progress of ICP. We 
make these process modeling, research and analysis 
in linear and binary tree network topology separately, 
and confirm the accuracy of the models and its 
characteristics through the numerical analysis, finally 
give the research trend for ICP. 

Through the research, we find that ICP protocol’s 
a significant feature is the storage functions 
embedded in the network, it can help reduce content 
download latency and network bandwidth usage 
greatly improve bandwidth utilization performance. 
Another is that CCN transport provides Disruption 
Tolerant Networking. The multipoint nature of data 
retrieval by Interest provides flexibility to maintain 
communication in highly dynamic environments. 
Any node with access to multiple networks can serve 
as a content router between them. These 
characteristics do provide effective help to resolve 
the current Internet problems. 

But, CCN technology is still in its beginning 
stages. So, the ICP protocol is not very mature, and 
the protocol’s process and topology are relatively 
simple, and the protocol traffic control problem also 
needs more in-depth study. The next step of the 
research is continues to improve the ICP protocol, 
and over a period of time it will also be the hot 
issues of the next generation network research. 
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Abstract: This paper adopts single bus digital temperature sensor DS18B20 and it can be directly converting 
the temperature value to 32 digit code serial mode output. The design of smart temperature sensor system based 
on ART neural network is using digital temperature sensor for temperature acquisition unit, automatic 
measurement and control of temperature by ART network. The system has a fast, stable performance, simple 
circuit to meet the requirements of real-time detection and control. The paper presents design of smart 
temperature sensors system based on ART neural network. Experimental results show that the smart temperature 
control systems in the temperature measurement accuracy, resolution and test function are greatly improved. 
Copyright © 2013 IFSA. 
 
Keywords: Temperature sensor, Smart sensors, ART neural network. 
 
 
 
1. Introduction 
 

The digital voice technology based on digital 
thermometer, the measurement results through voice 
way broadcast, can play audio advantage, 
compensate completely with insufficient light signal 
transmission of information, realize the transition 
temperature measured by the "query" to "interrupt", 
give full play to the advantages of interrupt mode, 
such as in the dark place or eyes are focusing on 
other details or other special circumstances (such as 
night long time monitoring temperature). This paper 
designed and developed a set of programmable 
(parameters), voice broadcast, overrun alarm 
functions, and can be displayed online temperature 
change curve and the new intelligent thermometer 
can be used for networking. 

Smart sensor is generally composed of signal 
acquisition unit, data processing unit and a network 
interface unit. The 3 unit may be using different chip 

synthesis type, also can be a monolithic structure. 
Core intelligent sensor network is embedded 
microprocessor. Embedded microprocessor has the 
advantages of small volume, low power 
consumption, high reliability, anti-interference ability 
and other characteristics. This system is based on 
embedded microprocessor as the core, the use of 
digital temperature sensor as the acquisition unit. 
Used in the design of the system is the field of 
information technology for the new B / S (Brower / 
Server, browser / server) architecture, use the 
browser as client, no need to install software, use rise 
more convenient. 

Smart temperature sensors increase the 
temperature window comparator, very suitable for the 
design of a line with the ACPI specification of 
temperature control system [1]. This system has 
overheating protection function can be used to 
monitor the temperature of the laptop and server CPU 
and main circuit. The microprocessor can withstand 
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the highest temperature was 85 degrees IH desktop 
computer, high-end notebook computers a dedicated 
CPU up to 100 degrees. Once the CPU or main 
circuit temperature exceeds the set on, and it is the 
lower limit, INT end immediately so that the host 
generates an interrupt signal through the power 
controller, the main power to determine quickly plays 
a protective role. 

ART is the core part of this theory and after years 
of research and development and has already raised 
the Art ART2 and ART3 of three structures. ART 
network as a pattern classifier is better to solve the 
aforementioned problems of stability and flexibility. 
ART networks and algorithms with greater flexibility 
to adapt to the new input mode, while managing to 
avoid the learning mode to modify the network 
previously learned. ART is a generation of self-
organization of environmental awareness coding 
neural network model. 

In this paper, the design of intelligent temperature 
sensor system based on ART neural network, using 
DS18B20 digital temperature sensor for temperature 
acquisition unit, automatic measurement and control 
of temperature, and at the same time display and 
alarm function [2]. The system has a fast, stable 
performance, simple circuit to meet the requirements 
of real-time detection and control. Application 
initialization and it is 8255 and set to work. PA 
mouth, PB port, PC port are output port, PA port, PB 
port to display output, PC port for alarm and device 
drivers mouth. Temperature sampling, each 
temperature sampling point 6, and calculate the 
average value as the sampling value into the display 
and storage of the corresponding unit of storage and 
the number of the sensor and temperature display, 
and then determine whether the temperature exceeds 
the set temperature. The paper presents design of 
smart temperature sensors system based on ART 
neural network. 

 
 

2. Development of Smart Temperature 
Sensors Control System 
 
Embedded microprocessor LPC2310 is used in 

micro controller, a real-time simulation and 
embedded trace 32 / 64 ARM7TDMI S based on 
CPU. Power consumption is very low, with a 
plurality of 64 timer, 16/10 ADC, PWM output and 
up to 9 external interrupt, is particularly suitable for 
industrial control, medical system; the serial 
communication interface with a wide range of, also is 
very suitable for the application in the 
communication protocol converter, gateway, 
embedded soft Modem and other types of. Design the 
overall framework of Web intelligent temperature 
sensor system for the embedded system. 

In the temperature range of temperature 
measurement, mature and many, such as the use of a 
thermostat, using platinum resistance, temperature 
measurement system based on integrated temperature 
sensor. Digital temperature sensor of the popular is 

AD7416 and MAX6575L / H and DSl8X20. The first 
two for temperature measurement and computer is 
instrument internal. In view of the interface is simple, 
and the measurement accuracy, reliability, stability 
and parameter consistency in terms of performance, 
widely used. As in the -10 ~ +95 C range of the 
measurement error is less than ± 0.6 C, and 12 bits 
resolution which is very popular in the field of 
application. 

This solution takes STC89584 SCM system as the 
core to real-time inspection of temperature. Send the 
host computer for control instruction, and control of 
each detection unit to collect the temperature, the 
measurement data is collected, and the measurement 
results are sorted and displayed. Including the MCU, 
reset circuit, and it is temperature detection, alarm 
circuit, keyboard and display, alarm circuit and other 
parts. 

In order to avoid disoperation interfered by noise 
in the temperature control system, the internal 
intelligent temperature sensor AD746/74517, 
LM855/76, MXA5415/9586 etc., have set up a 
programmable "fault line (FAULT QUEUE)" 
counter, dedicated to set up to allow the measured 
temperature value, the lower limit of more than on. 
Only when the number of measured temperature 
exceeds the limit or below the lower limit of 
continuous, dedicated to set the allowed number of 
measured temperature exceeds the upper, lower 
reaches or exceeds a set number of N (N=1~4), can 
trigger the interrupt, as is shown by equation1. 
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The system describes common analog-to-digital 

conversion circuit for signal amplification of the 
analog signal, and are generally required to design a 
microcontroller interface circuit, this system has a 
high level of integration, single-chip to complete the 
signal amplification, analog-to-digital conversion, 
software filtering, while achieving a Single Wire 
Protocol, direct communications, and high-end 
computer and do not have to design and 
microcontroller interface circuit.MSP430512415013 
is a low-power devices, when running at 1 MHz 
clock conditions, the operating current of 110 μA 
standby mode work the current only 0.234 μA keep 
the power saving mode of the RAM operating current 
is only 0.24 μA, so low power consumption can fully 
utilize the battery supply, suitable for portable 
measurement. 

In intelligent instruments, often require accurate 
amplification of weak signal of the difference with 
the common mode interference, request input 
impedance amplifier circuit and common-mode 
rejection ratio, small error, stability. This is used to 
amplify the weak sensor output voltage or current 
signal amplifier called instrumentation amplifier 
(measuring amplifier). Isolation amplifier output end 
and input end of each have different potential 
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reference point, namely the input and output of no 
direct electrical coupling, but through the 
photoelectric coupling element, transformer or 
capacitance coupling. Insulation voltage input and 
output is generally more than 1000 V, the insulation 
resistance of tens of megabytes ohm. 

In the sensor data acquisition software 
programming and it is using the single bus protocol. 
Including through the 1-wire bus access protocol of 
DSl8820 and it is ROM initialization operation 
command, the memory operation command and data 
reading and processing data [3]. According to the 
initialization timing, DSl8820 write timing and read 
timing, write 3 separate subroutine: Init_DSl8820 
initialization subroutine; WriteOneChar to write (a 
command or data) subroutine; ReadOneChar for 
reading data subprogram. All data read / write all 
start from the lowest, as is shown by equation (2). 
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Completing initialization temperature set point 

setting, display register set initial work, testing 
equipment complete testing various peripherals is 
intact, otherwise an error signal. Then, check the new 
key state, to see whether there is a button command 
new input, if there is, then call the key processing 
subroutine, or continue to check for new data from 
the serial input, if there is, then call the serial data 
processing subroutine, or into the A/D collection 
procedures, the on-site temperature acquisition to 
value compared with the given value, if the 
difference is not in the allowed range, call the 
intelligent algorithm module, otherwise it returns. 

The internal reference voltage or the external 
voltage reference regardless of system, the input 
voltage has a corresponding range, so the front-end 
analog input with sneer diode limiter. The system can 
according to the external signal regulating conversion 
precision, the maximum value only analog pulled 
P2.6 and adjusting the external input is measured, 
then the system will automatically adjust the PGA 
(programmable gain amplifier) [4]. Due to the half-
duplex differential transmission, the system is easy to 
expand; the system can be composed of a sensor 
network using multiple sensors, through the bus 
control sensor data collection, as is shown by 
equation3. 

 
 )()()()( iiiiiiii kTvkTxkTCkTz 
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In the automatic measurement, intelligent 

instrument with automatic calibration, automatic 
adjustment, with the zero trigger level automatic 
adjustment, automatic range switching functions, 
greatly improves the precision of measuring 

instrument. Automatic zero calibration: calibration 
source with zero output to input table, enter zero 
calibration mode, the zero drift of a range of the 
millimeter to selected functions and stored in 
memory on the measured calibration. In the normal 
measurement, as long as the parameters extracted 
from memory, and subtracted from the readings were 
corrected. Special attention should be paid, for zero 
offset calibration in the use of calibration source, 
should execute positive zero and negative zero offset 
calibration, and is stored in the calibration of memory. 

In the design of monitoring system, Lab 
Windows/CVI and VC environment for the 
development of the modern temperature monitoring 
system based on the demonstration of the software, 
through software programming is sent to PC (PC) 
and VB interface for remote monitoring in the PC 
machine and display of measured temperature values. 
Better implementation of the remote monitoring 
system integration and temperature sensor node value. 
At the same time the intelligent temperature 
measuring system design idea, system structure, and 
system assembly debugging process should pay 
attention to the problem in detail. 

In order to realize the real-time system, the 
controller ART neural network control algorithm 
realized by hardware, IP components as user-defined 
with peripheral algorithm accelerator form connected 
to the system bus. Parallel input / output (PIO) 
module is parallel input / output module 1 to 32 bits. 
Using PIO as a memory-mapped interface between 
software and user defined logic. Control word control 
algorithm module, status word 0 control algorithm 
modules is running, status word 1 represents the input 
register whether new input, status word 2 said output 
register a new output, when the controller output is 
new, is set to high, as is shown by Fig. 1 [5]. 

 
 

 
 

Fig. 1. The building smart temperature sensors  
based on ART neural network. 
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Through practical application, a single 
MSP430F55143 can realize the small sensor output 
signal level measurement, conversion time of less 
than 1ms. And can realize low power measurement, 
power consumption does not exceed 6mW. The 
system is particularly suitable for the implementation 
of an intelligent sensor, when the input signal with 
amplitude greater than 40 mV can be guaranteed  
16 bit A/D converter resolution. Due to the half-
duplex differential transmission, networking can 
conveniently realize the sensor. 

PN junction temperature sensor and integrated 
temperature sensor. Corresponding with it, according 
to the law of wave interaction with matter, have 
developed the acoustic temperature sensor, infrared 
sensor and microwave sensor. The temperature 
sensor is used as the core part of the thermostat value 
with the temperature change characteristics, the 
untranslated physical quantity of electricity for 
electricity, semiconductor devices and precise 
temperature control and automatic measurement.  

The temperature sensor by sensor in contact mode 
of the medium to be measured can be divided into  
2 categories: one category is the contact type 
temperature sensor, a kind of non-contact 
temperature sensor, contact type temperature sensor 
temperature element and the measured good thermal 
contact with the like, reach thermal equilibrium by 
heat conduction and convection principle, then 
showing the value is the object to be measured 
temperature. 

The accuracy of this measurement method is 
relatively high, and to a certain extent, but also 
temperature measurement inside the object 
distribution, but for the heat capacity of movement, 
small, or the temperature sensing element object 
corrosion, as is shown by equation4. 
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Temperature is one of main parameters in 

industrial control, especially in the metallurgical, 
chemical, building materials, food, machinery, 
petroleum industry, has a very important role. For 
different places, different process, the required 
temperature range is not the same, different precision, 
temperature sensor, measuring method and the 
method to control temperature will also be different; 
different product process, temperature control 
precision, aging is different, the precision of data 
acquisition and the control algorithm is also different, 
therefore the control method, the temperature is 
varied. 

SOPC Builder can automatically generate the 
timer module source code and the corresponding 
software interface subroutine, system integration and 
convenient. NIOS timer module is 32 bits of internal 
timer [6]. The software can operate the timer to write 
control register, can also read the internal counter 
values. The timer module can generate interrupt 

request signal, can also interrupt mask with internal 
control. The software can control the timer in the 
following ways: preset period and period register set 
timer period, set the control register start and stop to 
enable or disable the interrupt, by setting the control 
register ITO bit to enable or disable the interrupt. 

In the development process in the application 
system of MCU, MCU is the core of the design, so it 
is very important to choose the appropriate SCM 
model. According to the realization of system 
functions required hardware resources, the 
performance indexes meet the case, processor 
STC53C52 chip 8051 series of the system. In this 
system, select the STC345C52 microcontroller as the 
control of the system chip, STC89C52 chip can be 
turned by the transmission signal data of temperature, 
humidity detection circuit detects the LED display 
module and terminal PC, temperature, humidity 
display; through the keyboard alarm set temperature 
and humidity, temperature, and humidity exceeds the 
upper and lower limit alarm by buzzer realize 
temperature, humidity. 

Complete thermostatic control system function 
the design of real-time monitoring and control of 
temperature, temperature control system design to 
achieve the basic functions of temperature control: 
temperature below the set temperature, the system 
automatically starting the heating relay heating, make 
temperature rise [7]. When the temperature rises to a 
lower temperature above, stop heating; when the 
temperature is higher than the set upper limit 
temperature, the system automatically start the fan 
cooling, the temperature down. When the 
temperature drops is to below the upper limit 
temperature, stop cooling, as is shown by Table 1. 
 
 

Table 1. Design of hardware temperature sensors table. 
 

DSl8B20 ESD A / D  ART Default 
CPU E2PROM YES 0.85 41 
RAM 89S52 NO 0.965 96 
ROM MAX6654 YES 0.412 52 
LM94022 MAX6625 YES 0.123 (NULL) 
AD7817 EERAM YES 0.584 (NULL) 
LM75 74LS14 NO 0.996 125 
AD22105 74LS273 YES 0.362 (NULL) 

 
 

In order to prevent the human body electrostatic 
discharge (ESD) damage chip. Some smart 
temperature sensors also increased the ESD 
protection circuit, electrostatic discharge voltage 
general can bear 1000 V ~ 4000 V. Usually the 
circuit model of the human equivalent and in series 
by 100PF capacitor and a 1200 ohm resistor, when 
the human body discharge, serial interface, intelligent 
temperature sensor TCN75 interrupt / comparator 
signal output terminal and the address inputs can 
withstand 1000 V electrostatic discharge voltage. 
Electrostatic discharge voltage intelligent 
temperature sensor LM83 can bear 4000 V. 
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Sensor conditions: first, must have the signal 
generator signal quality is good; secondly, the wire or 
optical fiber, the signal transmission efficiency is 
good, repeatable use, long service life; thirdly, the 
sensitive element, the signal to accept, amplification, 
filtering, convert the measured signal is a signal 
device and scope of work can be measured in wide, 
characteristic, signal / noise ratio; finally, the devices 
have good matching, adapt to the environment, low 
failure rate and price. 

The direction of standardization, high reliability 
and security, the development of virtual sensors and 
sensor networks, and it is development of single-chip 
temperature measurement system and the 
development of science and technology [8]. At 
present, the bus technology of the intelligent 
temperature sensor can realize standardization, 
standardization; bus is used by the main line (1-Wire) 
bus, I2C bus, Sambas bus and SPI bus. Temperature 
sensor as a slave can communicate with host through 
dedicated bus interface. 
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Smart Temperature sensor has follow information: 

a) discrete temperature sensor thermocouple, RTD, 
thermostat, and semiconductor temperature sensor 
are discrete temperature sensor; the sensor itself is a 
complete, independent of the temperature sensing 
element. Such sensors are usually equipped with a 
temperature transmitter, to obtain a standard analog 
(voltage or current) output signal. b) Analog 
integrated temperature sensor integrated sensors 
using silicon semiconductor integration process and 
made, also known as silicon sensor or monolithic 
integrated sensor. Dedicated IC to be completed by 
the temperature measurement and analog signal 
output function, it is a simple integrated temperature 
sensor for distance measurement, temperature 
control, does not require non-linear calibration. 

This paper adopts single bus digital temperature 
sensor DS18B20, can be directly converting the 
temperature value to 32 digit code serial mode 
output: the temperature into digital code only about 1 
second. But it has a unique single-line interface, 
namely with microprocessor interface only occupies 
1 I/O; support multiple nodes; temperature without 
any external components, can be through the data line 
directly to the power supply, low power consumption 
mode. The temperature range of 30 C ~ +130 C, 
temperature measurement precision can reach 0.6 C. 
Because the transmission is serial amplifier and A/D 
converter can all be saved, thus the temperature 
greatly improves the reliability of all kinds of 
temperature measurement and control system, 
reduces cost, reduce the volume. The temperature 
measurement system has the advantages of simple 
structure, less hardware, low cost, high accuracy, fast 
switching speed, high practicality. 

There is only one IP address programming 
temperature sensor. The subnet mask is 
255.255.255.0, gateway address and IP address is the 
same. The Web server based on the microprocessor, 
PC machine as the client, when individuals need to 
query the temperature sensor value, enter the sensor 
IP address in the browser through the HTTP protocol, 
can enter the system temperature the webpage 
browsing interface. 

The system uses DSl8B20, the sensor built-in 
signal conditioning and A / D conversion, and the 
hardware interface between the microcontroller is 
very simple, only needs a data line is connected with 
the microcontroller through, so ensure the reliability 
of the system. In order to realize the measurement 
accuracy is ± 0.05 C, using the DSl8B20 
SCRATCHPAD in the "residual pulse number" and 
"each pulse number", through the formula: high 
resolution temperature value of =TI- 0.35+ (Tp - TR) 
/ TP measurement accuracy is ± 0.05 C can be 
obtained. 
 
 
3. Combining with Temperature Sensor 

and ART Neural Network 
 

Feasibility analysis of temperature measurement 
using ART2 neural network temperature sensor 
through the above on the ART2 neural network is 
presented, that ART2 neural network is applied to 
temperature sensor with statistical methods and 
neural network algorithm can not match advantage. 
First of all, the ART2 neural network can better solve 
the problem of stability and flexibility, it can accept 
new models at the same time on the old model also 
maintain memory, and other types of neural network 
memory sample number is limited, therefore, ART2 
neural network with the increase of the input sample 
number, it as a pattern classifier the higher the 
accuracy, coverage of the sample space is also 
bigger. Secondly, ART2 neural network is learning 
and unsupervised learning while running [9]. 

Thus the ART2 network based on these functions, 
the modeling process of the ART2 neural network is 
applied to credit risk assessment is a temperature 
sensor in the human expert, and ART2 neural 
network compared with the human expert assessment 
more objective, more effective, more accurate. 
Finally, ART2 neural network can be adjusted by the 
warning line parameters (threshold) to adjust the 
pattern of class number, small, model category less 
(on the classification of coarse), large, multi-class 
pattern (on the classification of fine), which is the 
other methods can not match, as is shown by 
equation 6. 
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Using the fuzzy logic controller heuristic 

knowledge to adjust the network parameters of 
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traditional neural network training, and focus on 
learning control parameters ART and BP. In recent 
years, there are many domestic scholars studied the 
training algorithm of neural network, mainly focused 
on solving the neural network training speed and 
generalization ability, global optimization technique. 
Global training algorithm (IBPM) and annealing 
strategy, on the generalization ability of neural 
networks were studied. Fuzzy neural network of 
neural network and fuzzy logic feature fusion, which 
from the point of improving neural network inspired, 
transparency and robustness, fuzzy concept and fuzzy 
inference rules into neural network connection 
weights of neurons, and network learning. Fuzzy 
neural network can effectively play their respective 
advantages of fuzzy logic and neural network, make 
up for their deficiencies. 

NIOS CPU is a RISC processor using pipelining 
technique, single instruction stream, with instruction 
and data memory port separation (Harvard memory). 
In this paper, the processor clocked at 33.333 MHz. 
The internal registers NIOS in CPU include: a 
general register file, a plurality of internal control 
register, a program counter, and one for the K prefix 
instruction register [10]. NIOS3.0 CPU allows the 
user to cancel the trap instruction, hardware interrupt 
or the inner exception support, the NIOS system is 
configured with a simple control system (not running 
complex software). 

Intelligent temperature sensor is the 
crystallization of micro-electronics technology, 
computer technology and automatic testing 
technology, it is the integrated temperature sensor 
brought a new product domain is the most vigorous 
and promising. At present, many well-known 
international integrated circuit production factories 
has developed hundreds of intelligent temperature 
sensor products. With the rapid development of 
electronic technology and microcomputer, 
microcomputer measurement and control technology 
has been rapid development and wide application. 
SCM has strong, fast running speed, low power 
consumption, used in temperature measurement and 
control, simple and convenient control, wide 
measuring range, high precision, as is shown by 
equation 7. 
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From the basic model of neural network, mainly 

has: feed forward, feedback, self-organization and 
stochastic neural network. These four types each 
have different network models: feed forward neural 
networks are mainly in the BP network and RBF 
network; the feedback network is Hopfield network; 
self-organizing network consists of ART network.  

At present, the already relatively mature neural 
network control model with neural self-tuning 
control, PID control, model reference adaptive 
control, endometrial control etc. (1), self-tuning 

control neural self-tuning control structure of neural 
network, which consists of two loops, self-tuning 
controller and the controlled object of the feedback 
loop; (2) the design of neural network identifier and 
controller, the controller parameters are. This scheme 
design is to estimate the capacity constrained 
optimization to solve the conventional controller 
parameters calculated using neural network identifier, 
adjust the conventional controller parameters or 
structure. 

The system has been tested to run well, can 
conveniently through the acquisition of real-time 
query browser temperature value of temperature 
sensor [11]. Networked intelligent sensor is a new 
direction now sensor technology development, the 
system uses embedded technology to achieve a basic 
based on intelligent sensor network design, which is 
mainly focused on the implementation of the TCP / 
IP protocol, the TCP / IP protocol stack to the 
system, and then call the relevant the API function of 
the realization of network communication. The Web 
function of the realization of the main use of the B / S 
mode, and it is through the upper layer of the HTTP 
protocol to realize the interaction between the 
browser and the embedded network sensor. 
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Compared with the traditional thermal resistance 

DS18B20, it can be read out directly for temperature 
measurement and can be based on actual going 
through a simple programming 9-12 bit digital 
readout mode, can be completed in 9 bit and 12 bit 
digital quantity in 93.75 ms and 750 ms, and from 
DS18B20 to read out the information or write to 
DS18B20 information only from a mouth line, 
temperature transform power from the data bus, the 
bus itself can supply power for the connected 
DS180B20, external power supply without. DS18B20 
is required for normal operation in strict sequential 
control to it [12]. The operation of the DS18B20 
including the initialization, read / write time slice. 

The algorithm of the ART model is as follows: 
First, a new sample X placement node;  
Second, use a bottom-up process, obtained; 
Third, using MAXNET network, find the node 

with the maximum output value; 
Fourth, through the top-down test, to determine 

whether X belongs to the J class, i.e. if there is, then 
X belongs to the J class, is the vigilance parameter. If 
the type is not established, go to step sixth, otherwise 
continue; 

Fifth, for the specific J and all I updates and the 
set time, t+1.  

Sixth, unable to determine whether X belongs to 
the J class, the inhibition of the node is returned to 
the second step, the process executing another cluster. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 94-102 

 100 

Design and programming of the system software 
must strictly abide by the single bus connection mode 
(Protocol) the content operation. The program flow 
diagram shown below, the following brief procedure 
function charts content. Since the system inspection: 
check the N from the machine (DS182 0) exists; the 
system initialization: from the reset, set the TH value 
and TL value, set the working time end mark, set the 
sampling interval of time delay, the total number of 
N settings from the machine; temperature 
transformation operations: start-up temperature 
transformation, operation temperature sensor and 
storage ROM RA M, the alarm search operation; test 
data processing: read measuring temperature, CRC 
code proof, comparison, data recording, storing the 
data according to a certain format, the limit values of 
judgment processing; display and alarm: alarm limit 
value, according to a certain format to display the 
time, location, number of sensor, the current 
measured temperature data. 

 
 

4. Design of Smart Temperature Sensors 
System based on ART Neural Network 
 
Design a set of temperature detection system 

using MCU and DS18B20 devices with ART neural 
network (Fig. 2), the realization of the measured 
temperature and display, and through the button to set 
the upper and lower temperature. And in the 
temperature exceeds upper limit or lower limit 
control system functions, system with high 
performance / price ratio of 89S52 as the core, to 
complete the analysis, data processing, display, 
temperature limit set, overrun automatic control, use 
of 1-wire digital temperature sensor DS18B20 to the 
completion of the sampling and conversion 
temperature. 

The network interface is used in the popular lO 
Mbps embedded Ethernet control chip RTL8019. It is 
a highly integrated Ethernet control chip, the internal 
integration of DMA controller, ISA bus controller, 16 
KB SRAM and network PHY transceiver [13]. The 
user can through the DMA to send data to write the 
on-chip SRAM, let the chip automatically sends out 
the data; and the chip after receiving data, users can 
also be read by DMA. 

This paper is through the 89S74 single-chip 
temperature acquisition, data processing, storage 
temperature and temperature control. DS18B20 is a 
single bus digital temperature sensor; output for serial 
single output, the main role is to put the word 
accuracy temperature control output in digital form 
and storage conversion. The third chapter will make a 
detailed introduction, here don't do too much. 
74LS85 or not, is used to select the latch (and the 
write signal or not). 74LS64 Schmidt trigger, the 
keyboard for jitters elimination. The 74LS252 latch. 
With the latch display, code and indication signal. 
The keys are used for input and check the upper and 
lower temperature, the single-chip microcomputer 
reset, positive pulse every 1 hour to send  

0.05 seconds of starting electric machine. Crystal is 
to provide work for single pulse. Digital tube is show 
the temperature value. Light emitting diode for upper 
and lower bounds overflow alarm, over-temperature 
alarm and control, set the upper / lower limit 
instructions, work instructions. 
 
 

 
 

Fig. 2. Design of Smart Temperature Sensors System  
based on ART Neural Network. 

 
 

Application of ART network in the field of voice, 
image, text, recognition, pattern recognition is 
widely; in industrial control system has been used, 
such as for fault detection, fault diagnosis, fault alarm 
and quality control of complex production process; 
ART network can also be applied to data mining, 
search from a large number of data and found that the 
stable and meaningful patterns [14]. Its advantages 
are: the clustering effect, strong stability, for 
environmental change has good adaptive ability, 
algorithm is simple and efficient. Shortcomings: the 
ART network to determine the diagnostic model and 
parameters are reasonable, the network structure 
needs further study and optimization. 
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The temperature control system hardware mainly 

includes the following units: a key input, temperature 
acquisition, processing, temperature alarm, timing 
pulse etc. Core temperature control for the 
acquisition and processing temperature, selection 
system is especially suitable for programming and 
data processing of MS-51 single chip microcomputer 
89S52, and the other part of the programming control 
realized by 89S52. 

Based on field programmable gate array (FPGA) 
implementation of intelligent controller is an 
effective means of. This paper introduces a design of 
air-conditioning temperature intelligent controller 
based on SOPC. The intelligent control algorithm 
module as user-defined logic unit is connected to the 
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SOPC, and extend the man-machine interface, 
communication interface, data channel function, form 
the controller has a certain universal. Research shows 
that, SOPC intelligent controller is a flexible, 
effective way. 

(1) The system per minute using real-time speech 
to report a measured temperature, no false positive, 
false negative. When the measured temperature 
exceeds the warning temperature value, the system 
immediately alarm. 

(2) The system warning temperature value can be 
set arbitrarily at -88.0 ~ +175.0 C range (the default 
value is set to 36.5.0 C). 

(3) Recorded temperature measurement result, 
and can display the temperature change curve and 
computer network. 

(4) The measuring accuracy is ± 0.05 C  
(or 0.1 F). 

(5) System has the advantages of simple structure, 
convenient use, and reasonable price. 

The system uses the Keil C51 language, because 
of the use of the C language, register allocation, 
different memory addressing and data type and other 
details can be managed by the compiler, especially 
mathematical operation without human intervention, 

significantly shortened into time and debugging, 
improve efficiency, reduce into difficulty, make the 
programming more simple. The control software 
system can be divided into the main program, 
DS18B20 communication program, key program 
modules. The main program can be divided into 
system initialization, self-checking subroutine, 
temperature display subroutine three parts. 
Temperature display subroutine to complete the 
temperature acquisition, temperature value of the 
BCD conversion, adjustable display subroutine, over-
temperature alarm and control. 

System is to detect the ambient temperature, using 
DS18B20 sensor. When the temperature is exceeds 
the set temperature range, alarm. The introduction of 
single-chip microcomputer control system is to 
realize the intelligent part of a very important, using 
SCM to realize the program control and monitoring 
functions. System uses the connection of 89S52 and 
DS18B20 for real-time control and data processing. 
Software programming is responsible for setting the 
temperature bound, and then let the system to 
complete the control function according to set 
procedures. 

 
 

 
 

Fig. 3. Comparison design of smart temperature sensors based on ART neural with DS18B20. 
 
 

This paper uses the feature vectors of the ART 
neural network to identify the vector histogram 
generation. Simulation results show that, through the 
vigilance parameter adjustment values of neural 
network, different people have different maximum 
online recognition rate, all online maximum average 
recognition rate can reach 92 %. The paper presents 
design of smart temperature sensors system based on 
ART neural network. 

The traditional A/D converter mostly adopts the 
integral type or successive-approximation conversion 
technology, its noise tolerance is low, relatively poor 
ability of aliasing noise and quantization noise 
suppression. This subject adopts sigma-delta A / D 
converters with high performance, it can by sampling 
rate is very high and very low sampling resolution of 
the analog signal is converted into digital signal, and 
then exploits over sampling, noise shaping and digital 

filtering technology, to improve the effective 
resolution. Sigma-delta A / D converters can not only 
remove the quantization noise, and low requirement 
for the peripheral components of precision; due to the 
adoption of digital feedback mode, so the offset 
voltage comparator and zero point drift will not affect 
the temperature conversion accuracy. 

The smart temperature sensor with inhibition of 
series mode interference ability, and it is high 
resolution and good linearity, low cost. The system 
will convert the precision control words R1 and R0 
configuration for the "1", the accuracy can reach up 
to 0.0425 C, measured two times in the 
measurement, the measured value averaging two, 
four to five homes and it has achieved a high 
precision measurement. 
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6. Conclusions 
 

The test functions of the new intelligent 
temperature sensor are increasing. DS1629 type 
single intelligent temperature sensor increases the 
real-time calendar clock (RTC), make its function 
more perfect. DS1624 also increased the storage 
function; use EEPROM memory chip inside the  
256 byte, short information can be stored in the users. 
Due to the lateral inhibition is feature of self-
organization network, ART uses the MAXNET 
network structure, the network uses a lateral 
inhibition method and has a maximum output nodes. 
In this paper, DS18B20 sensor, temperature range  
-65 °C to +155 °C temperature measurement 
accuracy up to 0.0325 °C. Transmission is serial 
amplifier and A / D converter can all save, thus 
temperature greatly improve a variety of temperature 
measurement and control system reliability, reduce 
costs, reduce the volume. 
 
 
References 
 
[1]. DanDan Cui, CaiQian Zhang, The Novel Model of 

Fusion Temperature Error Compensation System by 
Neural Network and Smart Sensors, JCIT, Vol. 8, 
No. 5, 2013, pp. 379 - 387. 

[2]. Li Gao, Yinghu Zhao, Zhaoliang Liu, Immune 
Function Effect Analysis with Aspirin Based on 
Temperature Model Experiment of Mice, JCIT,  
Vol. 7, No. 16, 2012, pp. 11 - 18. 

[3]. Fang Wu, Wang Dian Hong, A Survey on the Nodes 
of Wireless Multimedia Sensor Networks, IJACT, 
Vol. 5, No. 5, 2013, pp. 1260 - 1275. 

[4]. Youfu Wu, Jing Wu, Recognizing Moving Objects 
Based on Gaussian-Hermite Moments and ART 
Neural Networks, JCIT, Vol. 5, No. 8, 2010,  
pp. 63 - 70. 

[5]. Huimin Lu, Yujie Li, Lifeng Zhang, Shiyuan Yang, 
Seiichi Serikawa, Fast Level Set Segmentation 
Method in Medical Multi-sensor Images Detection, 
IJACT, Vol. 4, No. 23, 2012, pp. 475 - 482. 

[6]. Jiang Feng, Research on Designs of City 
Temperature Control Systems Based on Particle 
Swarm Algorithm and Neural Network, JCIT, Vol. 7, 
No. 16, 2012, pp. 484 - 492. 

[7]. Jinxue Sui, Li Yang, Zhilin Zhu, Flame Burning 
Condition Recognition Based on Improved ART 
Neural Network, IJACT, Vol. 3, No. 4, 2011,  
pp. 32 - 40. 

[8]. Wenbai Chen, Wei Li, Xiaopin Zhang, Mobile 
Robot-Based Virtual V-blast Mimo Transmission 
Scheme in Distributed Wireless Sensor Networks, 
Journal of Theoretical and Applied Information 
Technology, Vol. 46, No. 2, 2012, pp. 0677 – 0685. 

[9]. Maryam Hourali, Gholam Ali Montazer, A New 
Approach for Automating the Ontology Learning 
Process Using, JCIT, Vol. 6, No. 10, 2011,  
pp. 24 - 32. 

[10]. Wang Jun, Chen Yan, Wang Haixia, Comprehensive 
Evaluation Principles for Performance of Ultralow 
Temperature Ammonia Screw Refrigeration Package, 
IJACT, Vol. 4, No. 23, 2012, pp. 662 - 670. 

[11]. Guang-Xian Ji, The research of decision tree learning 
algorithm in technology of data mining classification, 
JCIT, Vol. 7, No. 10, 2012, pp. 216 - 223. 

[12]. Hong-Sheng Xu, Guo-Fang Kuang, The development 
of e-commerce recommendation system by applying 
formal concept analysis and neural network, JCIT, 
Vol. 7, No. 10, 2012, pp. 150 - 157. 

[13]. Liu Xiaoqiang, Jiang Ke, Liu Xia Song Hui, Zhao 
Xiaoyan, Ma Yue, A Hybrid Sensory Evaluation and 
Decision Support System for Vegetable Breeding 
Selections, JDCTA, Vol. 6, No. 10, 2012,  
pp. 212 - 220. 

[14]. Li Yong-Bin, Research on Sensor Communication 
Protocol of Cloud Note Damage Sub-region 
Replacement, JCIT, Vol. 7, No. 16, 2012,  
pp. 362 - 368. 

 
 

___________________ 
 

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

 

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


Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 103-112 

 103

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

The Application of Management Information System  
in Internet of Things based on RFID Technology 

 
1 Guofang Kuang, 2 Zhaofeng Sun 

1 College of Information Technology, Luoyang Normal University, Henan LuoYang, 471022, China 
2 Department of Computer and Information Engineering,  

Luoyang Institute of Science and Technology, Henan LuoYang, China 
1 Tel.: 15837978957 

1 E-mail: kuangguofang2012@163.com 
 
 

Received: 22 April 2013   /Accepted: 19 July 2013   /Published: 31 July 2013 
 
 
Abstract: Radio Frequency Identification (RFID) is a non-contact automatic identification technology; it is the 
use of radio frequency signal through space coupling non-contact transmission of information, and through the 
message reaches the target identification technology. The basic principle of RFID is the use of radio frequency 
signal and its spatial coupling, transmission characteristics, for still or moving in the identifying items of 
automatic recognition. RFID has the advantages of high precision, strong ability to adapt to the environment, 
strong interference resistance, and quick operation. This article elaborated the RFID technology based on 
management information system in Internet of things and discusses the RFID technology in the management 
system in the application of convenience, describes the system’s entire work flow and management data analysis 
design. The paper presents the application of management information system in Internet of things based on 
RFID technology. Copyright © 2013 IFSA. 
 
Keywords: Radio frequency identification (RFID), Management information system, Internet of things. 
 
 
 
1. Introduction 
 

The RFID tag is by a coupling element, chip and 
micro antenna, each tag with a unique electronic 
code, attached, used to identify the target object. 
Label into the reader scans a field later, receives the 
reader sends RF signals, by virtue of induction 
current obtain energy to send out a stored on the chip 
electronic code (passive tags), or sending signals of a 
given frequency (active tags). 

Radio frequency identification (Radio Frequency 
Identification, RFID) is a non-contact automatic 
identification technology, it is the use of radio 
frequency signal through space coupling (alternating 
magnetic or electromagnetic fields) to realize the 
non-contact transmission of information, and through 

the message reaches the target identification 
technology. RFID technology appeared in the early 
period of World War II in the British air force 
identification friend or foe system (Identification 
Frlend and Foe, IFF). RFID technology since its 
inception, with its unique advantages, has been 
widely used in industrial automation, transportation 
control, logistics warehouse management and other 
fields. RFID technology will be introduced into the 
spare parts management system can satisfy the 
enterprise on the spare parts management 
normalization, automation, modern requirement, 
realize the visualization of the state of the spare parts, 
spare parts management more effectively for the 
normal work of the equipment service, but also can 
improve storage utilization. 
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In this paper, based on the RFID technology of 
spare parts management system designed to do some 
elaborate, discussed the RFID technology in spare 
parts management system application convenience, 
describes the system of whole process and data 
analysis in the design of spare parts management [1]. 
With the continuous development of RFID 
technology and the electronic label price gradually 
reduced, the technical aspects of the advantages and 
potential use value will change the face of spare parts 
management, spare parts management to bring new 
opportunities and challenges. 

In the RFD system, when the electronic label is a 
passive tag, often require the base band coding in 
each of the two adjacent data bits with the jump 
features, the adjacent data has a jump code, can not 
only ensure the in successive " 0" when the electronic 
tag energy supply, and is convenient for electronic 
label from the received code to extract the clock 
information risk. In the actual data transmission 
channel, because of the presence of interference, the 
data will be the error occurred during transmission, 
and then request channel coding can provide a 
measure of the ability to detect errors. 

The working principle of RFID is reader in 
certain areas within the transmitting electromagnetic 
waves. The electronic label having a resonant circuit, 
when the label into the magnetic field induced 
current, can obtain energy, clock and instruction, and 
the useful data to backscatter modulated transmitted. 
Reader receives and decodes the labeled data, into the 
central information system data processing. Thus, the 
reader through the antenna can realize the non-
contact electronic tag reading and recognition in the 
preservation of the data, to achieve the purpose of 
automatic object recognition. 

RFID is radio frequency identification technology 
(Radio Frequency Identification) English 
abbreviations. Radio frequency identification 
technology is nineteen nineties started an automatic 
identification technology. RFID technology use radio 
frequency in the reader and tag between the non-
contact two-way data transmission, to achieve the 
target identification and for the purpose of data 
exchange. In foreign countries, radio frequency 
identification technology has been widely used in 
industrial automation, business automation, 
transportation control management, asset 
management and other fields. The paper presents the 
application of management information system in 
Internet of things based on RFID technology. 

 
 

2. The Research of RFID Technology 
 
In general, the RFID system consists of  

5 components, including a transmitter, receiver, a 
microprocessor, antenna, and label. Transmitter, 
receiver and a microprocessor is usually packaged 
together, and are collectively referred to as the reader 
(Reader), so the industry often RFID system will be 
divided into reader, antenna and tag three 

components, the three components are generally 
available from different manufacturers. RFID source 
in radar technology, so the working principle and the 
radar is very similar to it [2]. The first reader via the 
antenna electrical signaling, label after receiving the 
signal transmitting internally stored identification 
information, reader and then received by the antenna 
and the identification tag information sent back to the 
last reader, then the recognition result is sent to the 
host. 

Label use three methods for data storage: 
electrically erasable programmable read-only 
memory (EEPROM), ferroelectric random access 
memory (FRAM) and static random access memory 
(SRAM). General radio frequency identification 
system mainly uses EEPR0M mode. The drawback 
was the writing process of power consumption is 
very large; the service life is generally 100000 times. 
There are also manufacturers adopt the mode of 
FRAM. FRAM write power consumption for 
EEPROM 1/100, EEPROM 1/1000 write time. 
FRAM belongs to the nonvolatile memory. However, 
FRAM due to production problems has not been 
widely used. SRAM fast write data, applied to a 
microwave system, but SRAM needs an auxiliary 
battery uninterrupted power supply, in order to save 
data.   

RFID anti-collision algorithm for improving mine 
supplies and personnel tracking reliability is the key 
technology, the system uses the line for the link tag 
collision detection algorithm, this algorithm needs 
only in electronic tag configuration 1 8 bit register,  
1 1 " 0 ", " 1 " random number generator and 2 4 a  
1 counter and a small selection of addition and 
subtraction circuit can achieve up to 1048576 tag 
arbitration. The simulation results show that this 
algorithm produced collision probability is 
significantly smaller than the binary algorithm, at the 
same time through register high flexible setting, also 
effectively solves the problem of low density labeling 
patio-temporal transfer rate high, which further 
reduces the collision probability.  

RFID system generally consists of 4 parts: 
electronic label (Tag): by coupling components and 
chips, attached to the object, identifies a target, each 
label is the only electronic coding (EPC); reader  
(Reader): read (sometimes also written) label 
information equipment, divided into handheld and 
stationary antenna; (Antenna): in a tag and a reader 
RF signal transmission between; data analysis, 
processing system, used for data analysis and 
processing [3]. RFID system in a specific application, 
according to the different application purposes and 
environment, system will be different. The working 
principle of RFID: when the label into the magnetic 
field, if it receives a reader to send special RF signal, 
can by virtue of induction current was obtained by 
the energy stored in the chip to send out the product 
information, namely passive tag (Passive Tag), or 
offer to send signals of a given frequency active tag 
or label (Active Tag), reader reads information and 
decoded, sent to the background of information 
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processing system for data processing, this completes 
the RFID system work process. 

Radio frequency identification system structure 
and communication system of the basic model is 
similar, to meet the basic requirements of 
communication function. Read / write device and 
electronic label for data transmission between the 
form and the basic communication model of similar 
structures. Between reader and tag data transmission 
needs three major functional blocks. According to the 
reader to the electronic tag data transmission 
direction, is the reader (transmitter) in the signal 
coding (signal processing) and modulator (carrier 
circuit), the transmission medium (channel), and the 
electronic label (receiver) of the demodulator (loop 
carrier) and signal decoding (signal processing), as is 
shown by Equation 1. 
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In the REID system, due to the use of the 
electronic label is often passive, passive tag, to reader 
in the process of communication to obtain their 
energy supply. In order to ensure the normal 
operation of the system, channel coding methods 
must guarantee cannot interrupt the reader on the 
electronic label energy supply [4]. In addition, as a 
guarantee reliable operation of the system need, must 
also be in the coding to provide data protection level 
check, code should provide the T function, and can 
according to the type of code changes to determine 
whether the error or electronic label conflict. 

RFID technology without direct contact, without 
the need for optical visual, manual intervention is not 
required to complete the information input and 
processing, and convenient operation, and can be 
widely applied in production, logistics, 
transportation, transportation, medical, security, 
tracking, equipment and asset management needs for 
data collection and processing of field. RFID system 
mainly consists of three parts: a reader, tag and other 
peripheral equipment. And the traditional bar code 
recognition technology, it can be one-time read 
multiple tags, penetrating strong, can be repeatedly 
read and write data, memory capacity, easy 
miniaturization and a wide variety of shapes, 
environmental resistance characteristics in logistics 
and transportation industry, it is widely used, as is 
shown by Fig. 1. 

RFID in the application of traffic industry is in 
charge of highway and intelligent traffic. Through the 
installed in the vehicle radio-frequency identification 
card, can make the automobile is automatically 
identified, in the vehicle with high speed through toll 
stations at the same time the completion of payment, 
greatly improving the speed and efficiency, so as to 
avoid congestion, solve the traffic bottleneck problem 
[5]. The system and vehicle information database, the 
payment information database connection, can also 

automatically to passing vehicles implementation 
does not check for parking, with data center database 
control, can be in a few seconds check to vehicle 
arrears and irregularities, through the use of 
normalization, network science and technology 
means to maximize containment vehicle traffic fee 
evasion and illegal operation behavior. 

 
 

 
 

Fig. 1. The RFID system mainly consists  
of three parts architecture. 

 
 

RFID technology conveniently help warehouse 
operators and retailers realize the cargo information 
storage, then the existing cellular mobile network 
based on the implantation of RFID applications, 
through the mobile terminal equipment with RFID 
technology realization of goods information to read, 
security, payment and other functions are also 
carriers of potential application market. 
NTTDoCoMo 2004 metaphase begins to launch in 
Japan using the technology of RFID Fe? Lica mobile 
wallet business, this business will be RFID 
technology with PDC and FOMA technology 
integration, support Felica operations (2 generation 
mobile phone and mobile phone containing 3 
generation FOMA mobile phone has built-in RFID 
chip), in addition to paying function, businesses can 
through the use of read from a memory card and 
mobile phone chip FeliCa information and replaced 
according to the needs of information to the reader, to 
Felica users of electronic currency and customer 
integration and special services, as is shown by 
Equation 2. 
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RFID substation management assets are include 

outdoor equipment, an indoor two equipment and 
tools. Usually the outdoor environment is relatively 
poor, to label the industrial strength is also put 
forward higher requirements (such as high 
temperature resistance, waterproof), here XCTF-5044 
is selected as the electronic label [6]. Indoor assets 
according to their type and material, adopts two kinds 
of labels, namely XCTF-5041 and XCTF-5042A. 
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Tags: association environment using a XCRF-510 
type of card sender, serial connected PC computer, 
USB connection zebra 888-TT printer print assets 
(assets, including basic information of new asset 
number, location), asset tag 3. 

When the handset application procedure to 
perform PULL operations (data received from the 
data server), SQL Server CE IIS SQL Server client 
agent through to the CE server agent sends a HTTP 
request, and then SQL Server CE server proxy 
connection SQL Server and perform the client SQL 
request. After the data is returned to the SQL Server 
is CE client agent, and it is the final copy to the SQL 
Server CE database. This can make Pocket PC 
equipment to track any data update. 

When the RFID technology and each object 
(document, borrow, computer, communication 
equipment) to establish binding relationship, with a 
new document registration, automatic inventory and 
positioning, automatic guided, automatic 
identification, automatic tracking, copy and 
destruction of control, fast inquiry and statistic 
functions such as alarm, document security 
management system it was built up [7]. Each function 
is as follows: the new document registration: each 
new document in storage will be taped an RFID tag, 
label and system through the corresponding 
document binding operation, i.e. when later when 
scanning a document label system will automatically 
search the document all the relevant information, as 
is shown by Equation 3. 
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The basic principle of RFID is the use of radio 
frequency signal and its spatial coupling, 
transmission characteristics, for still or moving in the 
identifying items of automatic identification. A basic 
RFID system is composed of RFID smart labels, 
RFID reader and Middleware in three parts. RFID 
smart labels by the chip and antenna, each label is 
assigned a unique electronic label code. The reader 
will host read or write command is transmitted to the 
electronic tag, and then from the host to the 
electronic tag data encryption, electronic tag data 
returned to the host. Middleware mainly completes 
the data storage and management, the tag is read 
write control. 

A complete logistics information system 
including distribution, warehousing, transportation, 
settlement and administration are mutually 
independent and interrelated systems, these 
subsystems respectively realize intelligent logistics 
distribution, warehouse management, transportation 

management, automated clearing, and logistics 
enterprise resource management system. RFID 
technology introduction and give full play to the 
rapid, real-time, accurate acquisition and processing 
of information good functional properties, makes the 
enterprise can timely, accurately grasp the entire 
supply chain business flow, logistics, information 
flow and capital flow and change, make at the same 
time on the supply chain business process and flow 
more coherent, improve on the whole supply chain 
economic benefits. 
 
 
3. The Development of Internet of Things 

based on RFID Technology 
 

Modern warehouse management features include: 
the traditional warehousing management, cross 
transfer / merge in transit, value-added service 
process, return of goods, quality assurance and 
dynamic customer service. WMS in accordance with 
the operation of the business rules and algorithms of 
information, resources, behavior, inventory and 
distribution operations management, to maximize 
meet throughput and accuracy requirements. 
Warehouse management system (WMS) system 
through a data exchange and integration platform of 
electronic business affairs, electronic media, and 
logistics enterprises in the planning and scheduling 
and the main system connected by the main system, 
issued a receipt and order of the original data. At the 
same time through wireless network, mobile 
terminal, the bar code system and the electronic tag 
data communication (RFID), information technology 
and the warehouse workers operating connection. On 
the interaction of instruction, communication, and it 
is feedback information and update the database, at 
the same time, required to generate electronic labels 
and documents. 

RFID middleware system is: whole system 
operation to support the platform, with the functions 
of data acquisition, filtering, sorting, packing and 
forwarding functions [8]. Application package: 
includes receiving, storage, picking, loading, 
inventory, warehousing, forklift to locate / scheduling 
multiple process packages. The process can be 
flexibly customized rooms, as new functional 
package. Process packet support is labels and no label 
in two cases, WMS system with the function of 
packet seamless connection. Data exchange platform: 
as more functional package while running support 
platform, but also with the simulation system, 
management information system and ERP system 
and external system connection and data exchange 
platform, as is shown by Equation 4. 
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Passive tag because no internal power supply 
equipment is also known as passive tag. Passive tags 
within the integrated circuit by receiving the 
electromagnetic wave emitted by the reader to drive 
send data to the reader [9]. Passive tag 
communication frequency can be either high 
frequency (HF) or ultra high frequency (UHF). The 
first generation of passive tags using high frequency 
communication, and it is the communication band for 
13.56 MHz. The communication distance is short; the 
longest only reaches about 1 m, mainly used for 
access control and contactless payment. The second 
generation of passive tags using UHF 
Communication, the communication frequency is  
860 ~ 960MHz. The communication distance is 
longer, up to 3 ~ 5m, and supports multiple 
identification tags, i.e. between the readers can 
accurately identify a number of labels. To date, the 
second generation of passive tag is the most widely 
used RFID standard, mainly used for industrial 
automation, asset management, cargo monitoring, 
personal identification and access control and other 
fields, as is shown by Equation 5. 
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RFID reader to achieve long-range read-write 

function lies in the antenna design, through the study 
of RFID antenna working principles and performance 
parameters, put forward a kind of effective antenna 
design optimized solutions, so that the reader has a 
longer read distance and higher energy utilization 
rate. Proved by the experiment RFID is reader with 
optimized RF antenna and it enables the read and 
write up to a distance of 30 cm. 

Radio frequency identification RFID (Radio 
Frequency Identification) is a method of using radio 
frequency communications to achieve the non-
contact automatic identification technology. It uses 
radio frequency signal space coupling transfer non 
contact information, and through the information of 
object recognition. RFID passive (no power supply 
card) and free access to two major problems, target 
recognition, target recognition, the utility model has 
the advantages of strong adaptability, can penetrate 
non-metallic materials, huge amount of data storage, 
strong anti interference capability. The reader can not 
meet the application requirements, therefore, need a 
long range reader with remote antenna, realize long 
distance horizontal or vertical direction of read and 
write requests [10]. This paper gives a distance RFID 
reader antenna design, using radio frequency label 
special reader RI-R6C-001A, the device for antenna 
impedance is 50 Ohms, frequency of 13.56 MHz, so 
the use of _ die has the advantages of simple process, 
low cost PCB loop antenna.    

When the content of network service provided by 
the operator, then we can make full use of the 
network layer authentication results without the need 
for business layer authentication; when the content of 

network services provided by third parties from the 
network operator to obtain secret key safety 
parameters, it can initiate independent business 
certification without considering network layer 
authentication; or when the service is sensitive to 
business such as financial services, general service 
provider will not trust the network layer security 
level, and the use of higher levels of security 
protection, this time on the need to do business layer 
certification; and when the business is business as 
usual, such as temperature acquisition business, 
service provider network authentication is sufficient, 
then no longer need business layer of the certification 
[11]. 

This paper presents the RFID security 
communication protocol based on traditional 
challenge response framework, the Hash function for 
the label chip computational power requirements are 
low, compared to the current actual condition and the 
cost control target. At the same time, the agreement 
of the framework is backwards compatible with 
public key cryptography system characteristics, when 
the next label chip performance can support some 
public key cryptographic algorithm, can easily be 
changed to Hash function algorithm of public key 
cipher, and the protocol implementation steps, just do 
a little change can be it, as is shown by Fig. 2. 
 
 

 
 

Fig. 2. The design of RFID security communication 
protocol system. 

 
 

RFID system is the most main security risk is 
"data confidentiality". Apparently, no security 
mechanism of RFID tags will be in proximity to the 
reader leakage label content and some sensitive 
information. Due to the lack of support for point-to-
point encryption and PKI key exchange function, in 
the RFID system application process, the attacker has 
many opportunities for RFID can get the data on the 
label. RFID system in another security risk is 
“location privacy" [12]. As the personal articles 
trademark may leak personal identity, personal 
articles RFID tags may also be leakage of personal 
identity, the reader can track carrying series RFID 
label personal safety. In addition, the attacker can 
also make use of bogus label instead of actual objects 
to deceive the owner, make it mistakenly believe that 
the goods were still on the shelf. An attacker may 
also by tampering with RFID label data, using low-
cost goods label replacing high-priced goods label, in 
order to obtain illegal benefits. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 103-112 

 108 

Wireless radio frequency identification 
technology application is extensive, but it has 
noticeable problems -- Safety mechanism. There is 
no reliable security mechanism; it can not effectively 
protect the RFID tags in the data information [13]. At 
present, the security of RFID has become the 
important factor of RFID widely used. According to 
the RFID's main security attacks can be simply 
divided into active and passive attacks against  
2 kinds of. Active attack mainly includes: (1) 
obtained from the RFID tag entities, by means of 
reverse engineering, the RFID tag remodeling 
complex attack; (2) through the software, the use of 
the microprocessor is connected with 13 universal 
communication, by scanning the RFID tag and reader 
's response to inquire, seeking security, encryption 
algorithm and their implementation of weakness, then 
delete the RFID label content or tampering can 
override the RFID label content in the attack; (3) 
through the interference of radio channel, obstruction 
or other means, to cause abnormal application 
environment, make legal processor generates a fault, 
the denial of service attacks. 
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RFID system by providing each a product to 

provide separate identity and history, thereby 
providing a detailed and has a unique view of the 
supply chain, realize goods tracking and supply chain 
transparent [14]. The RFID system is not the central 
computer to record each tray or goods location, it can 
be clearly informed of pallet boxes and even 
individual goods to their location, identification, 
storage and transportation history, destination, 
validity and other useful information. RFID system 
for supply chain in the practical goods such detailed 
data, and the goods and complete identity is 
established between the physical contacts, the user 
can easily access the completely reliable information 
goods. 

Set the transmitter power is equivalent, using low 
frequency RFID, academic admiral gained a lot of 
received power, but the label size than the general 
effect of the extensive application of the market; if 
the use of microwave solution to realize RFID, 
despite the label will become smaller, but the path 
loss is bigger, the shorter wavelength, the received 
power is quite small, great influence on the reading 
distance. Considering the frequency of UHF, RFID 
will have a wavelength of moderate, far field 
coupling, tag, low attenuation, small space work 
relatively distant advantages, coupled with the IC 

smart card technologies continue to mature, and TAG 
prices will continue to fall, more widely used to lay 
necessary foundation [15]. So UHF band RFID 
technology will serve the whole world become the 
fact that does not dispute. 

In this paper, through the analysis of zero if 
architecture UHF RFID reader digital receiver design 
in the performance bottleneck, a clear impact on the 
receiving performance of the noise interference, DC 
offset and decoding problems causes and solutions. 
From the base band digital signal processing 
perspective, in the over-sampled filter processing 
basis, given the DC offset correction and associated 
decoding solution methods. After testing, reader can 
read about 10m stable furthest distance labels, and 
adaptive antenna and the change of environment, 
reading effect than the common market of products is 
more stable and reliable [16]. Proved to improve the 
reader role distance is design requirements. 

UHF RFID reader and tag is adopted between the 
backward scattering principle complete the 
communication, according to the current main 
frequency of UHF air interface standard ISO / IEC 
18000-6C, label in the passive state with the same 
frequency half-duplex communication. Basic 
communication process is, read / writes device using 
amplitude shift keying (ASK) etc. the modulated 
carrier, at a specific frequency channel will send 
information to one or more tags. After the reader still 
need to launch the CW carrier, within the specified 
time to wait for the tag response. 

RFID tag can be used as the ship loading and 
unloading, daily tally homework paper document 
substitute. Loading and unloading the tallyman tally 
will work directly in the field data and the electronic 
card relationship via a hand-held terminal to 
production management system. Foreman field using 
a hand-held, according to the real-time tally data, 
keep track of shipping schedule [17]. Dispatch and 
command center through graphical ship operation 
command system, real-time grasp the shipping 
schedule, timely adjustment of mechanical, human 
resource planning, improve the production efficiency. 
Vehicles such as the installation of vehicle terminal 
also can be installed through the card reader direct 
reading electronic card, connected to the production 
management system, acquiring scheduling 
instruction, a variety of production, as is shown by 
Fig. 3. 

Vehicle electronic license plate to hold RFID, into 
the cargo operation, yard, warehouse tallyman with 
port networked RFID handheld terminal reads the 
electronic license plate information, and production 
management system called tally information than 
verification, access to the corresponding information 
of goods and storage instructions, for receipt of goods 
operation, and cargo handling operations the results 
to production management system and write 
electronic license plate [18]. For some still need 
paper documents (such as the need to master, and it is 
owner signature confirmation) production, and it is 
by a tally clerk with a portable wireless Bluetooth 
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printer paper certificate signature retained. End of job 
of the vehicle, by tally clerk by RFID handheld 
terminal for electronic license plate to allow the port 
information.  
 
 

 
 

Fig. 3. System RFID reader and tag structure. 
 
 

Automatic recognition technology based on RFID 
warehouse management system, WMS system and 
RFID middleware system supporting platform, by 
receiving, storage, picking, loading, inventory, 
warehousing, and forklift to locate / scheduling 
multiple process packets, wherein each package can 
run independently or can be smoothly connected to 
form a complete system. The hardware system, the 
RFID tag: according to different application 
requirements, using high frequency and ultra high 
frequency products. Divided into the pallet label, 
label, and label single goods warehouse location. 

Traditional express industry is different, RFID 
technology can voluntarily reported to his master 
courier deliveries, largely increasing the transparency 
of the express delivery business [19]. In the express 
business mode of RFID electronic label affixed to the 
cargo, packing, trays, containers, transport vehicles 
and other different packaging hierarchy, so for either 
a batch or individual management of logistics 
products during transportation route information is 
very convenient. In the express business model 
should make full use of RFID technology of video 
transmission, mass literacy, information storage 
capacity and other advantages, as is shown by 
Equation 7. 
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(7) 
 

RFID as a replacement of identification 
technology, developed in Europe and the United 
States have shown a high degree of professional and 
popular trends, has in the logistics, material 
management, industrial automation and service 
industry application prospect. With enterprises in the 
development of information technology, RFID also 
had great progress. In addition to the third party 

logistics enterprises, more and more manufacturing 
enterprise RFID application in supply chain 
management, inventory management, distribution 
and other related product flow of each link, can 
greatly improve the level of logistics information, 
accelerate the speed of commodity circulation, 
enhances the entire logistics industry 
competitiveness. 

Along with the Internet development, abroad has 
been widely used in various fields of RFID 
technology, at the ticket anti-counterfeiting 
applications, in China, through the Beijing Olympic 
Games, the Shanghai World Expo, the Guangzhou 
Asian Games, Xi'an Fair Park, Shenzhen 
Universiade, National Democratic Movement and 
other large events using the RFID anti-counterfeiting 
technology, at the same time based on RFID security 
there is nothing comparable to this technology also 
has the advantage of tickets, using RFID anti-
counterfeiting technology various concerts, 
exhibitions, sports competitions, scenic areas, emerge 
in an endless stream, specializing in RFID tickets to 
the Guangzhou city Fuh-Chyau electronic technology 
limited company in 2010 has to undertake  
56 screenings of RFID ticket making at the sun or 
light observation can see printed a special mark chip, 
convenient for consumers to fake identification. 

 
 

4. The Application of Management 
Information System in Internet  
of Things based on RFID Technology 
 
This paper uses RFID automatic identification 

technology, realizes the data acquisition automation 
and paperless patrol system; improve the 
completeness and effectiveness; the use of advanced 
technology for storing data to be fully utilized and the 
data and the application results of the convenient, 
efficient query. 

Network based RFID technology in the article; 
goods and people between established a huge 
"Internet of things ". The Internet of things will be in 
the most important Internet technology revolution, a 
combination of communication and computer 
technology, physical communication will continue 
between the human and the human communication 
has become the great market potential and economic 
benefits of the mode of communication, they will 
bring about a complete supply chain revolution, and 
it will profoundly affect the economic and every 
aspect of social life [20]. In the face of the RFID rise 
abruptly quickly of the industry, including the 
equipment manufacturing industry and the operators, 
communications enterprises should keep a keen 
business sense, actively explore business 
opportunities brought about by RFID for the 
communications industry, such ability in the future 
RFID stage to seize the initiative. 

Communication network can provide RFID 
required high speed, safety, real time data 
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communication network of channels, abundant data 
service can meet the RFID in different areas of 
different application requirements, equipment 
manufacturers to provide high performance support 
for RFID communications terminal equipment, we 
believe that RFID technology and communications 
systems integration may become the future 
development of the Telecom industry in one 
direction. The future of RFID technology and 
computer network, wireless communication network 
and a satellite communications network 
interconnection, can easily realize RFID data 
transmission, scheduling, tracking of goods, 
management center through a computer network to 
obtain a large amount of information on the goods, 
according to the transport of goods and distribution 
links in the specific case of replenishment and 
deployment, enterprise can whenever and wherever 
possible by field personnel mobile phone, PDA, 
computer and other communication terminals to 
access the internal business system data, receiving 
information center to send up single, single, also can 
use a hand-held scanning gun real-time goods 
barcode is transmitted to the background system, 
realize freight logistics and information flow 
simultaneously, as is shown by Equation 8. 
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RFID to achieve the information identification 
and collection of intelligence, it's just the 
achievements of the future efficient transportation 
and logistics in the first step, to fully play a RFID 
high efficiency, with full information needs, the need 
for other information management supporting 
system. Many of the goods information through the 
scientific, fast way of allocation, communication 
technology in the application of great play space. 

RFID technology has many advantages that no 
bar code technology. (1) Reading speed, distance. 
RFID reader can read more RFID label; also can 
realize the remote reading. Bar code technology only 
in specific environment a scan a bar code; (2) It can 
be accurately labeled single items [21]. The 
electronic tag can only labeled single articles and 
other articles with distinction, bar code technology in 
every bar code can only be labeled class of objects 
not to single items tracking. (3)Have the advantages 
of small size, shape. RFID in the read is not affected 
by the size and shape restrictions, can also be based 
on the need to miniaturization and diversification of 
development; (4) Superior physical properties. Can 
be stored for permanent data, data can be updated 
dynamically, repeated use, long service life, high and 
low temperature, can adapt to the working 
environment, especially the greasy dirt, dust, 
radioactive and other harsh environment. 

The development of RFID technology can be 
traced back to the Second World War, when it was 

used in the air combat operations conducted. 
Historically, RFID is not a new technology. From the 
classification, because after years of development, 
the following 13.56 MHz RFID technology is 
relatively mature already, at present the industry pays 
close attention to most is located in the high 
frequency band of RFID technology, especially the 
860 MHz ~ 960 MHz (UHF band) remote RFID's 
fastest growing; And 2.45 GHz and 5.8 GHz bands 
by product crowded, its related research and 
application is still in the exploration stage, as is 
shown by Equation 9. 
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UHF RFID air interface standards including ISO / 

IEC series, F2C series, as well as China is working 
on a national standard, a digital receiver can update 
the software and multiple protocol support, compared 
with the analog receiver with easy debugging, 
flexible application advantages, so in the ultra-high 
frequency being read / write device can be widely 
used. Improving ultra high frequency RFID reader 
reading is always the research focus in recent years. 
After a comprehensive analysis and experimental 
verification, this paper presents a solution to the 
problem. 

Radio frequency identification system usually 
consists of electronic tags (RFID) and reader. 
Electronic tag memory format of electronic data and 
it is often as symbolic information to identify objects. 
Application of electronic label attached to identify 
items to be identified, as goods electronic marker. 
The reader and an electronic label can be agreed 
protocol mutual information, typically by the reader 
to the electronic tag to send commands, electronic 
label reader according to the received command, the 
memory of the landmark data back to the reader. This 
communication is in contact less manner, by using an 
alternating magnetic field or electromagnetic field 
spatial coupling and radio frequency signal 
modulation and demodulation technology to realize, 
as is shown by Fig. 4. 

The paper presents the application of management 
information system in Internet of things based on 
RFID technology. RFID technology as a 
transformative technology, although in recent years it 
is applied to the field of supply chain management, 
has shown its role should not be underestimated, for 
the safe transport of goods to provide technical 
standards; and UCR for every piece of goods provide 
a unique number, such goods in transit once lost or to 
the wrong destination, we can find in UCR the goods, 
and transported to the exact location, to prevent the 
loss of the goods occurs. The two technologies make 
global supply chain transparency, convenient, for 
future international trade provides a safe 
environment. 
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Fig. 4. Compare of management information system in Internet of things based on RFID technology with UCR. 
 
 

6. Conclusions 
 

RFID technology is the realization of the global 
supply chain transparent a crucial technology. And 
non-contact identification technology, RFID system 
without contact between the transponder and reader 
can complete the identification, relative and bar code 
technology, and RFID technology to identify distance 
more far; therefore it can be widely applied in 
occasions. Along with large scale integrated circuit 
technology, the RFID system greatly reduced the 
volume, has been initially into the practical stage. 

RFID is a non-contact automatic identification 
technology, which can identify the moving objects, 
the simultaneous identification of multiple objects, 
non contact mode and no intervention has been 
widely used in industrial automation, business 
automation and information automation and many 
other fields. 
 
 
References 
 
[1]. Seonghun Ahn, Byoung Seob Park, Design and 

Implementation of RFID Middleware System for 
Ubiquitous Learning Environment using Large Scale 
Data, IJACT, Vol. 1, No. 2, 2009, pp. 73 - 80. 

[2]. He Jialiang, Ouyang Dantong, Ye Yuxin, An 
Efficient Lightweight RFID Authentication Protocol 
for Low-cost Tags, AISS, Vol. 3, No. 9, 2011,  
pp. 331 - 338. 

[3]. Minbo Li, Hua Li, Research on RFID Integration 
Middleware for Enterprise Information System, 
Journal of Software, Vol. 6, No. 2, 2011,  
pp. 218-226. 

[4]. Joseph K. Siror, Liang Guangun, Pang Kaifang, 
Sheng Huanye, Wang Dong, Impact of RFID 
Technology on Tracking of Export Goods in Kenya, 
JCIT, Vol. 5, No. 9, 2010, pp. 190 - 199. 

[5]. Joseph K. Siror, Liang Guanqun, Kaifang Pang, 
Sheng Huanye, Wang Dong, Use of RFID for 
Intelligent Pre-shipment Inspection, JDCTA, Vol. 4, 
No. 8, 2010, pp. 242 - 251. 

[6]. Jie Zeng, Meng Zhang, Hu Sheng, Jinxiu Luo,  
The Intelligent Video Playback System Based on 
RFID Technology, Journal of Networks, Vol. 7,  
No. 10, 2012, pp. 350-361. 

[7]. Hyung Rim Choi, Byung Kwon Park, Soon Goo 
Hong, Yong Sung Park, Chang Sup, A Study on 
Application of a Marine Leisure Activity 
Management System Using IPRFID, IJIPM, Vol. 2, 
No. 1, 2011, pp. 140 - 147. 

[8]. Chun-Yi Wang, Chi-Chung Lee, Ming-Cheng Lee, 
An Enhanced Dynamic Framed Slotted ALOHA 
Anti-Collision Method for Mobile RFID Tag 
Identification, JCIT, Vol. 6, No. 4, 2011,  
pp. 340 - 351. 

[9]. Jie Wu, Dong Wang, Huanye Sheng, Architecting a 
Configurable and Reconfigurable RFID 
Infrastructure, JCIT, Vol. 6, No. 6, 2011,  
pp. 162 - 175. 

[10]. Shi-Feng Liu, China Medicine Pedigree System 
based on RFID: Analysis and Design, AISS, Vol. 3, 
No. 6, 2011, pp. 95 - 106. 

[11]. Ho Sun Yoon, Heung Youl Youm, An Anonymous 
Search Protocol for RFID Systems, JCIT, Vol. 6,  
No. 8, 2011, pp. 44 - 50. 

[12]. Feng Xiao, Yajian Zhou, Jingxian Zhou, Hongliang 
Zhu, Xinxin Niu, Security Protocol for RFID System 
Conforming to EPC-C1G2 Standard, Journal of 
Computers, Vol. 8, No. 3, 2013, pp. 150-159. 

[13]. He Jialiang, Ouyang Dantong, Xu Youjun, A BRS-
based Approach for Modeling RFID Untraceability, 
IJACT, Vol. 3, No. 11, 2011, pp. 96 - 103. 

[14]. He Xu, Suo-Ping Wang, Ru-Chuan Wang, A Novel 
RFID Reader System Framework based on Peer-to-
Peer Network, IJACT, Vol. 3, No. 3, 2011,  
pp. 104 - 110. 

[15]. Kee-Hyun Choi, Kyung-Soo Jang, Ho-Jin Shin, 
RFID-ACP: RFID-based Digital Content 
Identification and Authentication Mechanism in 
Smart Home Environments, JDCTA, Vol. 5, No. 6, 
2011, pp. 129 - 141. 

[16]. Jie Wu, Dong Wang, Huanye Sheng, RISE-IS: A 
Semantic Bridge Between EPC Network and RDF-
based EPCIS Accessing Applications, JDCTA,  
Vol. 5, No. 6, 2011, pp. 155 - 162. 

[17]. Bing Chen, Chengxiang Tan, Bo Jin, Xiang Zou, 
Yuebo Dai, RFID-based Electronic Identity Security 
Cloud Platform in Cyberspace, Journal of Networks, 
Vol. 7, No. 7, 2012, pp. 280-290. 

[18]. He Jialiang, Ouyang Dantong, Xu Youjun, Shang Yu, 
An Efficient RFID Authentication Protocol 
Supporting Tag Ownership Transfer, IJACT, Vol. 4, 
No. 4, 2012, pp. 244 - 253. 

[19]. Liu Wei, Niu Ben, Chen Hanning, RFID Network 
Scheduling Using a Discrete Multi-swarm Optimizer, 
AISS, Vol. 4, No. 22, 2012, pp. 429 - 437. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 103-112 

 112 

[20]. Haitao Zhang, Pu Miao, An Improved RFID 
Localization Algorithm Based on Layer By Layer 
Exclusion, Journal of Computers, Vol. 6, No. 12, 
2011, pp. 58-93. 

[21]. Xue-Jun Zhang, Chuan-Ling Ye, Jun-Fei Ma, An 
Improved Anti-collision Algorithm with Intelligent 
Separation for RFID System, IJACT, Vol. 4, No. 22, 
2012, pp. 823 - 831. 

 

___________________ 
 

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

 

http://www.euromat2013.fems.eu


Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 113-119 

 113

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 

WBAN: Technology and Applications 
 

1 Bhavneesh MALIK, 2 V. R. Singh 
1 Mewar University, Chittorgarh (Raj.), India 

2 Formerly, National Physical Laboratory, New Delhi-110012, India 
E-mail: b.malik7@gmail.com, vrsingh@ieee.org 

 
 

Received: 8 February 2013   /Accepted: 19 July 2013   /Published: 31 July 2013 
 
 
Abstract: Wireless Body Area Networks are becoming important for better healthcare. Several surveys on body 
area network sensors, mainly give an account of theoretical aspects except little experimental details. This paper 
gives the technological details of Wireless Body Area Networks with possible applications in different fields. 
Copyright © 2013 IFSA. 
 
Keywords: WBAN, Sensor, Sensor networks, BAN. 
 
 
 

1. Introduction 
 

Lot of research has been undertaken during the 
past decade in the area of Wireless Body Area 
Networks (WBANs). Sensor technology is leading to 
the development of distributed mechanisms and small 
devices with low energy consumption. These devices 
are capable of processing information locally and 
communicating wirelessly with other elements. These 
devices are called sensor nodes or motes. In some 
cases, sensors are necessary to sense the information 
from the environment in the surroundings. While 
they are sensing, they have also to communicate 
between them and/or with a central server. On the 
other hand, a monitored environment doesn’t have 
infrastructure to supply energy for communication. 
So, motes must work with small batteries and use 
wireless channels. Batteries are, as a consequence, 
kept small and energy consumption of the devices 
needs to be reduced. In some applications, a 
WBAN’s sensor/actuator node should operate while 
supporting a battery life time of months or even years 
without intervention. For example, a pacemaker or a 
glucose monitor would require a lifetime lasting more 
than 5 years [1-3].  

Especially for implanted devices, the lifetime is 
crucial. The need for replacement or recharging 
induces a cost and convenience penalty which is 

undesirable not only for implanted devices, but also 
for larger ones.  

Another feature of the body area networks is their 
capacity of distributed processing. It is necessary 
because, the communication is the process that 
consumes more energy. A distributed system means 
that some sensors need to communicate through long 
distances. So, it is a good idea to process locally data 
as much as possible in order to minimize the bit rate. 
A WBAN is expected to be a very useful technology 
with potential to offer a wide range of benefits to 
patients, medical personnel and society through 
continuous monitoring and early detection of possible 
problems. Based on the WBAN, a wide range of 
novel applications are enabled, such as ubiquitous 
health monitoring, computer-assisted rehabilitation, 
emergency medical response system, and even 
promoting healthy living styles. In ubiquitous health 
monitoring, the WBAN frees people from visiting the 
hospital frequently, and eases the heavy dependence 
on a specialized workforce in healthcare [4, 5]. Thus, 
it is a desirable technique to quickly build cost-
effective healthcare systems, especially for countries 
that are short of medical infrastructure and well 
trained staff. In an emergency medical response 
system temporary WBANs can be rapidly deployed 
with minimum human effort at a disaster scene so 
that the vital signs of injured patients can be 
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monitored and reported to the remote health center in 
time, which is potentially capable of saving the lives 
of numerous people [6, 7]. 

Wireless Body Area Networks and their 
applications has been a popular research field 
because they provide a lot of facilities in our society. 
Nowadays, the WBANs literature has large number 
of researches and studies. A pioneering work related 
to sensor networks identified the main characteristics 
of this type of networks. An example is the paper “A 
Survey on Sensor Networks”, [8] which analyses the 
state of the art of sensor networks and describes their 
characteristics, architecture, and protocols, where 
only some routing protocols and types of networks 
are analyzed, but only in the health and environment 
fields [9]. Standards, protocols, and others important 
aspects about sensor networks are described in the 
paper .Most of the surveys related to sensor networks 
describe their characteristics in great detail, but, in 
our case, the main contribution is that the survey is 
focused on analyzing and describing the fields of 
application. In addition, examples about real 
implementations are given in each field of 
application. 

Wireless Body Area Networks (WBANs) are 
composed of wireless nodes, ranging from hand-held 
devices such as mobile-phones, over smart objects in 
the environment to miniaturized sensor nodes 
interacted into garments. These devices provide a 
heterogeneous collection with varying capabilities in 
terms of sensors, actuators, processing power, 
memory, and available energy. The number and type 
of devices forming a WBANs change over time, as a 
result of the interaction with other WBANs, e.g. 
people exchanging objects, or between the WBAN 
and the environment, e.g. clothes or objects taken 

from chairs. Wireless Body Area Networks are 

formed dynamically because the connectivity 
between nodes depends on their position and their 
position variation over the time. A sensor node is 
composed by a transmitter, a receiver, and it offers 
services of routing between nodes without direct 
vision, as well as records data from other sensors. 
The following are some of the technical features [6, 
26] of WBANs: 

• Dynamic topologies: In a wireless body area 
network, the topology is always changing because 
nodes can fail or new nodes can join the network. 
These changes affect the communication between 
sensors. 

•Variability channel: The radio channel is highly 
variable. There are several phenomena, such as the 
attenuation, fast fainting, slow fainting and 
interference that can cause data errors. 

• Failure tolerance: A sensor node should be able 
to continue operating despite of the existence of 
errors in the system. 

• Multi-hop or broadcast communications: This 
type of networks use any routing protocol to enable 
communications multi-hop, although it is also very 
common the use of messages sent in broadcast. 

• Power saving: It is one of the most important 
features in these networks. Currently, the motes have 
limited energy. A sensor node should have an ultra 
low consumption processor and transceiver radio. It 
is one of the most restrictive features. 

• Limited hardware: In order to get an adjusted 
consumption, the hardware should be simple; this 
brings a limited process capacity. 

• Reliability: The data mostly consist of medical 
information hence high reliability and low delay is 
required [7]. 

In this paper the technical aspects of WBANs are 
studied with possible applications in different field 
like medical, military and so on. 
 
 
2. Wireless Body Area Network 

Architecture 
 
In this section, the generic architecture of body 

area networks is given. First, introduction to the 
motes, their architecture, and their main features are 
given then, description of communication protocol 
stack used in these networks and analyzation of each 
layer is provided. 
 
 
2.1. Sensor Nodes of WBANs 
 

A WBAN is formed by sensor nodes, also called 
motes. Despite of what they are measuring with their 
sensing unit, a mote needs to process the data, to 
store it, using a processing unit, and transmit the 
information to the network, by using the 
transmitter/receiver unit and taking care of how much 
energy is available in its power unit. The processing 
unit has a processor chip, usually a microcontroller, a 
volatile memory, and a non-volatile memory. Its 
main components are shown in Fig. 1. The main issue 
in today’s mote development is to minimize their size 
for optimizing their power supply. A wireless body 
area sensor network is a group of motes that 
cooperate to do a specific task [10]. The precision of 
their tasks depends on the density of the scatter and 
on their coordination. Originally, they were formed 
by a small number of motes that were connected with 
a central station.  

 
 

2.2. Operating Systems for WBANs 
 
A major difference between sensor networks and 

more traditional computing platforms, it is the 
extreme emphasis in sensor networks on power 
management. A large number of applications require 
battery-powered operation for extended periods of 
time. In order to manage power efficiently, each 
subsystem of the platform is powered individually. 
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Fig. 1. Components of a node. 
 
 

In spite of WSNs have a short history, there are 
several enterprises working in this technology. It has 
integrated sensors, radio, antenna and 
microcontroller. Besides it can be easily 
programmed. Finally, Shockfish is a Switzerland 
enterprise that developed TinyNode [11]. Table 1 
summarizes the main features of these motes. Several 
operative systems have been developed for the motes. 
 
 

Table 1. Comparative of motes. 
 

 
 
 

Their main functions are divided into the following 
subsystems: 
- Management of processes; 
- Management of structures of data; 
- Organization of neighbors; 
- Network interface. 
The programming of sensors is quite complicated 
because they have a limited calculus capacity and 
very few resources. Several programming languages 
have been developed to program the motes.  
 
 
2.3. Protocol Stack 
 

In order to enable the communication and data 
transfer between two sensor nodes there have to be 
some rules and conventions. A protocol defines the 
behavior of their connection and how they exchange 
information over a network medium. The 
communication process between motes and how 
information from a mote moves through a network 
medium to another mote is implemented using layers. 
Each layer is reasonably self-contained so that the 
tasks assigned to each layer can be implemented 
independently. This enables the solutions offered by 
one layer to be updated without adversely affecting 
the other layers. The sensor module shown in Fig. 1 
has 4 layers. The first three layers handle data 
transport issues. A wide variety of communication 
protocols exist for each one of them [8, 9]. 
 

3. Wireless Body Area Networks 
Applications 

 
Here, a few applications of WBANs have been 

usefully implemented or have a big potential to be 
implemented are given. 
 
 
3.1. Real Deployments for Health 
 

Fielding health-related deployments, WBANs can 
provide a better quality of life for people with physic 
or psychic difficulties. There are several main 
subfields, such as: 
 
 
3.1.1. Human Body Implementations and 

Body Parameter Measurements 
 

Sensors let control important parameters of the 
human body like the heart rate or the blood pressure 
in order to diagnose the illness and identify a 
particular health problem. Some similar applications 
include Glucose level monitors [12], organ monitors 
[13], cancer detectors [14] and general health 
monitors [15]. The idea of embedding wireless 
biomedical sensors inside human body is promising, 
although many additional challenges exist: (i) the 
system must be ultra-safe and reliable, (ii) it requires 
minimal maintenance, and (iii) must deal with the 
energy-harnessing from body heat. With more 
researches and progress in this field, better quality of 
life can be achieved and medical cost can be reduced. 
It is a wireless capsule that is ingested and can help to 
diagnose of stomach disorders. A little medical 
device developed by Buffalo [16]. The intelligent pill 
is taken in by a patient and begins to transmit 
information to a receiver. This receiver is carried by 
same patient and gathers data from the stomach while 
the pill goes over it. Some of these devices include a 
microscopic camera. This system helps to diagnose 
stomach-ache and others stomach disorders that 
affect 20 % of the humans. Sensor (pill) transmits 
information on levels of acidity, pressure, or time of 
digestion, while it is travelling in stomach. The 
capsule is thrown out two days after and it is 
recovered for its analysis and for downloading data. 
Another example was presented by Loren et al. in 
[17]. This work describes a biomedical application: 
i.e., the artificial retina. Retina prosthesis chip 
consists on 100 micro sensors that are built and 
implanted within human eye. This allows patients 
with no vision or limited vision to see at an 
acceptable level. The wireless communication is 
required to suit the need for feedback control, image 
identification and validation TDMA is used for this 
application to serve the purpose of energy 
conservation because the communication pattern is 
deterministic and periodic. Huan-Bang Li et al. 
proposed body area networks for three categories 
Medical and Healthcare Applications, Applications 
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for assisting persons with disabilities, and 
Entertainment applications [18]. Authors proposed 
Zigbee and Bluetooth technology for the sensors. 
Bartosz P. Jarochowski et al developed an application 
to rehabilitation centres [19]. In this system a 
personal node is located on the patient, for example 
on a belt clip or incorporated into an arm-band. This 
node stores information about the patient’s session 
rehabilitation exercises and it is possible to obtain 
some statistics. Finally, the information can be sent to 
the medical control centre. Then, it can be analyzed 
by the doctors in order to improve the treatment for 
the next session, if it is needed. 
 
 
3.1.2. Health Control, Monitor,  

and Tracking Systems 
 

These systems have many applications. They can 
be used by patients who are very ill and can’t go out. 
They can be controlled remotely by doctors. There 
are many proposals for monitoring elderly people and 
for tracking people with Alzheimer. In 2006, Bo Sun 
Hwang et al. developed a monitoring system which 
was focused on the activities of an individual daily 
living in a home [20]. Sensors communicate through 
the Bluetooth protocol.  

The system detects the movements of a subject 
and then his/her activity pattern and position in a 
home is analyzed by a tracking algorithm. A. Wood 
et al. presented ALARM-NET in [21], a wireless 
sensor network for assisted-living and residential 
monitoring. It integrates environmental and 
physiological sensors in a heterogeneous architecture 
to determine circadian activity rhythms of residents. 
In 2007, Yaw-Jen Lin et al. presented a ubiquitous 
monitor system integrated with biosensors and Radio 
Frequency Identification (RFID) technology [22]. 
The system was expected to improve the Activity of 
Daily Living of the disabled and elderly people, to 
detect the emergencies or accidents in order to 
enhance the quality of care. Wireless sensor networks 
can be used by the military for a number of purposes 
such as monitoring militant activity in remote areas 
and force protection. Being equipped with 
appropriate sensors these networks can enable 
detection of enemy movement, identification of 
enemy force and analysis of their movement and 
progress. The focus of this article is on the military 
requirements for flexible wireless sensor networks. 
Based on the main networking characteristics and 
military use-cases, insight into specific military 
requirements is given in order to facilitate the 
reader’s understanding of the operation of these 
networks in the near to medium term (within the next 
three to eight years). The article structures the 
evolution of military sensor networking devices by 
identifying three generations of sensors along with 
their capabilities. Existing developer solutions are 
presented and an overview of some existing tailored 
products for the military environment is given. 
 

3.1.3. Developments to Make the Life Easier 
for Disabled and Elderly People 

 
Marjorie Skubic presented in [23] a 

multidisciplinary project to investigate the use of 
sensor technology to provide early identification of 
problems in mobility and cognition, helping residents 
manage illness and impairments and stay as healthy 
and independent as possible. It uses an event-driven, 
video sensor network that hides identifying features 
of the residents and a reasoning component that fuses 
sensor and video data and analyzes patterns of 
behavioral activity. Many other sensor networks 
deployments exist for a wheelchair to avoid collisions 
such as the one presented by R W. Gunderson et al. 
[24]. Their development consisted on a range of 
sensors mounted on to wheelchairs to provide 
navigation feedback and obstacle detection. More 
sub-fields can be found but there are not so many 
deployments as the ones described before. One of 
them is to control drug administration in hospitals. 
Patients have sensor nodes that monitor their diseases 
and required medications. So, any doctor will 
prescribe always correctly drugs for that patient.  

In addition, doctors may also carry a sensor node, 
which allows other doctors to locate them within the 
hospital. The other one is the use of sensor networks 
to control and monitor epidemics produced in any 
place of the world Maps of risk can be extracted 
using sensors, that is, knowing which places are 
infected or could be in the near future.. This modular 
system is formed by different subsystems and it can 
combine them according to the patient needs. Its most 
interesting contribution is the capacity of automating 
the house. It is a great advance for reduced mobility 
people. For example, the system can open a door; 
close a window or turn down a blind. Besides, this 
system can sense some vital signals. It has a useful 
application for elderly and cognitively disabled 
people. This system is composed by several fixed 
sensors that locate a patient at home and, working 
together with wearable sensors, collect data to 
determine what bathroom activities are being done in 
order to know the state of the patient. To control the 
main vital statistics and the intensity and duration of 
rehabilitation exercises that a patient has to make at 
home is possible with the system. However, its main 
advantage is its ubiquity, that is, wherever the patient 
is placed. It is possible thanks to the combination of 
ZigBee (or Bluetooth) and a personal device like a 
mobile phone or personal digital assistant (PDA) with 
GPRS/3G data network connection. 
 
 
3.2. Real Applications for the Environment 
 

This type of applications should have a not 
invasive character in order to avoid alterations to the 
environment. Besides, it should be a robust and 
precise system in order transport all the data to the 
control point without errors. It should also be a low 
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cost system, because it is implemented outdoors with 
batteries and maybe some nodes break down and 
should be replaced. Applications based on the 
detection of natural disasters, monitoring and control 
of agriculture, ecosystems and geophysical studies, 
flood detection, precision agriculture, biological 
complexity mapping of the environment and forest 
fire detection can be also included in this field. Some 
real applications for the environment are the 
following: 

At the island Great Duck, close the coasts of 
Maine, USA, there is a network of sensor nodes used 
for monitoring microclimates at refuges and 
surrounding areas where marine birds nest . It allows 
investigators to supervise at-risk species and its 
habitats. Intel Research Laboratory in collaboration 
with Atlantic College (Bar Harbor) and University of 
California in Berkeley distributed 32 motes in the 
island. Each mote had a microcontroller, a low 
potency radio, a memory and some batteries to 
monitoring temperature, humidity, pressure, and 
infrared emissions at mid-range. Motes send their 
data to station bases of the island and they are 
connected to Internet by satellite to permit the access. 
 
 
3.3. Real Deployments for Industry 
 

WSNs can improve many industrial and 
commercial applications for monitoring office 
buildings, intelligent museums, industrial sensing, 
product quality control, robot control and guidance, 
etc. These areas are very different, but WSNs can be 
used in all of them in order to monitor and help to 
manage the systems. WSNs are also widely used for 
vehicle industry. They are used for a large variety of 
issues related with monitoring and control functions 
for motor management and systems of certainty and 
comfort (ASR, ABS, airbag, adjustment of the safety 
belt, air conditioning, etc.). Sensors are used to 
register the real status of the motor, motor’s pressure 
of oil, temperature of motor, the number of 
revolutions and so on. There are other types of 
applications, such as to detect car thefts and sensor 
networks for vehicle tracking .Another interesting 
sensor application has been developed in the Loch 
Rannoch by BP. This project produced an efficient 
automated data collection system for machine 
monitoring and predictive maintenance that 
eliminated many of the manual processes by using 
handheld devices. It is equipped with 160 wireless 
motes. There are also some sensors deployments used 
to monitor the environment without battery that 
generate their energy from the environment.  
 
 
3.4. Real Deployments for Military 

Applications 
 

The need of WBANs emerged during the Cold-
War, especially for submarine surveillance and 

battlefield monitoring [25]. But it was not available 
for the public use until the 1980s, when the first 
commercial distributed sensor network was 
developed by the Defense Advanced Research 
Projects Agency (DARPA). This WSN is called first-
generation. Typical military applications of sensor 
networks are: 

• Monitoring forces: reconnaissance of opposing 
forces and terrain and battlefield surveillance; 

• Monitoring of equipment and ammunition; 
• Targeting; 
• Battle damage assessment; 
• Nuclear, biological and chemical attack 

detection and reconnaissance; 
• "fog of war" clearing; 
• Space exploration; 
• Undersea monitoring. 
Advantage of this system is that reduces the 

training phase in an indoor environment; but, without 
losing precision. 

 
 

 
 

Fig. 2. Schematic of free wireless sensors using 
ambient energy. 

 
 

4. Limitations and Challenges 
 

Generally, wireless sensor networks are deployed 
to work in hostile, remote and changeable 
environments, so it is necessary to incorporate 
security mechanisms when they are being designed. 
However, several limitations should be taken into 
account. First, nodes can't be protected physically in 
these environments. For example, in a battlefield any 
enemy can capture them and analyze the information 
gathered, so, fundamental information could be 
extracted. The challenge for researchers and 
developers is to design resilient protocols or others 
solutions to provide security to these networks, even 
if one or several sensor nodes are compromised. 
Their goal is to ensure that, if a node is captured, 
sensitive information stored on it cannot be taken off 
easily. On the other hand, the small size of the sensor 
nodes and the lack of wires is another important 
limitation of WSNs. Although these characteristics 
are fundamental for many applications, it involves 
limited resources, such as the energy, computational 
power, and storage resources. Besides, a large WSN 
contains hundreds to thousands nodes working by 
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batteries, so, it is difficult both to replace and 
recharge them in some environments. There is lot of 
fault tolerance occurrence in the nodes too. The 
limited capability of sensor nodes for storage is 
another problem for security algorithms. Each sensor 
node needs to store as different keys as sensor nodes 
network has. However, when a network is composed 
by a large number of sensor nodes, it requires a lot of 
memory, which probably cannot be provided. 
 
 
5. Conclusion 
 

WBANs are needed to improve the quality of life 
of the disabled people. They are also a basic piece of 
the future medical applications. These reasons make 
WBANs a main research area for many research 
groups. WBANs help the humans to control, examine 
and survey places that they are not able to do because 
it is very difficult to achieve the place or because the 
human is not able to measure by itself.  

Actually, more research is needed and 
developments of new sensors in order to get cheaper 
products and make them affordable. 

Lower prizes will help to introduce WBANs in 
our life. All surveys on WBANs found in the 
literature show simulations and network tests in 
reduced and controlled environments, but this survey 
shows real implementations and practical 
deployments. There is not any survey published like 
the one presented in this paper. We have compared 
the real deployments studied in this paper in terms of 
network size, technology used, the communication 
type, if it has being built for a single use and the 
domain where it is applied. 
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Abstract: The SCR installation system, a typical offshore structure, is designed to solve the problem that S-lay 
vessel cannot install the SCR independently. Because of the harsh environment of deep-sea, offshore structures 
will always withstand great compound load such as pressure, bending and torsion. In this paper, as a typical 
offshore structure, the SCR installation system is introduced first, and then combining with the characteristic of 
the system, the real-time monitoring programs are presented and the corresponding monitoring systems are 
developed to monitor the operation states of the system. In addition, the model test is carried out to verify the 
safety of the designed system and the function of the proposed monitoring system. The test results show that the 
monitoring system can monitoring the SCR installation system conveniently and real-timely. This paper 
provides the method and lays the foundation for monitoring offshore structures. Copyright © 2013 IFSA. 
 
Keywords: SCR installation system, Monitoring system, Stress-strain measuring & analysis technique, Model 
test. 
 
 
 
1. Introduction 
 

Because of the length of the S-lay vesselstinger, it 
is difficult to get close to FPU, so the S-lay vessel 
cannot install SCR independently. Meanwhile, many 
risky factors and potential difficulties exist in both  
S-lay and J-lay methods because there are many 
underwater operations and difficulties in tension 
conversion. For these reasons above, the novel device 
named SCR installation system is developed to install 
the SCR [1-3]. 

The motions of pipe-laying vessel are affected by 
the marine environment such as wind, wave and 
current. And the large amplitude motion not only 
affects the stability of vessel, but also may result in 
the failure of the structure installed on the vessel. So 

the motoring system needs to be developed to 
monitor the motions of vessel and the security of 
structures should also be concerned. 

In this paper, the designed SCR installation 
system is presented, and the measuring technique for 
its components such as A&R Wire limiting device, 
SCR fixture, connect legs is also proposed. During 
the installation process, the A&R wire should bear 
the whole weight of SCR, so attentions should also 
need to be paid to the tension changes of A&R wire. 
And the tension monitoring system is also designed. 
In order to verify the security of the SCR installation 
system and the function of the real-time monitoring 
system, the model test is carried out, and 
corresponding results are obtained and presented in 
this paper. 
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2. SCR Installation System 
 
The overall dimension of the designed SCR 

installation system is 8.03 × 6.07 × 11.07 m. The 
gross weight of the system is 97.6 t. As shown in  
Fig. 1, the system includes: main tower, quick 
connector, SCR fixture and A&R wire limiting 
device. The main tower is designed as a truss 
structure, whose five legs are welded on the deck and 
they support all the weight of the tower. During the 
fixed process of SCR, the weight of it is also 
supported by these legs [4-5]. 

 
 

 
 

Fig. 1. SCR installation system. 
 

 
The SCR fixture device is used to reduce the 

underwater operation time, which can improve 
operating reliability. The taper cylinder with a certain 
dip angle is consistent with the SCR installation 
angle. During the fixed process of SCR, all the 
weight of SCR is held by the fixture and because of 
the dip angle, it can also withstand torsional 
deformation and bending caused by the pressure. 

Since the swing of the A&R wire is inevitable 
under the circumstances of wind–wave, the potential 
factors of insecurity are existed. To guarantee the 
stability of the A&R wire during the SCR installation 
process, a limiting device is designed to restrict the 
large amplitude swing of the A&R wire. The swing 
of the A&R wire will cause it to hit against the 
protection card of the limiting device and the 
collision force may result in the damage of it.  

In addition, the dynamic amplifier factor (DAF) 
determined by hydrodynamic and other factors may 
significantly reduce the bearing capacity of the A&R 
wire. For Example, if the maximum capacity of A&R 
wire is 800 t and the DAF is 2, the maximum weight 
that the A&R wire can bear is 400 t. 

Because of the reasons mentioned above, the 

force status of the components such as A&R limiting 
device, A&R fixture and the main tower should be 
concerned. 

 
 

3. Development of the Monitoring System 
 

During the SCR installation process, the factors 
that should be monitored are as follows: motion of 
the pipe-laying vessel, tension of the A&R wire, 
stress& strain of the A&R wire limiting device, A&R 
fixture and main tower. 
 
 
3.1. Monitoring Programs of Vessel Motion 
 

Three uppermost parameters of the ship attitude 
monitoring are roll, pitch and heave. And more 
attention should be paid to the heave of the pipe-
laying vessel. The developed monitoring system 
contains the ship attitude measuring sensor, 
monitoring system (Fig. 2), attitude analysis system, 
and some accessories, such as UPS and industrial 
panel computer, etc. 

The sensor is used to measure the attitude of the 
pipe-laying vessel, the developed monitoring system 
is used to monitor the status of the vessel in real-time 
and the analysis system is used to analyze the 
obtained data and characteristic of the vessel. 

 
 

 
 

Fig. 2. Vessel motion monitoring system 
1. UPS battery pack, 2. UPS (unpaused power supply),  

3. Linear voltage converter, 4. Wave motion sensor,  
5. Industrial panel computer. 

 
 
3.2. Monitoring Tension of A&R Wire 
 

As shown in Fig. 3, the tension of A&R wire is 
measured by S-sharp tension sensor, and each end of 
it is connected with the A&R Wire. 

The tension of A&R wire can be displayed on the 
screen in real-time. And the tension variation range 
can be obtained by analyzing the data which is 
acquired from the vessel motion monitoring system, 
and the safety operation range of A&R wire under 
each sea-state can also be got. 
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Fig. 3. A&R tension monitoring. 
 
 

3.2. Monitoring Tension of A&R Wire 
3.2.1. Monitoring the Security of A&R Wire 

Protection Device 
 

The A&R wire will impact the protection card of 
A&R wire limiting device under the influence of 
wave-current. And both the size and direction of the 
impact force are unknown. So the monitoring plan 
should not only consider the size of the force, but 
also the direction of it. For above reasons, the rosette 
gauge technique is used to monitor the size and 
direction of the impact force. However, the main 
stressed area is unknown and the FEM method is 
used to estimate the position. The position where 
rosette gauges are arranged is based on the 
calculation results of Abaqus. The measuring 
programs are shown in Fig. 4.  

 
 

Fig. 4. FEM calculation results of A&R limiting device. 
 
 

The red region is the monitoring focus, and 
through comparison, it can be seen that the protection 
card bears the largest impact force. So it is the most 
important monitoring part. Because the rosette gauge 
is easily damaged by the wire, it needs special 
treatment to avoid this damage. The monitoring 
principles are illustrated below: 

The rosette is composed by three strain gauges. 
The angles between gauges and the X axis are 0, 45° 
and 90° respectively, and the corresponding strains 

are x , y and  . So the following equations can 

be got: 
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According to the relationship of strain-stress, the 

equations can be expressed as: 
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By adopting the extreme way to obtain the 

direction and size of principle stress, so following 
equations can be expressed as: 
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From Eq. (1) - (8), the size and direction of the 
principle stress is: 
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where 0 is the included angle between the principle 

stress and the x-axis, and the counterclockwise 
direction is positive. 

The strain of three gauges is measuring in real-
time, and then the size and direction of the principle 
stress can be monitored real-timely by the measuring 
device. 

 
 

3.2.2. Monitoring the Security of SCR Fixture 
 

During the fixed process of the SCR, the whole 
weight of the SCR is supported by the fixture. If the 
fixture fails, the SCR may fall into the sea-bed. So it 
is very important to monitor the key bearing parts of 
the SCR fixture. The selection of measuring point is 
also based on the calculation results from Abaqus in 

Fig. 5. 
By comparing the FEM calculation results, it can 

be seen that the upper support plate and the taper 
cylinder are the main measuring parts. Because the 
direction is known, the gauges are used to measure 
the strain of these regions. The measuring point is 
shown in Fig. 5(b), and the monitoring principle is 
illustrated below: 

By Adopting the half-bridge measure form, Ra is 
arranged in the axial direction and Rb is perpendicular 
to Ra, Rc and Rd are constant resistances as shown in 
Fig 6. The stress of the measuring point can be 
calculated by the following equation: 

 

1 D

E 





, (11) 

 
where  is the stress of measure point, E is elasticity 

modulus,  is poisson ratio and D is the value 

measured by the device. 
According to the Eq. (11), the relationship 

between strain and time can be converted to that 
between stress and time. So the stress of dangerous 
part can be monitored real-timely through the 
computer. 

 

 
 

 
 

Fig. 5 (a). FEM calculation results of SCR fixture. 
 
 

 
 

Fig. 5 (b). Monitoring program of SCR fixture. 

No.1 measuring point No.2 measuring point
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Fig. 6. Pressure measuring bridge circuit of SCR fixture. 
 
 

3.2.3. Monitoring the Security of the Tower 
 

The main tower is the complex structure with 
huge size, so it is impossible to monitor all the parts 
of it. But the SACS can be used to find out the 
dangerous part of the tower. In the analysis, the 
influence of the vessel motion on the tower has been 
considered. The model is shown in Fig. 7. 

 
 

 
 

Fig. 7. FEM calculation results of tower (1, 2, 3, 4, 5 are 
serial number of supporting legs). 

 
 

The analysis results show that the legs which are 
connected with the deck of the vessel are the main 
forced components. The legs withstand pressing, 
bending and torsional loads simultaneously and the 
monitoring scheme should take all these factors into 
account. The scheme is shown in Fig. 8. And the 
monitoring principles are illustrated in the following 
part a-c [6]. 

 
 

 
 

Fig. 8. Monitoring program of tower. 

3.2.3.1. Monitoring Scheme of Pressure 
 

The designed measuring bridge circuit is shown 
in Fig. 9.  

 
 

 
 

Fig. 9. Pressure measuring bridge circuit. 
 
 

The relationship between the change rate of the 
resistance and the strain of each gauge is: 
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where 
R

R is the change rate of the gauge’s 

resistance, K is the sensitivity coefficient 

and PNM  ,, represent the strain induced by 

bending moment, torque and pressure respectively. 

It can be seen that the strain caused by bending 
and torque can be eliminated by connecting four 
gauges as Fig. 9. 

From the generalized Hook’s law, the following 
equations can be got: 

 

 1
( ) 1

2aP a b

P

E EA
       , (16) 

  

 1
( ) 1

2bP b a

P

E EA
       , (17) 

 
where, bPaP  , are the strain of Ra and Rb which 

induced by pressure, and ba  ,  are the stress in Ra 

and Rb direction, P is pressure, E is elasticity 
modulus,  is poisson ratio and A is cross-sectional 
area of the leg. 

From Eq. (16) and Eq. (17), it can be seen that the 
strain of each gauge induced by pressure is the same. 
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The calculation formula of pressure is illustrated 
in Eq. (18) 

 

 1 D
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P 





, (18) 

 
 

3.2.3.2. Monitoring Scheme of Torque 
 

Similarly, the designed measuring bridge circuit 
of torque is shown in Fig. 10. 

 
 

 
 

Fig. 10. Torque measuring bridge circuit 
 
 

According to the generalized Hook’s law, the 
following equation can be got: 

 

 1 1 2

1
N E
    , (19) 

 

 2 2 1

1
N E
    , (20) 

 
As   21 , so the Eq. (19) and (20) can be 

rewritten as follows: 
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where 21, NN  is the tangential and normal stress. 

From (21) and (22) both the torsional and the 
shearingstrength can be got: 
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3.2.3.3. Monitoring Scheme of Bending 
Moment 

 
The bending moment measuring bridge circuit is 

shown in Fig. 11. 

 
 

Fig. 11. Bending moment measuring bridge circuit. 
 

 

According to the generalized Hook’s law, the 
following equations can be got: 
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where, bMaM  ,  are the strain of Ra and Rb which 

induced by bending moment, and ba  , are the 

stress in Ra and Rb direction, M is the bending 
moment, E is elasticity modulus,  is the poisson 

ratio and 
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From Eq. (24) and (25), the calculation formula of 

bending moment can be got: 
 

 1 D

EW
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, (23) 

 
The pressure, torque, and bending moment can be 

got by solving Eq. (18), (23) and (26) respectively. 
From the derived equations, the relationship between 
the bending moment, torque, pressure and time can 
be obtained and the stress of dangerous part can be 
monitored real-timely though the computer. 

 
 

4. Model Test 
 
To verify the proposed monitoring scheme, the 

model test is carried out. The SCR installation system 
is scaled by 1:10 and the model and the testing 
scheme are shown in Fig. 12. The devices contains:  
6-DOF platform, SCR model, SCR installation 
system model and boundary conditions apply system. 
The 6-DOF is used to simulate the motions of the 
vessel and the boundary conditions apply system 
replaces the weight of the SCR [7, 8]. 

The HYSY201 is selected as the target vessel 
and the following sea-state is adopted: wind speed is 
16 m/s, significant wave height is 3 m, wave period is 
9 s and the wave spectrum is Jonswap. The 
corresponding motion parameters of the vessel are 
shown in Table 1. 
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Fig. 12.Testing scheme. 
 
 

Table 1. Motion parameters of the vessel. 
 

Sea 
state 

Period 
(s) 

Heave 
(m) 

Roll (°) 
Pitch 

(°) 
1 9 2.38 2.73 0 

 
 

4.1. Monitoring the Tension of A&R Wire 
 

The tension of A&R wire is shown in Fig. 13. 
The applied weight is about 4000 kN, and it can be 
seen that the range of tension is between  
3000-5000 kN, and then a dynamic amplifier factor 
can be obtained. Under this sea state, the DAF is 
about 1.23, which means the HYSY201 with a winch 
of 400 t has ability to install the structures whose 

weight is less than 320 t. It provides the criteria for 
Subsea production facilities installation [9-16]. 

 

 
 

Fig. 13. Tension of A&R wire. 
 
 

4.2. Monitoring of SCR Fixture 
 
As shown in Fig. 14, the stress of the fixture 

changes with time. The blue line is the maximum 
allowable working stress, and the red line and dot 
line represent the measuring value. So the stress of 
the fixture can be monitored real-timely. 

 
 

4.3. Monitoring of the Tower 
 

As shown in Figs. 15 - 17, the pressure, torque 
and bending moment of the legs will change with 
time. 

 
 

 
 

Fig. 14. Fixture stress time history curve. 
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Fig. 15. Supporting leg pressure time history curve. 
 
 

 
 

Fig. 16. Supporting leg torque time history curve. 
 
 

 
 

Fig. 17. Supporting leg bending moment time history curve. 
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It can be seen that the pressure on five supporting 
legs is almost the same. And both of them are within 
the permissible stress range. The test results also 
show that the torque of five legs is very small and can 
be ignored during the monitoring programs. 
Meanwhile, the bending moment of five legs is also 
small, but it bigger than the torque because the 
fixture has a 10° dip angle. Therefore, the bending 
moment of the supporting legs should also be 
considered in the monitoring programs. 
 
 
6. Conclusions 

 
The designed monitoring system could monitor 

the stress of dangerous part of SCR installation 
system, the tension of A&R wire and the motions of 
the pipe-laying vessel real-timely. The model test can 
provide the novel method to estimate the maximum 
capacity for the winch to install subsea production 
system. Because the motions of the vessel are known, 
the corresponding capacity of the winch can be 
obtained through the test. In addition, the monitoring 
programs can also be applied in other offshore 
complex structures with huge size. 

 
 

Acknowledgements 
 

The authors are grateful for the financial support 
from the China National Major Projects of Science 
and Technology (Grant No. 2011ZX05027-002) the 
National Basic Research Program of China (grant 
No. 2011CB013702). 

 
 

References 
 
[1]. Bouwman J., Installation challenges with lifting and 

pull-in of the 20″ SCR, in Proceedings of the 
Offshore Technology Conference, Houston, Texas,  
30 April–3 May 2007. 

[2]. Chaudhury G., Kennefick J. and McDermott J. R., 
Design, testing, and installation of steel catenary 
risers, in Proceedings of the Offshore Technology 
Conference, Houston Texas, 3–6 May 1999. 

[3]. Mao Ye, Menglan Duan, Zhigang Li, Ruiyan Chen, 
Yi Wang and Mingjie Li, Novel installation methods 
and devices of steel catenary risers (SCR) in the 
South China Sea, International Journal of the Society 
for Underwater Technology, Vol. 31, No. 2, 2013,  
pp. 93–104.  

[4]. Duan M. L., A lifting system for installation of deep-
water risers and subsea hardware, in Proceedings of 

the 2010 SUT Technical Conference, Society for 
Underwater Technology, Rio de Janeiro, Brazil,  
23–24 March 2010.  

[5]. Duan M. L., Wang Y., Estefen S., He N., Li L. and 
Chen B., An installation system of deepwater risers 
by an S-lay vessel, China Ocean Engineering, 25, 
2011, рр. 139 – 148. 

[6]. Xiuyuan Zheng, Daji Xie, Strain and stress 
measuring technique, China National Defense 
Industry Press, 1985. 

[7]. Bangmin Chen, The Research on Scaled Model Test 
for Installation of Deep-water Risers, Beijing, China 
University of Petroleum, 2010. 

[8]. Mao D. F., Duan M. L., Wang Y., He N., Chen B. M. 
and Zhang Y., Model test investigation on an 
innovative lifting system for deepwater riser 
installation, Petroleum Science, 7, 2010, рр. 547-554. 

[9]. Fan Zhou, Study on the mechanics characteristic of 
subsea manifold installation system and evaluation 
analysis on compensation effect, Beijing, China 
University of Petroleum, 2011. 

[10]. F. E. Roveri, L. V. S. Sagrilo, E. C. P. de Lima, et al., 
Comparing measured and calculated forces of a 
manifold deployment in 940 meters water depth, in 
Proceedings of the 22nd ASME International 
Conference on Offshore Mechanics and Arctic 
Engineering, 2003, рр. 189-195. 

[11]. Lucile M. Quéau, Mehrdad Kimiaei, Mark F. 
Randolph, Dynamic Amplification Factors for 
Response Analysis of Steel Catenary Risers at Touch 
Down Areas, in Proceedings of the 21st International 
Offshore and Polar Engineering Conference, Maui, 
Hawaii, USA, 19-24 June, 2011. 

[12]. Frazer I., Perinet D. and Vennemann O., Technology 
Required for the Installation of Production Facilities 
In 10,000 Ft of Water, in Proceedings of the Offshore 
Technology Conference, Houston, Texas, USA,  
2-5 May 2005. 

[13]. José Maurício T. G. Lima, Mariele Lima Kuppens, 
Paulo Ferreira da Silveira and Pedro Felipe K. 
Stock, Development of Subsea Facilities in the 
Roncador Field (P-52), in Proceedings of the 
Offshore Technology Conference, Houston, Texas, 
USA, 5-8 May 2008. 

[14]. William H. Silcox, James A. Bodine, Gerald E. Burns, 
Carter B. Reeds, Donald L. Wilson and Edward R. 
Sauve, Petroleum Engineering Handbook, Offshore 
Operations (1987 PEH Chapter 18), Society of 
Petroleum Engineers, 1987. 

[15]. Mark Dixon and Easter David, Installation-Driven 
Field Developments for Deepwater Subsea Projects, 
Offshore Technology Conference, Houston, Texas, 
USA, 5-8 May 2008. 

[16]. Alan Wang, Yun Yang, Shaohua Zhu, Huailiang Li, 
Jingkuo Xu and Min He, Latest Progress In 
Deepwater Installation Technologies, in Proceedings 
of the 22nd International Offshore and Polar 
Engineering Conference, Rhodes, Greece,  
17-22 June 2012. 

 

___________________ 
 
 
 

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



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 129-137 

 129

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

The Novel Method of Moving Target Tracking Eyes 
Location based on SIFT Feature Matching and Gabor 

Wavelet Algorithm 
 

* Jing Zhang, Caixia Yang, Kecheng Liu 
College of Computer and Information Engineering, Nanyang Institute of Technology,  

Henan Nanyang, 473004, China 
* Tel.: 0086+13838972861 

* E-mail: eduzhangjing@163.com 
 
 

Received: 28 April 2013   /Accepted: 19 July 2013   /Published: 31 July 2013 
 
 
Abstract: SIFT is a scale and rotation invariant feature point extraction algorithm, and it has a high robustness 
of local feature representation. SIFT expression method is based on the detection of multi-scale extreme points 
of the difference of Gaussian image pyramid and gradient direction. This article describes a face based on Gabor 
wavelet transform facial area, and it is depression terrain feature points extracted directly from the gray-scale 
image. The paper presents the novel method of Moving target tracking Eyes Location based on SIFT feature 
matching and Gabor wavelet algorithm. This method is not sensitive to noise, in real-time positioning and 
accuracy has greatly improved. Simulation results validate the effectiveness of the proposed algorithm. 
Copyright © 2013 IFSA. 
 
Keywords: Gabor wavelet, Moving object tracking, Scale-invariant feature transform (SIFT). 
 
 
 
1. Introduction 
 

Target tracking has a wide range of applications 
in terms of guidance, navigation, and security 
monitoring. With the popularity of digital 
technology, the video moving target tracking has 
become one of the hot spots of the research in the 
field of computer vision, and has important 
application value. Video object tracking problem 
itself a collection of image processing, pattern 
recognition, artificial intelligence, automatic control 
technology, and many other areas of technology, has 
a good theoretical significance. 

The video of moving target tracking means by 
calculating a moving target in each frame, the 
position, velocity and other state information and 
status information between the image frames 

corresponding to and matching relationship to 
characterize the target trajectory and the movement 
trend. In general, target tracking problem contains 
two parts of the "measured" and "forecast", but 
sometimes tracking algorithm will only include the 
"measured" and without "predict" section. The 
measurement target template and candidate region 
matching process can be seen as "forecast" for target 
motion parameter estimates. Target motion "forecast" 
There are many ways and framework, the Kalman 
filter is a simple and effective traditional methods. 
Particle filters method based on a probabilistic 
framework to get the attention of the researchers. 

Face grayscale image corresponding three-
dimensional topographic map, here in the center of 
the pupil shows the topographical features of 
"depression". This article is as the basis of the 
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detection of the human eye, of a human eye 
positioning algorithm (PTL). Although the method 
can solve the problems of the human eye positioning 
in the complex background and face attitude changes, 
high positioning accuracy, but there are some 
limitations: the original image is converted to a 
terrain feature maps need to calculate, to judge each 
of the original image. A point belongs topographical 
features, computationally intensive, real-time 
positioning algorithm. Meet the candidates 
"depression" the conditions of the terrain features 
focus on a whole lot of face images search, the search 
range is too large, and the candidate focus more, so to 
filter out the real eye position consuming more long, 
which also restricted the real-time nature of the 
algorithm. 

Scale extension problem from the point of view of 
"measured" considering proposing a tracking 
algorithm based on gray histogram matching 
histogram reflects the gray level distribution 
characteristics to solve the moving target scale 
change in the proportion of telescopic Robust 
Tracking [1]. However, due to the histogram does not 
reflect the structure of the target information, so 
when a scene with the target gradation information 
will cause tracking algorithm consistent failure. 
Robust tracking of non-rigid object tracking system 
in the case of deformed and rotating the difficulties in 
the field of video moving target tracking, and one of 
the hot issues. 

The purpose of this research is to solve partial 
occlusions and scale extension of video tracking of 
moving targets for video tracking in typical 
application scenarios, achieved tracking accuracy as 
high as possible, therefore, designed based on SIFT 
(Scale-Invariant Feature Transform) feature point 
matching measurement target tracking algorithm. 

The method makes full use of the basic 
physiological characteristics of the human eye; the 
retina for different wavelengths of infrared light can 
be the different amount of reflection to make the 
obtained image to highlight the location of the pupil, 
for positioning the eye. The advantage of this method 
is that its accuracy and robustness, but it requires 
special hardware support for the camera with infrared 
light source, the depth of the rotation of the head, the 
face and the distance of the camera and external light 
is quite sensitive in false detection rate in the outdoor 
environment will increase. 

This paper begins with the image processing 
algorithm described in detail; then introduce the face 
facial area based on Gabor wavelet transform 
extracted directly from the gray-scale image 
"depression" terrain feature points, as well as verify 
the candidate eye on whether eye for real people on 
the symmetric similarity analysis; Finally, the 
experimental results of comparative simulation 
algorithm in the AT & T face database. 

Solve the target occlusion method is roughly 
divided into two categories: Merge-Split (MS) 
methods and Straight-Through (ST) method. Robust 
Tracking MS method through a series of create, 

delete, merge and split operators, merge or split the 
operations of the target area under occlusion, moving 
target; ST method is not sensitive to the 
characteristics of occlusion by direct extraction of 
target regional track, does not require a complex 
merger and division operations. Two types of 
detection methods rely on target occlusion. The paper 
presents the novel method of Moving target tracking 
Eyes Location based on SIFT feature matching and 
Gabor wavelet algorithm. 

 
 

2. SIFT Feature Point Extraction  
and Similarity 
 
The SIFT is D. Lowe a scale and rotation 

invariant feature point extraction algorithm, local 
features of a high robustness representation essence 
detection and gradient-based multi-scale extreme 
points of the difference of Gaussian image pyramid 
direction of expression, has a high matching accuracy 
and robustness, mainly for image registration based 
image retrieval, face tracking. The SIFT having scale 
retractable Invariance and rotation invariance, and in 
the case of a certain extent, the affine transformation, 
the different angle, ambient noise, light intensity 
change having a high matching precision. 

Mean-Shift algorithm is very simple and 
beautiful; the convergence condition is very relaxed. 
Just make sure you track the target, the whole 
tracking process without additional parameter input. 
Unlike the usual optimization methods, Mean-Shift 
every step of the probability density is estimated to 
grow, with excellent stability [2]. By eliminating the 
need to estimate the density distribution, you can 
directly search for local maxima along the gradient 
direction, greatly reducing the amount of 
computation, this algorithm has good real-time video 
tracking algorithm development, and thus represents 
the Mean-Shift-based optimization algorithm level 
has been widespread concern in the computer vision 
community. 

Moving target tracking algorithm prediction 
algorithm of Kalman filtering, extended Kalman filter 
and particle filter algorithm analysis, mainly in the 
classical linear system is a minimum estimate of the 
Kalman filter, the mean square error of nonlinear 
extended Kalman filter algorithm and particle 
filtering algorithm, as is shown by equation (1). 
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(1) 

 
SIFT corner has the following advantages:  

1) In space and frequency domain have a very good 
the positioning effect and accuracy, reduce the 
impact of object occlusion, complex scenes, as well 
as noise, particularly important for moving target 
tracking; 2) Have a high good matching efficiency, 
the feature point can be distinguished, even retained 
rarely characteristic point of the image also has a 
high probability of correct match; 3) based on the 
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structure of the multi-scale image of the pyramid, the 
calculation of the feature points is greatly reduced. 

The value of each component of each feature 
point by the direction of the gradient of the adjacent 
sub-blocks histogram, position information, and scale 
information and the main direction, wherein the size 
of each sub-block is the pixel, the gradient orientation 
histogram is characterized the point in the 
neighborhood of all the pixels in the direction 
component of the gradient magnitude and a direction 
corresponding to the peak of the gradient orientation 
histogram is set for the main direction of the feature 
point candidate [3]. Histogram component of the 
direction of the gradient of the characteristic point is 
with respect to the main direction of the feature point 
relative amount, when the moving target is rotated, 
the direction of the goal of the SIFT feature point 
histogram component is relatively constant, therefore, 
the SIFT feature point has a certain rotational 
invariance, as is shown by Fig. 1. 
 
 

 
 

Fig. 1. Moving target tracking algorithm based  
on SIFT figure. 

 
 

Moving target tracking process continuity and 
gradual change, the feature point matching similarity 
measure can also refer to the feature point position, 
scale, and other information, including an important 
basis of the scale information or target template 
update strategy target template update strategy Next 
project focus of the study. Euclidean distance as a 

similarity measure using direction histogram feature 
points in the tracking experiment has been better 
tracking results are discussed in detail in the 
experimental analysis section. 

Mean-Shift algorithm for video tracking have 
several advantages: First, the algorithm computes 
real-time tracking can be done entirely in the target 
area known; Secondly, as a non-parametric density 
estimation algorithm easily as an integrated modules 
and other algorithms; then the kernel function 
histogram modeling, partial occlusion, target rotation, 
deformation and background motion sensitive. 
However, it also has shortcomings, such as: the lack 
of the necessary template update algorithm, window 
width size of the whole tracking process remains the 
same, when the target scale changes may track failed; 
color histogram is a relatively common target feature 
descriptor, when the background and objectives 
similar to the color histogram tracking algorithm 
ineffective; Mean-Shift algorithm is locally optimal 
optimization algorithm, when multiple local peak, the 
algorithm may converge to local optima excellent 
value tracking algorithm failure.  

SIFT is essentially expressed by the extreme 
points of the multi-scale Gaussian image detection 
and gradient orientation histogram of two parts [4]. 
The calculation method described below original 
image the operator after the Gauss operator and DoG 
(Difference of Gauss) were obtained multi-scale 
Gaussian pyramid image and DoG image, as is 
shown by equation (2). 
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The algorithm in the Kalman filter prediction 

improved framework SIFT feature extraction has 
many invariance advantages, the use of improved 
matching algorithm to calculate the candidate target 
the precise location of the feature points, the motion 
vector of the feature point cluster analysis to 
effectively eliminate noise interference, false matches 
interactive template update strategy to efficiently 
update the target template. The large number of 
experiments is on the public test sequences show that 
the algorithm can effectively solve partial occlusion 
problems, scale retractable problem, scenes the light 
brightness change issues and non-rigid object 
rotation, moving object tracking in video. 

On the input image, the operator is in the scale by 
a group of the composition of the Gaussian kernel 
Gaussian filter is obtained by the formula (3) after a 
set of filter, the Gaussian image; wherein; use DoG 
operator calculated by the equation (3) the group of 
the scale Gaussian image of the adjacent images dog 
image. 

Moving target tracking system based on Kalman 
filter consists of two parts: prediction and 
measurement. Prediction for the next time target 
detection to provide a measurement of the initial 
position, both to improve the accuracy of the tracking 
and also reducing the amount of computation; 
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measurement purpose is to obtain this moment the 
precise target status information, to provide 
correction for the next prediction foundation. Since 
the video of adjacent two of the time interval is very 
short, and the target motion is continuously changing, 
so you can use the history of the measurement 
information to predict the target position in the next 
frame image. 

The filter gain is the tradeoff of prediction and 
measurement. Equivalent measurement precision 
should increase the Kalman gain, reduce the Kalman 
gain and vice versa. Too much reliance on historical 
measurements, Kalman gain is reduced filtering lost 
cause after a certain period of time, the improved 
algorithm adds a gradual elimination factor, reduce 
the impact of historical measurement, and increase in 
newly measurement data for traditional Kalman 
filtering in the role of the filter. Covariance equation 
is for predicting the improved Kalman filtering. 
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Step 1) to obtain a set of Gaussian image 

extraction, in multi-scale space Gaussian image on 
the new scale, repeat steps; 2) calculate a set of scales 
the DoG images. Calculated each scale, the scale 
space DoGa feature point of the image, wherein the 
feature point scale DoG images 26 of the extreme 
points of the neighborhood; each feature point by the 
composition, respectively, said orientation histogram 
of a feature point of the window, the position 
information, scaling information and the main 
direction.. 

Actual 3D physical knowledge of the target 
machine learning methods, not just the target image 
tracking algorithm based on the model, information 
model, 3D model-based tracking algorithm is perfect, 
but no a priori knowledge of the actual tracking 
system. It is difficult to obtain the model of the target 
of interest. Having scale stretching, rotation 
invariance of the feature points (such as the SIFT, 
KLT, Harris Corners, SUSAN Corners, etc.), by 
extracting a feature-based tracking algorithm to solve 
the problem of scale stretching and partial occlusion, 
SIFT D. Lowe proposed the species has a scale and 
rotation invariant feature point extraction algorithm 
based multiscale image pyramid extreme point 
detection and gradient direction histogram indicates.    

Best candidate of the feature point matching a 
feature point of the target template based on the 
similarity measure of the feature point is calculated in 
each frame image, matching feature points of these 
candidate contains the direction histogram, 
information such as the position, scale, and the main 
direction, the feature points of the same target having 
the consistency of the motion information, thus using 
the consistency of the information of the feature point 
motion clustering algorithm, to obtain a more robust 
moving target status information. 

Bass vile et al first recognized in it in the 
importance of family tree. (a) It is pointed out that the 
wavelet coefficient of the signal, (b) directly in the 
tree is defined on the process generates a system 
theory [5]. Note is made of a tree provides the signal 
representation framework to map to be flexible. For 
example, it can be applied to a higher dimensional 
tree (to the signal he is defined in a multi-
dimensional space, for example, time, and space 
coordinate), the tree may be asymmetry can also be a 
general outline [6]. This flexibility can and signal 
components in the special multi-scale structure 
matching. The multi-scale process model to estimate 
and control research, family tree and its translation 
will play a very important role, in the next section we 
will summarize the main definitions, as well as in the 
subsequent sections using these characteristics. 

The test video to be used in this experiment to 
track the target non-rigid body, and it is the entire 
tracking process constantly moving target 
deformation and rotation as well as a significant 
scale-down. First calculated interested in moving 
target template SIFT feature points, and then 
calculate the best prediction of the target area in each 
frame in the framework of the Kalman filter 
prediction SIFT feature points, as is shown by 
equation 4. 
 

 
dt

a

bt
tfabaW

Rf )()(),( 2

1 
  

 
(4) 

 
SIFT feature point scale extension and rotation 

invariant, and has high matching rate in a different 
perspective, the changes in the brightness of the light, 
the ambient noise. Rotation, deformation and 
significant scale changes in parts and completely 
blocked and the brightness of the light changes and 
other complex scenes of the video sequence is 
proposed in this paper based on SIFT feature 
matching and Kalman filtering the movement target 
tracking algorithm in moving target accompanied 
experiment experimental results show that the 
proposed algorithm is robust tracking algorithm. 

Image scale space adjacent scale Gaussian filtered 
image and the difference image, this method is a 
Gaussian image of a set of scales for coefficients of 
the Gaussian kernel. The eight neighborhood 
calculating scale DoG image pixels in the current 
scale image and the neighborhood adjacent DoG 
images and whether local extreme point, and if it is 
extreme points put the pixel as a candidate on the 
scale of the image feature point. 

 
 
3. The Eye Positioning Method  

Based on Gabor Wavelet 
 

Physiological characteristics or behavioral traits 
inherent in using computer technology, and the 
determination of the individual comprehensive 
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comparison of data pre-stored in the database, in 
order to achieve the personally identifiable 
automation technology is called biometrics. The 
biometric typically including the retina, iris, 
fingerprints, palm prints, voice, face like (including 
the eyes, nose and mouth), such as handwriting, gait. 
These characteristics due to the uniqueness and 
invariance, and is closely related with the personal, 
non-separable, so personal identification (such as 
security monitoring system based on face 
recognition) and non-verbal human-computer 
interaction (such as driver fatigue monitoring system) 
has been widely used. Which compared with the 
nose, mouth and other people face pieces, and eyes 
richer area contains important information for 
individual distinction. 

The gray value in the digital gray image is stored 
in the computer as a height value corresponding to 
the coordinate point in the topographic data, the  
2-dimensional gray-scale image can be represented as 
a three-dimensional topographic surface view. 

To improve the real-time based on topography 
human eye positioning, the ability to make use of 
some kind of transformation, and it is a rough 
positioning "facial area" where the human eye; then 
the precise positioning of the human eye "facial 
area". This can narrow the search range of the eye 
point of the candidate, and to reduce the number of 
candidate points of the human eye, and can reduce 
the computational burden, improve the system in real 
time, to a certain extent, as is shown by equation 5. 
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Gabor filters having a band pass characteristic. If 

the face image of a certain frequency range, and 
Gabor filter pass band match, then the filter output 
value will be large; whereas if they do not coincide, 
and its output will be inhibited [7]. Therefore, it is 
possible to by the selection and the frequency of the 
facial area and direction consistent with the Gabor 
filter parameters, so that after filtering highlight 
interest in the output image of the facial area, while 
the other regions is suppressed. 

The Gabor transform kernel can be seen is the 
mother wavelet parameters scale transformation and 
rotation transformation, these transformations nuclear 
self-similar. Each transform kernel is a Gaussian 
envelope function and the product of a complex plane 
wave. The square brackets in the formula (5) the first 
decision Transform Nuclear oscillation portion, the 
second term is a direct current (DC) value Transform 
Nuclear. DC value such that the filter response can be 
more independent of the absolute brightness of the 
image portion to improve its performance. When the 
value is large enough, DC can be negligible. 

Taking into account a priori knowledge of the 
human face structure, facial area located in the upper 
part of the face image, and therefore between the 

image and for the gradation integral projection in the 
horizontal and the vertical direction. In the facial 
region of high gradation value causes vertical gray 
projection curve having a certain width of the hump, 
the location of the left and right borders of the 
convex peaks represent roughly face the left and right 
border position, i.e. the rising edge of the gradient 
value of the convex peaks is formed the largest point 
as the left margin of the facial region, convex 
gradient of the falling edge of the peak value of the 
minimum point as the right boundary of the facial 
region. 

The expansion operation is the basis of the 
morphological processing, which is defined: 
structural elements translational obtained after, if hit, 
we note of this point, the new set of all points 
satisfying the above conditions is referred to as a 
result of expansion. Expressed is by the formula. 
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The main orthogonal element is defined as a point 
in the horizontal / vertical direction or in a right angle 
/ left angle direction on two neighboring pixels. If the 
gradient of the derivative values take the minimum 
value in the direction corresponding to the value of 
the gradient of the neighboring pixels of the pixel 2 is 
monotonic increase or monotonic decrease, then the 
main orthogonal main elements rotated in the 
direction of curvature the neighbor pixel in the 
resultant direction of the .Otherwise, the main 
orthogonal elements are in the main the curvature 
direction the neighborhood pixels. 

In order to test of GTEL method and PTL 
sensitivity to the effects of noise, this chapter also 
conducted the following experiment. Five randomly 
selected from the AT & T face database two pupils of 
the eye can be seen, there is no obstacles eye and 
without noise hominid face image, and then 
superimposed on the specific type of in five primitive 
people on the face image noise (such as: a mean of 0 
and variance 0.02 Gaussian noise), get face image 
noise. 

After selection of the human eye candidate points 
from these candidate points, the next step is to 
determine the location of the human eye. Hough 
transform method, template matching, the circular 
frequency filtering method and similarity analysis 
method commonly used method. Wherein the 
symmetric similarity analysis method is simple to 
implement and high accuracy is widely used on the 
judgment of the similarity of the two objects, so this 
article on the use of this method is accurate 
positioning of the eyes position. 

Using GTEL method can accurately locate the 
facial features on the face image region, and the 
detected candidate eye points far less than the eye 
points of candidate’s detected PTL method. This 
greatly reduces the number of candidates eye, saving 
the time required for the precise positioning of the 
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human eye, the candidates' eyes on the similarity 
analysis, real-time. Lists using the GTEL methods 
and PTL method S1, S2, S3, S4, S5 accurately are 
positioning the human eye the required time. 

This chapter uses the Gabor wavelet transform, 
direct detection of "depression" terrain feature points 
and symmetrical similarity analysis, an improved fast 
the human eye positioning. Compared to the human 
eye in the text positioning method, this method is not 
sensitive to noise, in real-time positioning and 
accuracy has greatly improved. 

The regional segmentation method first binary 
image of the face region segmentation the course 
positioning the eyes, and then set a range of 
experience and support functions. Less effective 
methods such as human eyes closed, wearing glasses 
positioning [8]. Hough transform method first face 
image edge extraction, then use Hough transform to 
detect eye structure including eye, eyelid eye 
template to identify the eyelid with a series of 
functions from the energy point of view [9]. The need 
to do a lot of pretreatment parameters excessive eye 
template does not apply to individual differences too 
faces. Gray projection method on the face images of 
the horizontal and vertical direction of the projection, 
according to the crests and troughs of the distribution 
information to locate the eyes, as is shown by Fig. 2. 
 
 

 
 

Fig. 2. Precise positioning of the human eye based  
on Gabor wavelet and radial symmetry operator figure. 

 
 

Gabor wavelet and radial symmetry operator 
combining facial area can be in the form of a high-
brightness display modality image convolution face 
images with Gabor wavelet kernel function, which 
provides a draw for us to solve real-time problems. 
The key to the human eye localization algorithm 
based on topography is to solving more sensitive to 
noise Hessen matrix [10]. If you can evade the 
Hessen matrix calculation directly terrain features 
can be extracted from the grayscale image resolution 

algorithm is sensitive to noise problems, to improve 
the accuracy of the positioning. 

Mathematical morphology is based on the shape 
of the set theory, some operations by the interaction 
of objects and structural elements, the form of 
objects; more essentially, its main purpose is to get 
the information of the shape and structure of an 
object [11]. In the image processing in the main 
application that is: (1) the use of the morphology of 
the basic operations, the image observation and 
processing, so as to achieve the purpose of improving 
the image quality; (2) extracted from an image is 
useful for expression and reformation region shape 
the image components, such as the border area, 
skeleton, connectivity and convex hull. Image 
processing using mathematical morphology operators 
do not need to calculate the local features of each 
point, the method is simple, fast, and strong anti-
noise ability [12]. 

Main curvature direction and the zero-crossing 
point, a direct method to extract characters from the 
character grayscale image topographical features, 
which we solve the sensitivity problem provides a 
draw. Based on this idea, we will combine the Gabor 
wavelet and direct extraction of topographic features 
a Gabor wavelet and topographical features of the 
human eye localization algorithm (GTEL). 

After selection of the human eye candidate points 
from these candidate points, the next step is to 
determine the location of the human eye. Hough 
transform method, template matching, the circular 
frequency filtering method and similarity analysis 
method commonly used method [13]. Wherein the 
symmetric similarity analysis method is simple to 
implement and high accuracy, is widely used on the 
judgment of the similarity of the two objects, so this 
article on the use of this method is accurate 
positioning of the eyes position. Will be detected by 
the human eye candidate point combination of two, 
forming a pair of candidate eyes all candidate eyes 
application symmetric similarity analysis determined 
based on the size of the correlation coefficient from 
real eyes on, as is shown by equation 7. 
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Positioning speed of this method is faster, but the 

peaks and troughs of the distribution is very sensitive 
to changes in face and posture, the positioning 
accuracy is poor, and is easy to fall into the local 
minimum result of the failure to locate. The template 
matching method is a common eye location method, 
we must first obtain the left eye and the right eye 
template, the template can be constructed under the 
eyes parameters can also be selected from the face 
database, then the left eye template and right eye 
respectively matching template in the image, 
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respectively, obtained from two of the biggest 
similarity points as the positioning of the eyes, this 
method is easy to use, does not require a large 
amount of a priori information, but the large amount 
of calculation, can not simultaneously achieve 
binocular positioning results also tend can only be 
targeted to one eye. 

The need to do a lot of pretreatment parameters 
excessive eye template does not apply to individual 
differences too faces. Gray projection method on the 
face images of the horizontal and vertical direction of 
the projection, according to the crests and troughs of 
the distribution information to locate the eyes. 
Positioning speed of this method is faster, but the 
peaks and troughs of the distribution is very sensitive 
to changes in face and posture, the positioning 
accuracy is poor, and is easy to fall into the local 
minimum result of the failure to locate.  

The template matching method is a common eye 
location method, we must first obtain the left eye and 
the right eye template, the template can be 
constructed under the eyes parameters can also be 
selected from the face database, then the left eye 
template and right eye respectively matching 
template in the image, respectively, to obtain the 
largest point of the two similarity as the positioning 
of the eyes 

Color images of the human eye positioning 
commonly used coarse-to-fine strategy, that is first of 
all based on the color information from the 
background image split the face region, then the 
corresponding gray image in the face region within 
the integrated use of geometric features integral 
projection edge detection, template matching 
technique to further locate the precise position of the 
eyes. The details of the image in the background, the 
angle of inclination of the human face, the angle of 
rotation, and scale changes, such methods with a 
certain degree of adaptability, more suited to the 
more than the human eye detection and localization 
problem. 
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Obtained by the method using GTEL little change 

in the number of eye point candidates; using PTL 
method, on the added noise of the face image 
detected by the candidate eye point far more than the 
number of detected face images of no noise to the 
number of candidate points. This is because the 
terrain features in the GTEL method of direct 
extraction, the only use of the symbol information of 
the pixel point of the second derivative values, and 
the symbol information by the noise is not obvious, 
therefore detected by the human eye candidate point 
by noise nor obvious; PTL method is more sensitive 
to noise [14]. With the introduction of the noise 

because the human eye is used in determining the 
topographical features of the pixel point for noise 
sensitive second derivative of the value, resulting in 
the detected candidate point greatly increased. 

Precise positioning of the human eye based on the 
Hough transform circle detection method, first 
detected integral projection method to the 
approximate location of the pupil of the eye, the 
human eye coarse positioning; then Sobel edge 
detection operator to extract image edge information, 
and then using the Hough transform circle detection 
sure the binocular precise location. The method is 
suitable for the eye positioning of the frontal face 
image, but the robustness and real-time poor, as is 
shown by equation 9. 
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Wavelet transform technique to the human eye 
positioning, first distribution of the color and 
grayscale information is divided in the face image by 
the face region; same time, the multi-scale sub-image 
of the face region obtained after wavelet 
decomposition by edge distribution information to 
find the rough area of the human eye; then in the find 
the eye where the blocks, and thus determines the 
position of the eyes the low scale sub-picture in 
accordance with certain principles of the position and 
size. This method is not sensitive to light, but the 
selected wavelet parameters can not be selected 
automatically according to the actual situation, which 
hampered the performance of the algorithm. 

Using different scales, different directions of the 
Gabor filter to extract the image feature, and then 
through the frequency and direction of the facial 
region of choice with human face consistent with the 
Gabor filter parameters, so that the filtered output 
image, the highlight of the facial features of interest 
areas, other regional information is suppressed. 

This paper calculated Hessen matrix requires the 
solution of the second derivative; the second 
derivative is very sensitive to noise [15]. Therefore, 
based on the topographic characteristics of the human 
eye localization algorithm to deal face image 
deposing smoothing requirements, otherwise it will 
seriously affect the subsequent detection and 
localization accuracy, as is shown by equation 10. 
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The point in the computer stored digital grayscale 
image gray value as the height of the topographic 
data corresponding to the coordinate point value, then 
the 2-dimensional gray-scale image can be 
represented as a three-dimensional terrain surface 
shown. Wherein a local facial features of the face 
image area portion, and it is three-dimensional terrain 
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surface after inversion corresponding Fig 2. It can be 
seen from the figure, a relatively high portion of the 
dark pupil portion in the facial area and its 
surrounding gray value in the topographic data were 
expressed as "depression" the topography of the 
terrain and the "hill", "depression" topographical 
feature points is to detection of the human eye 
candidate point. Note that the definition of the 
topographic features is limited in a continuous three-
dimensional surface within the scope of, but can be 
computer processed digital image is the number of 
discrete points, the topographical features in order to 
extract the digital image. 

 
 

4. Moving Target Tracking Eyes 
Location based on SIFT Feature 
Matching and Gabor Wavelet 
Algorithm 
 

The image processing usually extracted edge 
point or corner point as characteristics to perform 
target identification, tracking and pattern analysis, the 
angle point of the image color information change 
significantly with the edge of the intersection or the 
image of the intensity information in the horizontal 
and vertical directions are changes significantly with 
the point. 

Eye template traditional template matching 
method robustness and sensitivity on the left and 
right eye problem, the proposed method based on 
fuzzy classification template matching eye location. 
The method uses a synthetic eye template alternative 
set of eyes anchor points of the face image matching, 
then the introduction eyes relative positional 
relationship information through fuzzy classification 
techniques, to identify the highest similarity group 
from alternative collections the anchor points of the 
eyes. 

Then, by the extraction of the edge of the face 
organ, and it is to obtain a deflection angle of the 
human face. At the same time, through the boundary 
chain code algorithm to get the general location of 
the eyes. Finally, the use of a filter obtained by the 
learning of a plurality of eyes and a sample of the 
non-eye, and it is to locate the exact position of the 
eye. This method has a high real-time, and is not 
sensitive to rotation. But can not accurately locate the 
center of the pupil in the eye also can not be 
accurately positioned in the case of obstruction 
impact; and finally applied to the filter needs to be 
given by artificial means, for different races of 
different pupil color versatility is poor. 

The algorithm in the Kalman filter prediction 
improved framework SIFT feature extraction has 
many invariance advantages, the use of improved 
matching algorithm to calculate the candidate target 
the precise location of the feature points, the motion 

vector of the feature point cluster analysis to 
effectively eliminate noise interference, false matches 
interactive template update strategy to efficiently 
update the target template [16]. The large number of 
experiments on the public test sequences shows that 
the algorithm can effectively solve partial occlusion 
problems, scale retractable problem, scenes the light 
brightness change issues and non-rigid object 
rotation, moving object tracking in video. 
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In order to compare the GTEL human eye 
localization algorithm and PTL human eye 
localization algorithm, real-time and noise resistance 
(or positioning accuracy), compared simulation. 
Peking University, A & T face database, the 
experimental select from two eye pupil visible eye no 
obstacles people face image, image size is 100 * 250. 

SIFT feature point scale extension and rotation 
invariant, and has high matching rate in a different 
perspective, the changes in the brightness of the light, 
the ambient noise. Rotation, deformation and 
significant scale changes in parts and completely 
blocked and the brightness of the light changes and 
other complex scenes of the video sequence is 
proposed in this paper based on SIFT feature 
matching and the movement target tracking algorithm 
in moving target accompanied experiment 
experimental results show that the proposed 
algorithm is robust tracking algorithm [17]. The 
tracking algorithm is developed using Visual Studio 
6.0 and OpenCV package, all experiments in CPU 
2.5 GHz, 2 G memory and discrete graphics on a PC, 
and experiments using experimental video resolution, 
frame rate of 25 fps AVI public test sequence, the 
rest of the experimental video is complex scenes SDL 
laboratory design AVI video data and resolution are 
80 and a frame rate of 70 fps. The paper presents the 
novel method of Moving target tracking Eyes 
Location based on SIFT feature matching and Gabor 
wavelet algorithm.  

This chapter uses the Gabor wavelet transform, 
direct detection of "depression" terrain feature points 
and symmetrical similarity analysis, an improved fast 
the human eye positioning. Compared to the 
traditional human eye localization method, this 
method is not sensitive to noise, in real-time 
positioning and accuracy has greatly improved. 
Simulation results validate the effectiveness of this 
chapter, the proposed algorithm, as is shown by Fig 3. 
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Fig. 3. Compare of Moving target tracking Eyes Location based on the SIFT feature matching  
with Gabor wavelet algorithm. 

 
 

6. Conclusions 
 

The fusion Gabor wavelet method and SIFT 
feature matching measurement method, an effective 
moving target tracking algorithm. The algorithm first 
extracts the SIFT feature points moving target, and 
then based on the Euclidean distance and nearest 
neighbor search feature matching, and match results 
clustering analysis to remove noise and mismatching. 
Finally, Gabor wavelet framework, combined with 
the feature point matching results and filtering predict 
target tracking. A large number of experimental 
results show that, the SFIT characterized target 
measurement is used herein having a scale the 
telescopic invariance and rotation invariance is not 
sensitive to the part of the deformation and the 
luminance variation. The combination of matching 
feature points clustering and Gabor wavelet 
framework can effectively solve the moving target 
tracking scale extension and partial occlusion 
problems. 
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Abstract: HgCdTe is a well known material for Infrared detection applications because of its special properties 
like high absorption coefficient, adjustable bandgap and moderate dielectric constant etc. Vertical PC detectors 
of HgCdTe are very easy to fabricate as compared to the other detectors with the desired uniformity and 
therefore, these detectors may be proved better choice if the cost and the yield are considered. The proposed 
vertical PC detector design improves the fill factor of the detector array and allows the access of individual 
elements without the need of integrated circuit for their readout. The structure virtually does not have any 
optical crosstalk due to diffusion current, but suffers from the electrical crosstalk because of the networking of 
its element. This paper presents an analysis of the crosstalk for the focal plane array (FPA) of vertical PC 
detectors. We demonstrate that the networking reduces the detectivity by a factor strongly dependent on the 
number of rows and columns in the FPA. Copyright © 2013 IFSA. 
 
Keywords: Crosstalk analysis, HgCdTe, Infrared, LWIR detectors, Photoconductive detector. 
 
 
 

1. Introduction 
 

The need of the hour is the development of 
scalable and low-cost imaging technologies and 
arrays that meet the focal plane architecture 
requirements while optimizing power, speed, noise, 
resolution, spectral response, and fill factor of the 
infrared (IR) FPA. Such FPAs find several military 
and civilian applications in IR detection and thermal 
imaging. In the presented work photoconductive (PC) 
LWIR detector structure is discussed and analyzed 
for possible use as a low cost IR detector for low end 
civilian applications.  

There are fundamental limitations of the PC 
detectors and their FPA, like high power dissipation 

and low impedance as compared to the photovoltaic 
(PV) detectors. These shortcomings have limited the 
scope of PC detector up to only the first generation 
scanning arrays. However HgCdTe based PV 
detectors are very difficult to fabricate and are very 
expensive. Therefore being simple in principal and 
easy to fabricate, the PC detectors will be preferable 
if its shortcomings can be overcome or minimized. 
To get the optimized PC array structure suitable for 
staring detector arrays, vertical PC IR detector array 
has been proposed [1] and investigated in details for 
its pros and cons [2]. A vertical PC device has been 
simulated for a wavelength of 10.6 µm in our recent 
work [3], wherein we showed that the vertical PC has 
merit and can be integrated in form of two 
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dimensional staring arrays with external discrete 
circuit for the readout [4]. The FPA architecture for 
vertical PC and the read out circuit are chosen so as 
to minimize the fabrication steps and optimizing the 
detector parameters [1, 3, 4]. Such technique gives 
another advantage that the readout circuit is kept 
outside the cooled area and therefore the power 
dissipated in the biasing and readout circuit does not 
load the cooling system, improving the cost 
effectiveness, reliability and ruggedness of the 
system. 

A vertical PC detector array although seems to 
address all the shortcomings of the PC detectors as 
staring IR imagers, it has the limitation of the 
interconnects. For N×M array, we need to have 2.N.M 
connections to bias all the elements that become 
practically very difficult and not feasible for even a 
moderate sized FPA, like 64×64 array. Therefore, we 
propose to use the method of row-column 
interconnection scheme, wherein all the elements 
have one of their ends connected to a row and other 
end to a column, simplifying the interconnections 
from 2.N.M to only N+M. The implementation of the 
scheme integrated with the PC detector array and its 
implications are discussed in this paper. Using circuit 
simulations of this connection scheme, we have 
shown that the sharing of interconnect lines results in 
a strong electrical crosstalk that poses a limit on the 
size of the array as this crosstalk is a strong function 
of the number of elements in rows/columns. 

 
 

2. Device Structure and Proposed  
Array Scheme 

 
Vertical PC IR detector is chosen as the substitute 

of the conventional horizontal photoconductor, which 
eliminates its basic drawbacks [1]. Fig. 1 shows the 
basic structure of the single PC element of n-type 
HgCdTe in vertical n+-n-n+ configuration. The 
dimensions of detector are chosen to be  
10×25×25 µm. The bias field is applied vertically 
through n+-n blocking contacts. 
 
 

 
 

Fig. 1. Structure of Vertical PC LWIR detector. 
 
 

An N×M array of this basic element is grown on 
the semi-insulating CdZnTe substrate. All the bottom 
n+ region are connected column-wise and the top n+ 

regions are connected row-wise for all the elements. 
This scheme results in a 2D PC detector array 
connected in such a way that each element has one of 
its ends connected to a row line and other end 
connected to a column line, as shown in Fig. 2.  
 
 

 
 

Fig. 2. Structure of Vertical PC LWIR detector array.  
 
 

If the material is chosen properly the device can 
be illuminated from any of the top and bottom layers. 
By the virtue of the design of the structure itself, it 
does not require hybridization using indium bump 
bonding. 

 
 

3. Crosstalk 
 

The proposed structure of PC IRFPA has a few 
basic advantages. Since the electron–hole pairs are 
generated only in the mesa isolated active layer of n-
type HgCdTe sandwiched between two n+ layers, 
there is no diffusion current out of the detectors so no 
crosstalk occurs because of the diffusion of minority 
charge carriers to adjacent elements. Thus, by the 
virtue of the structure of FPA there is virtually no 
crosstalk. 

The seemingly simplified FPA structure however 
contributes the networking effect. Networking effect 
is the unwanted phenomenon in which, while taking 
measurements for one detector, all other detector 
form a complex network parallel to the detector 
under consideration resulting in a strong electrical 
crosstalk [5]. The PC detectors act as variable 
resistors, i.e., the detector resistance changes when 
there is incident radiation falling on it. Due to the 
inherent linearity in the resistive circuits, the analysis 
becomes a lot easier and the electrical crosstalk can 
be analyzed using superposition and compensation 
network theorems [6]. 
 
 

4. Theoretical Model for Crosstalk 
Analysis 

 
In this section a theoretical model is formed to 

analyze the structure for crosstalk because of 
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networking. This model deals with the effective 
resistance of the network for extracting the actual 
resistances in 2D array of networked resistors. The 
biasing is done by applying a constant current source 
between the nodes where the measurements are to be 
done. The voltage developed across these nodes and 
the current in individual element are related linearly. 
In this paper, a network array of 5×5 elements is 
considered. Fig. 3 shows the resistive array. The 
value of these resistances will change with 
illumination.  
 
 

 
 

Fig. 3. Schematic diagram of 5×5 PC array  
in network configuration. 

 
 

Initially, for bias point analysis we assume that all 
the elements in the array have equal resistances (say, 
R) at the set operating temperature (usually ~80 K for 
HgCdTe detectors). This is a quite reasonable 
assumption as in imaging arrays, uniformity is of 
utmost importance and has to be maintained in the 
design. The little variation in the values of detector 
element resistance comes only through the process 
variation. Because of the networking effect existing 
in the array due to row and column connections, the 
uniformity of entire array is lost after basing.  

The elements of the array may be divided into 
four regions based on circuital symmetry as shown in 
the Fig. 4. These regions are described as follows: 

a) Region-1 Consists of the element directly 
connected to the bias source.  

b) Region-2 Consists of the elements having only 
one direct connection to the bias source, i.e., 
elements that are in the same column where 
the bias source is connected. This covers (N-
1) elements for a N×M array.  

c) Region-3 Consists of the elements having only 
one direct connection to the bias source, i.e., 
elements that are in the same row where the 
bias source is connected. This covers (M-1) 
elements for an N×M array.  

d) Region-4 Consists of elements having no 
direct connection to the bias source. This 
region thus contains (N-1)×(M-1) elements for 
a N×M array. 

 
 

 
 

Fig. 4. Schematic divided into regions  
based on circuital symmetry. 

 
 

It may be noticed that due to the circuital 
symmetry, all the elements lying in a particular 
region will carry the same current. 

 
 

5. Bias Point Analysis 
 

Let us assume that the element R25 is being biased 
by applying a current source of current 'I' between the 
nodes c5 and r5, as shown in Fig. 5. The rows are 
marked by 'r' and columns are marked by 'c' in this 
figure. Suppose the current flowing through the 
elements of region 1, 2, 3 and 4 are I1, I2, I3 and I4 
respectively. The current has several paths to flow 
from the node c5 to r5. For example, the current 
flowing through the direct path, i.e., through element 
R25 will be I1. 

 
 

 
 

Fig. 5. Current distribution through the array. 
 
 
The total current I is given by  
 

1 2I I ( N 1)I     (1) 
 
Also 
 

1 3I I ( M 1)I     (2) 
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The current I4 is related to currents I2 and I3 as 
 

2
4

I
I

( M 1)



  (3) 

 

3
4

I
I

(N 1)



 (4) 

 
For an N×N array, where M=N, we have  
 

2 3I I   (5) 
 

Now, for the current flowing from c5 to r5 through 
direct path (path1) and through another path (path 2), 
indicated in Fig. 6, will produce same potential 
difference. Therefore, we have: 
 
 

 
 

Fig. 6. Two alternate paths for the current in array:  
1 is the direct path, 2 is indirect path. 

 
 

1 3 4 2I R25 I R24 I R19 I R20         (6) 
 

But, 
 

R1 R2 ... R 25 R      (7) 
 

So 
 

1 2 4 2I R I R I R I R        (8) 
 

1 2 4I 2I I    (9) 
 

From equation 4, 5 and 9 
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( 2N 1)I
I

N 1





  (10) 

 

From equation 1, and 10 
 

1 2

( 2N 1)I
I

( N )


  (11) 

 

and 
 

2 2

( N 1)I
I

( N )


  (12) 

Also  
 

3 4 2

1
I I

( N )
    (13) 

 

Deducing the ratio of currents from equations 10, 
11 and 12 
 

1 2 3I : I : I ( 2 N 1) : (N 1) : 1     (14) 
 

This indicates that the amount of bias current 
flowing through the elements of different regions 
have different values, which is again a function of the 
number of elements in the array. As the size of array 
increases, the dissimilarity of the bias current 
increases, resulting in large non-uniformity in the 
array of otherwise uniform detectors.  

The above analysis also allows to extract the 
equivalent resistance between two nodes of the array. 
Assuming the resistance across r5 c5 to be Req, the 
potential drop as measured while biasing will be: 
 

eq 1R 1 R I     (15) 
 

This implies that  
 

eq 2

( 2N 1)
R R

N


   (16) 

 
 

6. Simulation for Illuminated Case 
 

When the resistances are same (for no 
illumination case), the N×M elements will have 
potential drops through them in the ratio given in 
Eq.(14). The resulting voltages at various nodes will 
be as depicted in Fig. 7 for I = 1 Amp. 
 
 

 
 

Fig. 7. Simulated Current and Voltage values  
for Resistances of equal value. 

 
 

The values of the sensor resistances have been 
taken to be 104.11 ohms in this simulation, based on 
our previous work of device simulation [3]. The 
potential drop across any element can be found by 
taking difference of the voltage between its 
corresponding column and row. 
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The resistance of the element will change due to 
the incident radiation. This change in resistance will 
affect the apparent potentials of not only the element 
in illumination but also all other elements in the 
array. The apparent change in the potentials will be 
the functions of the actual change in all of the 
element resistances [5, 6].  

Let us assume that the resistance of an element 
changes by an amount ∆R. To analyze the amount of 
crosstalk introduced in other elements because of 
change in resistance of the other element the 
resistance of R15 is changed. Due to change in this 
resistance, the voltage across the corresponding row 
and column also changes. This leads to change in the 
voltages V11 to VNM .The corresponding change in 
the voltages is depicted in the simulation shown in 
Fig. 8. 

 
 

 
 

Fig. 8. Simulated Current and Voltage values  
for changed value of R25. 

 
 

For a simple case, the change in resistance is 
depicted as change in voltage for the corresponding 
row and column. The value of resistance for the 
element R25 is reduced (say by 20 %) and the 
voltages for the row 5 and column 5 have changed as 
inferred from the equations. The effect of change in 
resistance value of R25 can also be seen on the 
voltages in other rows and columns in Fig. 8. 

Thus, we see that there is a change in voltage 
across an element of the FPA for two cases first is 
because of biasing of any other elements and second 
is because of change in the resistance values of other 
elements due to illumination. Low resistance of the 
photoconductive detector imposes a major issue of 
concern for the proposed structure. Fig. 9 depicts the 
change in voltage of an illuminated element R25 

because of change in resistance in some other 
element (R13). 

7. Conclusions 
 
We have presented a method of using vertical 

HgCdTe based photoconductors as staring infrared 
sensor. We have proposed the connection row-
column interconnection scheme and investigated the 
resulting electrical crosstalk due to such 
interconnections. Using circuit simulation of  
5×5 array of these detectors, we have shown that the 
electrical crosstalk may severely affect the imager 
performance and needs to be resolved. 
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Abstract: As an innovative measurement technique, the so-called Fiber Bragg Grating (FBG) sensors are used 
to measure local and global strains in a growing number of application scenarios. FBGs facilitate a reliable 
method to sense strain over large distances and in explosive atmospheres. Currently, there is only little 
knowledge available concerning mechanical properties of FGBs, e.g. under quasi-static, cyclic and thermal 
loads. To address this issue, this work quantifies typical loads on FGB sensors in operating state and moreover 
aims to determine their mechanical response resulting from certain load cases. Copyright © 2013 IFSA. 
 
Keywords: Fiber-Bragg-grating sensors, FBG, Fatigue, Tensile test, High temperature properties, Fiber optic. 
 
 
 
1. Introduction 
 

As a measurement technique, FBGs are either 
connected to the component using gluing techniques 
or they are directly embedded in matrix material of a 
fiber-plastic composite [1-6]. Components with 
embedded sensor elements are often called “smart 
structures” [7].  

FBGs are assembled similarly to fiber glasses. 
Their configuration is depicted in Fig. 1. A fiber core 
(5-9 µm) is surrounded by a less optically dense 
medium (~150 µm). Both mediums consist of pure 
glass (SiO2). Light is fully reflected at this interface 
up to a certain angle between the light beam and the 
direction of the fiber according to Snell´s law. An 
outer coating prevents failure of the FBGs, e.g. 
through corrosive media or careless handling.  

The light conducting core of FBG sensors 
consisting of fiber glass has certain defined local 
modifications of the refraction index. These 
modifications are arranged periodically. The 

arrangement of alternating areas of refraction indices 
works as an optical grating for entering light beams. 
Depending on the wavelength and the exact 
geometric arrangement of the diffraction grating, the 
beams are either reflected or transmitted [8]. Light 
with a specific (Bragg) wavelength is reflected from 
the array, whereas other wavelengths are transmitted.  

The Bragg wavelength is related to the grating 
period which is inscribed into the fiber: 

 

2B en d 
, (1) 

 

where λB is the Bragg wavelength, ne is the effective 
refraction index and d is the grating period.  

Thus, distances and especially changes in 
distances are related to local strain of the surrounding 
medium at this point. Reflected wavelengths can be 
directly measured by a measuring instrument, a so-
called interrogator. This device provides the light 
signal send through the fiber and also analyses the 
wavelength of the reflected signal. 
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Fig. 1. Fiber Bragg Grating (FBG) sensor. 
 
 
Both, reflected and transmitted wavelengths 

spectra can be used to quantify the strain level of the 
optical grating [9]. The strain εtot consists of 
mechanical and thermal strain: 

 

tot mech therm   
 

(2) 
 
So that both sources of strain can be quantified by 

this measurement technique [5, 10]. 
Within a single fiber multiple gratings can be 

realized with different spacings of the periodic array. 
This results in different Bragg wavelengths to be 
measured facilitating a simultaneous measurement of 
multiple points. Typical applications include the use 
in aerospace structures, ships and wind turbines  
[10, 11]. 

The exposure to high energy light sources and, 
thus, the grating inscription is either done by using a 
phase mask or a Talbot interferometer. In this device 
a periodic interference pattern is created at the fiber 
position [8]. The pulsed laser radiation induces a 
permanent and periodical modification of the 
refractive index of the fiber core. This is either 
achieved by the activation of dopants or the 
inscription of morphologic defects in the fiber core at 
high laser energy densities.  

Depending on the laser energy densities used for 
inscription, weak and strong gratings are 
distinguished. For these gratings the reflectivity at the 
Bragg peak is lower than 30 % and higher than 90 %, 
respectively [12]. Already coated fibers are used for 
manufacturing strong gratings. To inscribe the 
gratings, the coating has to be stripped off first. Then 
the grating is inscribed and another coating is applied 
to the fiber. Gratings with lower reflectivity are 

produced in a so-called draw tower process. In this 
process the fiber is drawn and the grating is inscribed 
before finally the coating is homogenously applied. 
Therefore a constant elasticity and durability of the 
coating in all areas of the fiber is ensured. This 
process is known for positive influence on the fatigue 
strength of the fiber [13]. 

As mentioned before, there are two methods for 
creating a grating in the fiber. The first is the phase 
mask method. A phase mask is an optical 
transmission grating. The mask is made of glass, into 
which periodical line shaped dents have been etched. 
If the phase mask is exposed to a beam of appropriate 
diameter, a line shaped interference pattern appears 
below the mask. By using this interference pattern, a 
periodical variation of the refractive fiber index is 
achieved. 

A Talbot interferometer is used for the second 
method. In this interferometer a phase mask is used 
as beam splitter. The divided beam runs to two rotary 
mirrors which are disposed in such a way, that 
inference is achieved in the area of the fiber. A line 
shaped interference pattern is achieved, which leads 
to a periodical variation of the refractive index of the 
fiber [8]. 

Three different FBG designs (Fig. 2) are analyzed 
in this work. They have the following features: 

• Design 1 – glass fiber (SIO2) with polyimide 
coating (highly reflecting grating); 

• Design 2 – OptiMet-OMF (HBM) draw tower 
fiber with Ormocer (Organic Modified Ceramic) 
coating [14] (low reflecting grating); 

• Design 3 – OptiMet-PKF (HBM), i.e. OptiMet-
OMF draw tower fiber with an additional coating for 
increased robustness [15] (low reflecting grating). 

 
 

 
 

Fig. 2. Schematic diagram of all fiber designs under investigation. 
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2. Experimental Setup 
 

The FBG specimens are exposed to various quasi-
static, cyclic and thermal loads to analyze their 
mechanical properties in detail. Quasi-static loads are 
applied through a universal testing system 10 kN 
(Shimadzu AGS-X, load cell 5 kN) using a video-
based extensometer (Shimadzu TRViewX) for 
contactless optical strain measurements and the 
fatigue properties are analyzed using a 
servohydraulic testing system 10 kN (Instron 8872), 
Fig. 3a. 

A special clamping device has been developed by 
the authors to eliminate any fiber damage at the 
clamping device and to achieve reproducible results 
(Fig. 3b). The clamped fiber extends through the 
clamping device and is connected to the interrogator 
(HBM DI101) that emits and detects the laser light 
for the strain measurement with a sampling frequency 
of 100 Hz. The detection of the reflected light 
spectrum is carried out by a photoelectric unit in the 
interrogator. Using the information about the emitted 
wavelength together with the reflected light peak 
allows an interpretation of the strain state of the 
grating. Strain state measurements of the fibers 
without grating were performed by a video 
extensometer system. 

 
 

 
 

Fig. 3a. Electromechanical and servo-hydraulic  
testing systems. 

 
 

 
 

Fig. 3b. Clamping device. 

To analyze any effect of the inscription process in 
the fiber grating by laser light, each of the three fiber 
designs with and without grating were analyzed in 
detail. 
 

 
3. Results 

 
3.1. Quasi-static Properties 

 
Fig. 4 shows results of tensile tests of all 

investigated designs (Fig. 2) for a testing speed of 
1 mm/min. A video-based extensometer is used for 
strain measurements of specimens without grating, 
whereas FBG measurement technique is used 
whenever available. Since all specimens are tested 
until fracture, the applied strain is much larger than 
the maximum strain scope defined by the 
manufacturer of FBG sensors. Two different failure 
criteria were used: For designs 1 and 2 failure is 
considered as a complete fiber failure and destruction 
of the optical grating. For design 3 the jacket breaks 
first and the fiber with optical grating stays intact. As 
the traction with a component is established by the 
jacket, the fiber becomes inoperative by jacket failure 
(= failure criterion for design 3). 

It becomes obvious by comparing the results of 
fibers with and without grating, that the maximum 
force and maximum strain (= strain to fracture) are 
reduced by grating inscription for all fiber designs. 
Design 2 fiber with and without grating is 
characterized by only small differences in both 
values. On the other hand, design 1 fiber with grating 
shows significantly lower values and much lower 
ductility compared to pure fiber, e.g. strain to fracture 
is reduced by 75 %. For design 3, fiber strain to 
fracture is reduced by 20 % due to grating insertion. 
The deformation behavior of fiber design 3 differs 
considerably as it shows non-linear behavior and a 
reduced strain to fracture of 3.1 % compared to 5 % 
for designs 1 and 2.  

The non-linear force-strain relationship can be 
explained by the influence of the outer polymer 
coating (jacket) on the overall response of the FBG 
sensor.  

Failure of fibers can be attributed to various 
reasons. In case of fiber designs 1 and 2 failure 
occurred for entire fiber at once, no failure origin 
could be determined directly but it can be interpreted 
to be at the grating as the weakest link. The 
weakening by grating inscription seems to depend on 
the outer coating, as it can be seen by comparing the 
fracture strains of designs 1 and 2. Design 2 fiber 
with OMF coating showed a roughly 4-times higher 
fracture strain. Further investigations should be 
carried out in order to confirm this observation and 
its interpretation.  
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Fig. 4. Quasi-static properties of fibers and FBG (fiber+grating) sensors in tensile tests. 
 
 

Regarding fiber design 3, primary fracture 
occurred at the outer coating, whereas fracture for the 
core part is not observed at this point of strain. Since 
designs 1 and 2 show a linear force-strain behavior 
up to fracture dominated by the glass properties, 
design 3 is non-linear due to the strong influence by 
the outer polymer coating (jacket). Weakening 
through inscription of grating should not be expected 
in this case. Higher strain values could be applied to 
neither of design 3 fibers as the load transmission is 
interrupted after failure of outer coating. 

Summing up the results, fracture seems to be 
controlled by failure of glass, as inscription of grating 
leads to reduction in fracture strain. 
 
 

3.2. Fatigue Properties 
 

Fatigue properties of FBG sensors [16] have been 
studied using stepwise load increase tests [17, 18], at 
load ratio R = 0.1 and test frequency f = 2 Hz. The 
load ratio R is defined by the quotient of minimum 
and maximum displacement smin / smax. The 
measurement of amplitude sa was provided through a 
LVDT sensor (LVDT: linear variable differential 
transformer) of the servohydraulic testing system. 
Testing was carried out controlling the displacement 
sa, Start = 0.02 mm of the clamping device and 
increasing it by Δsa = 0.02 mm - 0.04 mm each 
ΔN = 104 cycles. 

Fig. 5 shows the illustration of measured total 
strain εt for all FBG sensors as a function of cycles N. 
Applying stepwise load increase tests, FBG sensor 
design 1 reaches a max. cyclic strain of 1.1 %, close 
to quasi-static strain at fracture. With the max. cyclic 

strain of 2.4 %, FBG sensor design 2 reaches approx. 
the half of the quasi-static value 5.1 %. Compared to 
2.6 % in tensile test, fiber design 3 reaches a 
significantly lower max. cyclic strain of 0.8 %. In this 
case failure is controlled by fracture of the outer 
polymer coating (jacket). 

All mentioned max. strain values are well outside 
usual working parameters given by the manufacturer 
[14, 15]. 
 
 
3.3. High Temperature Properties 
 

Application range of FBG sensors is commonly 
limited to T = 200 °C [14, 15]. As sample 
applications might include a forming step involving 
elevated temperatures, the behavior of FBG sensors 
at higher temperatures of 450 °C are investigated. 
These high temperatures are tested for a short 
exposure time of 10 min. 

Fiber designs 1 and 2 were heated up to 450 °C in 
a furnace and the spectrum was analyzed by means of 
an interrogator. Design 3 was not analyzed as the 
outer coating polymer material is not suitable for 
these elevated temperatures. 

All spectra are displayed in Fig. 6 for T = 20 °C 
and 450 °C. Design 1 (Polyimide) shows a distinctive 
peak in its wavelength spectrum at both 20 °C and 
450 °C. The shift in the Bragg wavelength value is 
due to temperature-induced strain. Thus, this fiber 
design seems to be capable to withstand the elevated 
temperatures. In contrast to this, it was not possible to 
receive any signal from FBG design 2 at 450 °C due 
to a decay of the optical grating. 
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Fig. 5. Cyclic properties of FBG (fiber+grating) sensors in stepwise load increase tests. 

 
 

 
 

Fig. 6. High temperature properties of FBG (fiber+grating) sensor designs 1 and 2. 
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4. Summary 
 

Three different FBG sensor designs have been 
studied in tensile and fatigue tests as well as 
temperature stability tests. These tests visualize the 
differences in mechanical and thermal properties for 
the Polyimide, OMF and PKF design. PKF fibers 
consist of OMF fibers with an additional polymer 
jacket for increasing the robustness for service 
applications. 

Influences by grating inscription were quantified 
under tensile loading. Applicable maximum forces of 
fibers with gratings were 4-5 times lower for 
Polyimide design and just 15 % lower for OMF 
design or PKF design compared to those without 
grating. Under cyclic loading Polyimide fibers endure 
less strain capability than OMF fibers. But in contrast 
to OMF fibers, Polyimide fibers can withstand 
elevated temperatures up to 450 °C. 

PKF fibers show a distinctively different behavior 
under quasi-static and cyclic loading due to polymer 
jacket. All investigated sensor designs exhibit major 
differences under cyclic loads compared to quasi-
static ones. 
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Abstract: Overload pressure sensor can be used to measure and control the pressure of the high pressure 
compressed air and gas. In this paper, under the premise of ensuring the sensor full-scale range of linear 
response, through the appropriate contact of the flexible diaphragm and the substrate to effectively improve the 
sensor overload. Overload pressure sensor has a housing, metal pressure port as well as a high level signal 
output pressure measuring device. The paper proposes application overloaded pressure sensor analysis and 
solution design. Overloaded pressure sensor is a new type of pressure sensor may be highly configurable. It 
combines a piezoresistive detection and ASIC signal conditioning technology, can provide reliable performance 
even in harsh environments. The experimental results show that the method is effective in pressure sensor. 
Copyright © 2013 IFSA. 
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1. Introduction 
 

The basic principle for manufacturing 
semiconductor pressure sensor is based on the 
piezoresistive effect of the silicon crystal. Silicon 
materials under the application of stress, the 
resistively changes, this phenomenon is called the 
piezoresistive effect. The pressure sensor element 
material is monocrystalline silicon, the piezoresistive 
effect in silicon and polysilicon diffusion doping. 
According to the crystal is not affected by the 
directional stress, conductivity is isotropic, only by 
the directional stress can exhibit anisotropy, due to 
stress can cause changes in the movement of energy 
band, Nose, leads to the change of electrical 
resistively, so there is resistance to change, resulting 
in the piezoresistive effect. 

Heavy duty pressure sensor is a kind of shell, 
metal pressure interface and a high level of output 
signals of the pressure measuring device. Many 
sensors are equipped with a circular metal or plastic 
shell, appearance is cylindrical, one end is the 
pressure interface, the other end is a cable or 
connector [1]. This kind of heavy duty pressure 
sensor used in the extreme temperature and 
electromagnetic interference environment. Industrial 
and transportation customers using pressure sensor in 
the control system, can realize the pressure 
measurement and monitoring of the cooling fluid or 
lubricant fluid. At the same time, it also can detect 
the pressure spike feedback, found the system 
congestion, thus to find solutions. 

Although not every set of mold needs pressure 
sensor, benefit but each set of molds can be provided 
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from the pressure sensor information. Therefore, 
molding is all should understand the important role of 
the pressure sensor in the optimization in injection 
mold. Those who believe that the use of pressure 
sensors play a key role in the manufacture of 
precision molds in the mold manufacturers to make 
their users more quickly to produce products that 
meet quality requirements, but also can promote the 
mold design and manufacturing technology for their 
improvement. 

MEMS pressure sensor is a thin film element, 
deformation under the pressure. Can use strain 
gauges (piezoresistive sensor) to measure the 
deformation, can also through the capacitance 
changes in the sense of distance between the two 
surfaces to be measured [2]. These two methods are 
very popular; tire pressure monitoring system using 
piezoresistive method is strong. 

With the silicon micro-machining technology, 
large integrated circuit technology and materials 
preparation and characterization work progress, so 
that the pressure sensor in the mass production of 
optical fiber sensors, high temperature silicon 
piezoresistive and piezoelectric junction of sensor 
applications possible in biomedical the field of 
micro-mechanical pressure sensor has a broad 
application prospects. 

The pressure sensor in the tire is constantly 
improving, of which there are a variety of ways, such 
as the use of radio transmitting and receiving to 
measure the level of air pressure. Cars pressure 
sensor varieties are increasing functions are 
constantly improving. Generally, the switch sensor 
gradually linear pressure sensor instead of ordinary 
gradual high-performance and it is multi-functional 
sensor to replace analog pressure sensor digital 
sensor, intelligent sensors. The paper proposes 
application overloaded pressure sensor analysis and 
solution design. 

 
 

2. Overloaded Pressure Sensor Applied 
Research 
 
Overloaded pressure sensor can be used to 

measure and control the pressure of the high pressure 
compressed air and gas. Pneumatic applications are 
the core of the air compressor, and its role is to 
provide compressed air to drive pneumatic equipment 
or tools. Compressed air pressure in the air 
compressor, the pressure sensor can be measured is 
converted to digital or analog electronic signal, to 
achieve precise control in the manufacturing, 
construction, chemical, pneumatic tools, oil and gas, 
food and beverage industry, and medical device 
applications. Overloaded the application of pressure 
measurement is usually in the range of 100 to  
1000 PSI. 

Overload the pressure sensor can be used in the 
following fields: for HVAC / refrigeration and air 
conditioning applications, monitoring system 

performance, a compressor inlet and outlet pressures, 
Roofing chiller, refrigeration, the refrigerant recovery 
system and a compressor hydraulic control. Used in 
air compressors, and monitoring the performance and 
efficiency of the compressor, including the 
monitoring of the compressor inlet and outlet 
pressure, filter pressure drop, cooling water inlet and 
outlet pressures and compressor oil pressure. 
Applications for conveyance by monitoring the 
pneumatic, hydraulic, flow and level on the pressure 
of the hydraulic brake pressure, oil pressure, 
transmission, and truck / trailer air brake and other 
critical systems, light-load reload the device to 
maintain performance. 

Variety of sensor models, it is necessary to 
compare the various products of varying quality, 
technical parameters. Specific product reliability, 
calibration, zero compensation, sensitivity, and total 
error range should be analyzed. Consider the 
following factors when selecting a sensor for 
industrial or transportation applications; each sensor 
device is to be considered standardized or customized 
products? Customization options including 
connectors, the pressure interface reference pressure 
type, range and output in the form. Whether spot or 
configure products. 

Sliding sensor is usually installed in the existing 
push off the top of the board. During the high-
temperature molding, or the low-pressure sensor for 
small ejector pin, slide sensor will generally be 
installed in the mold moving platen, then push pieces 
off through the ejector sets of functions or the other 
using transitional pin (as shown in Equation 1). The 
transition pin has two functions, first, in the case of 
using the existing ejector, which enables the slide 
sensor from the release pressure of the interference. 
Another role when the production cycle is short, fast 
stripping, which enables rapid acceleration and 
deceleration of the sensor from the top of the  
board [3]. 

 

 TTTT Mmwmwmwmw ),(,),2,(),1,(:)(   
(1) 

 
MEMS pressure sensor in an automobile, a new 

application Clutch pressure sensing, automatic means 
typically used, but also for the new dual-clutch 
transmission system. German manufacturer Bosch 
recently entered the market, the introduction of a 
MEMS solution, use oil to protect the silicon thin 
film, making it the highest tolerable pressure of 70 
bars. Bosch few years ago I had a huge change for 
the MEMS pressure sensor, the time is porous 
silicon, highly reliable MEMS devices, these devices 
have applications for the side airbags. 

Sensor selection criteria should meet the needs of 
system consistency and reliability. Pneumatic air 
compressor application selection, design engineers 
need to consider the following four points: accuracy 
and consistency: the choice of sensor error range is 
the most important technical parameters. The total 
error range includes all possible sensor error, 
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indicating that the real accuracy of the device within 
the compensated temperature range (-40 °C to  
+125 °C). For example, the total error of ± 2 % of 
range within the operating temperature range, 
regardless of the pressure is rising or falling, the 
sensor error is not more than 2 % of range. 
Understanding the total error range to ensure that the 
sensor can be critical to the accurate use within the 
pressure range and operating temperature range, so 
that it can provide consistency, reliability and 
repeatability high output air pressure readings. 

A lot of pressure sensors using micro-
electromechanical systems (MEMS) technology, 
which consists of four connected to a Wheatstone 
bridge structure arrestor. When there is no pressure 
on these sensors, a bridge resistor values are equal. 
When an external force is applied to the bridge, the 
two opposing resistor will increase, while the other 
two resistors of the resistance will be reduced and 
increased and reduced resistance are equal to each 
other, as is shown by equation (2): 
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Criteria for selection of sensor reflect the 

significant design challenges. The consistency of the 
system is equally important, a sensor is removed 
from the box and box must be any other sensors can 
be used interchangeably, and the product 
performance must be the same as the predetermined 
performance [4]. Third need to consider is the 
standard cost, it is a ubiquitous challenge. The 
intelligent electronic devices and the degree of 
accuracy are increasing, to renew old components in 
the solution. The cost of not only depends on the 
single sensor, the entire cost but is brought to 
alternative products. 

The sensor must be compensation, calibration, 
zoom in, and must be finished - no need to add with 
other resources to meet the application requirements. 
Custom calibration, or a combination of custom 
calibration to customize the output, you should be 
able to output a predetermined voltage, in the case of 
design changes to meet the design specifications. 
Products comply with CE instruction is to meet the 
requirements of IP protection class, and it is the mean 
time to failure to comply with the electromagnetic 
compatibility requirements, and also has high 
durability even in harsh environments. 

Push pin slide type sensor at the top of determines 
the size of the required sensor size. When the mold 
cavity need to install multiple sensors, top pin die 
design is best to use the same size to them, in order to 
avoid molders appear error setting or adjustment 
error. Because of the top pin function is to transfer to 
the plastic melt pressure sensor, so different products 
by top pin of different sizes. 

Pressure sensors do not understand the true 
relationship between the offset and the sensor output 
voltage and pressure; we can only be a rough 

estimate of the amount of pressure applied to the 
sensor. This means that sampling calibration method 
to obtain better accuracy. Fortunately, given the 
sensor offset and full-scale error remained fairly 
constant over time, once the sensor is calibrated, 
during the life of the sensor may not need to change 
the calibration coefficients will be able to meet the 
accuracy requirements. Of course, in each power 
usually need to re-calibrate the system. 

Configuration: should find a way to provide a 
variety of key technical parameters option product 
platform design engineers. Sensor including selection 
of key technical parameters of connectors and cables, 
the pressure interface, and it is pressure type and 
range and output options. In this way, custom design 
in existing solutions based on application 
requirements, according to its own configuration of 
the sensor, without the need to find different supplier, 
supplier qualification and sample test. Select a 
superior product platform show that, design engineers 
can complete the product customization design. By 
selecting the options is themselves standard. The 
characteristics and advantages of the lower cost of 
equipment: reduce the overall design, integration and 
implementation cost; accelerating device prototype 
development to rapid listed, as is shown by Fig. 1. 

 
 

 
 

Fig. 1. The application of overloaded pressure sensor. 
 
 

Whether it is the measurement of hydraulic pump 
pressure of the HVAC system provide feedback 
control loop pressure, or to measure the pressure of 
the cooling fluid flow, reload the sensors are able to 
output a high level signal. At present, the design 
engineer faces enormous challenges for the design of 
more complex control system. These systems rely on 
the feedback signal to provide more than a 
conventional system [5]. Therefore, the design 
engineer must be considered to meet the high 
precision, lower overall costs and to facilitate the 
implementation of the application and other required 
components. 
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The installation position of the pressure sensor, 
pressure sensor installed in the correct position, it can 
molder provide the most useful information. Apart 
from some exceptions, the sensors for process 
monitoring should normally be mounted in the cavity 
after one-third, while for controlling the molding 
pressure sensor should be mounted in the anterior 
third of the mold cavity. For very small products, the 
pressure sensor may be installed in the flow channel 
system, but this causes the sensor to monitor the 
pressure of less than the gate. It needs to be 
emphasized is that when the injection material is less 
than zero, the pressure at the bottom of the mold 
cavity, and therefore become important means of 
monitoring Note inadequate material in the mold 
cavity at the bottom of the sensor? 

The pressure sensor is mainly used as a low cost 
disposable catheter for surgical operation. But they 
are also used in expensive equipment, in the 
continuous positive airway pressure (CPAC) 
measurement of pressure and differential current 
sense machine [6]. These devices have great potential, 
probably in 2015 after the implantable sensor. 
Implantable sensors do not require battery can work, 
can be used for measurement of the heart and 
monitoring glaucoma. In the industrial field, the main 
application of MEMS pressure sensor comprises a 
heating ventilation and air conditioning HVAC), 
level measurement, all kinds of industrial processes 
and control application. For example, in addition to 
high pressure measurement precision and it is other 
parts of the aircraft to use sensors to monitor the 
engine, the flap. 

The basic signal conditioning circuit is composed 
of an instrumentation amplifier and an analog-to-
digital converter (ADC).Instrumentation amplifier 
output voltage from the sensor amplified to a level 
suitable for the ADC by the ADC, and then the 
amplified sensor output voltage is converted to 
digital, and then handed over to the controller or DSP 
processing. The instrumentation amplifier can be 
used to avoid overload the bridge, and this overload 
will change the sensor output voltage value, as is 
shown by equation (3): 
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Intake manifold pressure sensor for monitoring 

the pressure of the intake manifold, and the sensor 
harness signal input ECM, ECM according to this 
signal to control fuel injection quantity and injection 
timing. The intake manifold pressure sensor circuit is 
shown in Fig. 2. Detected in 45 terminals on the 
engine wiring harness to the intake air pressure 
sensor signal voltage is too high or too low, ECM 
failure, fault codes 122 and 123 were recorded and 
stored in the ECM memory. This fault will make the 
engine output power is reduced. 

Control systems use a pressure switch to control. 
This switch around a set point opening and closing, 

and its output is usually the end of the day review. 
Such systems are primarily used for monitoring. 
Compared with the control system and it is the 
pressure sensor system timely and accurately 
measure the pressure spike, a warning before a 
danger or failure of the control system. Sensor 
connected to a computer to be able to measure the 
actual pressure, so that users can accurately 
monitoring and system control. The pressure data are 
generally used for dynamic measurement system 
performance, status monitoring and system 
efficiency. The sensor system can provide more and 
more valid data points, as is shown by equation (4): 
 

 )()()()( mvmXmmZ   (4) 

 
The system can take advantage of state-of-the-art 

technology, innovative technology, MEMS pressure 
sensor is applied to the acquisition of the electric 
pressure cooker pot pressure. The application of 
MEMS pressure sensor developed a new generation 
of electric pressure cooker pot pressure and 
temperature monitoring module is a direct response 
to the electric pressure cooker pot pressure. The 
module uses MEMS silicon piezoresistive pressure 
sensor, collected by the pressure sensor pressure 
signals into electrical signals, and then through the 
microprocessor signal processing, and then signal to 
the main control board. So that users can more 
objective understanding of the pot temperature and 
pressure [7]. The control board can be arbitrarily set 
pressure pot, when the pot pressure exceeds the set 
value, it will automatically cut off the power, activate 
the alarm function, and alarm signal prompts the user 
to allow the user security, ease of use. 

The software to eliminate the offset problem is 
that the limit of the measurable sensor range. If the 
offset is positive, will limit the maximum sensor 
output can be measured, because of the larger sensor 
output may be reached earlier than the desired full 
scale value of the ADC. If the offset is negative, 
would not be able to accurately measuring very small 
sensor output level, because the offset value exceeds 
zoom back before, ADC output code is not higher 
than a zero value. The second challenge is possible 
for the sensor output at full scale output voltage 
range. For example, the nominal full scale output 
voltage is 100 mV sensor may have such an 
indicator, it shows that the possibility of this full-
scale output as low as 50 mV and 150 mV, as is 
shown by Table 1. 

Growing demand for small pressure sensor, this 
compact sensor can work in extreme conditions, and 
requires very little care and maintenance, a very 
small impact on the surrounding environment, can be 
placed in various vital organs of the human body to 
collect data, does not affect the normal life of the 
people. Such as production range for entrant is 2 to 
500 PSI sensor, diameter of only 1. 27 mm, and it can 
be placed not interested in the flow of blood in the 
blood vessels of the human body have a big impact. 
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Table 1. The sensor harness signal input ECM of MEMS. 
 

MEMS ADC Tag  ECM Default  
CPAC int YES PK 100 
Desn varchar YES 0.78 652 
Body text NO 0.9 800 
Date datetime NO 0.88 date 
UserID int NO 0.362 client IP 
Phone float YES 0.741 user  
Mobile int YES 0.201 bytes 
Email money YES 0.14 server 
CreatDate datetime YES 0.41 request 
Status int YES IDS status 

 
 

MEMS-based small-scale, highly sensitive 
pressure sensors typically have a flat film, Island 
film, the beam film structure, designed for overload 
protection, and commonly used methods such as boss 
implementation, the method of forming the back of 
the etching technology, silicon direct bonding (SDB) 
technology, and glass etching technology [8]. 
However, these structures cavities are larger in size, 
and it is to further improve the sensitivity restricted, 
but also reduces the utilization of silicon, increasing 
the complexity of the manufacturing process, 
increase the production costs, as is shown by 
equation (5): 
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So far, MEMS pressure sensor in the field of 

consumer electronics and mobile applications are not 
particularly common, less than $ 20 million in sales. 
But a variety of applications, including weather 
stations, sport watches, bike computers, diving 
equipment, and the number of steps count. White 
goods, such as energy-efficient washing machine 
water level sensor can also be used. 

In the major premise, mold design and 
manufacturers need to decide whether to be placed in 
the cavity of which a concave fosse pressures 
sensors, as well as the position of the wire or cable 
outlet. The design principle is to not be able to move 
the wires or cables to wear out from the mold. The 
general practice is fixed on the base of the mold of a 
connector, and then use a cable mold and injection 
molding machines and auxiliary equipment 
connected. The important role of the pressure sensor, 
mold makers to take advantage of the pressure sensor 
to be delivered to the mold strict test mode, and it is 
mold design and processing improvements. 

Before lists the sensors procurement list, view a 
variety of applications is very important. Need to 
consider alternatives to what and how to meet their 
design requirements and specifications. As 
mentioned earlier, in the past decades, mainly due to 
an increase in design complexity, the control and 
monitoring systems has changed dramatically. These 
changes include the manual system into a control 
system based on electronic technology, multi-

components into highly integrated products; pay 
more attention to cost issues. Heavy duty applications 
with a variety of solutions, which are overloaded 
environment? Here are just some specific examples. 

The module characteristic parameters: pressure 
range 0 to 200 kPa ≈ 30 Psi, overload 3X, supply 5.0 
V Operating Temperature -20 °C to 125 °C physical 
characteristics compatible the media gas and weak 
acid weak base liquid, the technical indicators (all 
test values relative 25 °C, 5 Vconstant voltage power 
supply) output voltage: 0 to 5 V, linearity  
± 0.20 % FS. Hysteresis and repeatability are  
± 0.10 % FS. Zero temperature coefficient of  
± 0.04 % FS/100 °C, the temperature coefficient of 
resistance of 0.30 % FS/°C temperature coefficient of 
sensitivity -0.20 °C % FS/100 °C Zero Thermal 
Hysteresis ±0.10 % FS, long-term stability of  
±0.20 % FS, response time of 2 ms. The installation 
process is simple, long life, strong anti-interference, 
vibration and drop. 

Sapphire pressure sensor utilizes strain resistance 
working principle, the use of silicon - sapphire as 
semiconductor sensitive components, with 
unparalleled measurement characteristics .Sapphire 
by single-crystal insulator element, hysteretic does 
not occur, fatigue and creep phenomenon; sapphire 
ratio of silicon to be sturdy, higher hardness, the fear 
of deformation; has a very good elasticity and 
insulating sapphire, therefore, the use of silicon - 
sapphire manufacturing semiconductor sensitive 
element is not sensitive to temperature changes, even 
if the high temperature conditions, has a good 
operating characteristics; very strong anti-radiation 
properties of sapphire; silicon - sapphire 
semiconductor sensitive element P-N drift, therefore, 
fundamentally simplifies the manufacturing process, 
improve repeatability and ensure a high yield. 
 
 

3. Overload Pressure Sensor Design 
 

Heavy pressure sensor working principle is: the 
measured medium pressure acts directly on the sensor 
diaphragm (stainless steel or ceramic), the diaphragm 
to produce micro-displacement proportional to the 
pressure of the medium, the sensor resistance value 
changes with the electronic circuit detects this 
change, and convert the output of a standard 
measurement signal corresponding to this pressure. 

Each sensor, the device is to be considered 
standardized or customized products? Customization 
options including connectors, the pressure interface 
reference pressure type, range and output in the form. 
Either spot or configure products, the selected 
product is easy to meet precise design requirements 
and can supply quickly? When you design the 
product, the ability to quickly get the samples so that 
the time-to-market is not postponed or affected? The 
total error range (TEB) (below) is comprehensive, 
clear and important measurement parameters. It 
provides accuracy of the device over the 
compensated temperature range (40 °C to 125 °C  
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[-40 °F to 257 °F]), is critical for measuring the 
consistency of the product and to ensure that the 
product interchangeability [9]. For example, the total 
error range of ± 2 %, regardless of the temperature of 
the number within the specified scope, regardless of 
the pressure is rising or falling, the total error is less 
than 2 % of range. 

Mold manufacturers often appear in the mold is 
the user that filling is not good, the key size is not 
correct, because the unknown state of plastic in the 
mold, they can only to speculate on the reasons of the 
problems based on experience, which will not only 
make the detours, and sometimes still can not 
completely solve the problem. But now they only 
according to the plastic molders from the pressure 
sensor to collect in the mold of status information (as 
shown in Fig. 2) analysis can accurately identify the 
crux of the problem. 

 
 

 
 

Fig. 2. The design of overloaded pressure sensor. 
 
 

In the mobile space, and it is so far no large-scale 
application. Future high-end intelligent mobile phone 
may use pressure sensor as the altimeter, support the 
indoor location services, but do not have the 
infrastructure in this area. In the computer field, so 
the pressure sensor is used only to enable it to display 
local weather conditions, and the accelerometer and 
gyroscope in consumer electronics and mobile field 
has been widely used in the next few years, the 
application of pressure sensor in the field is still very 
limited. 

Currently, small-scale, high-sensitivity pressure 
sensor hotspot concentrated on the sacrificial layer 
structure of the pressure sensor, this is mainly 
because of the sacrificial layer structure of the 
pressure sensor elastic diaphragm is very thin, the 
thickness can be 2 m, and even thinner. If the use of 
the diffusion silicon or polycrystalline silicon thin 
film as a sacrificial layer structure of the strain 

resistance of the pressure sensor, the thickness 
thereof is relatively large, a great impact stress 
distribution on the elastic diaphragm, the sacrificial 
layer structure of the pressure sensor is not conducive 
to performance optimization in such a thin structure, 
polysilicon nano-thin film production strain 
resistance can give full play to the advantages of the 
sacrificial layer., as is shown by equation (6). 
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The integrated pressure sensor has been more and 

more integrated with the other measuring sensor is 
formed on the measuring and control system. It can 
improve the operating speed and efficiency of the 
integrated system in the process control and factory 
automation. The intelligent integrated appears in an 
integrated circuit can add some microprocessors, 
making the sensor with automatic compensation, 
communication, self-diagnosis, logic and other 
functions. A wide range of pressure sensor another 
trend is positive from the machinery industry 
expanded to other areas, such as: automotive 
components, medical equipment, and energy and 
environmental control system. 

Assuming the two resistors in series with a 
resistor string, because it is the equivalent resistance 
between the two resistors node voltage is half of the 
resistor string voltage [10]. If a resistance value is 
increased by 1 %, another resistor is reduced by 1 %, 
and then the two resistors at the node voltage will 
change by 1 %. If the two resistor string in parallel, 
as shown in Fig. 1 as shown in the left bottom of the 
resistor and the top of the right side of resistor are 
reduced by 1 %, an increase of 1 % of the other two 
resistors, then the two "and" voltage between points 
from zero difference becomes changed to 2 %. Two 
parallel branches of this configuration is called a 
Wheatstone bridge, as is shown by equation (7). 
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Corrosion resistant ceramic pressure sensor is not 

the transmission fluid pressure acts directly on the 
surface of the diaphragm at the front surface of the 
ceramic diaphragm chamber and the diaphragm to 
produce a slight deformation of the thick-film resistor 
printed at the back surface of the ceramic diaphragm, 
connected into Wheatstone bridge (closed bridge), 
varistor piezoresistive effect, so that the bridge to 
produce a highly linear proportional to the pressure, 
the excitation voltage is proportional to the voltage 
signal, the signal of the standard under the pressure 
range of different calibration 2.0, 3.0, 3.3, and strain 
gauge sensor compatible. By laser calibration, the 
sensor has very high temperature stability and time 
stability, the sensor comes with temperature 
compensation from 0 °C to 70 °C, and the vast 
majority of media and direct contact. 
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Wide compensated temperature range so that the 
same device can be applied in various parts of the 
system, the more extensive applications. A variety of 
connectors and pressure sensor interface enables able 
to meet the demand for a variety of applications. 
Small size, the sensor placed more flexible sensor 
should meet industry standards such as ISO 9001 
need to consider the overall cost of the sensor, 
including integration, configuration, and 
implementation costs. 

Pressure sensor for three years will be the highest 
sales of MEMS devices, to beat everywhere the 
accelerometer and gyroscope increasingly popular. 
Different due to the level of compensation, die 
calibration package types, the average price of the 
MEMS pressure sensor is a big difference, from a 
few dollars to tens of dollars, and for aircraft 
hydraulic system for high-value industrial and 
medical applications or flight data the most 
professional applications of the measurement is as 
high as a few hundred dollars, including industrial 
applications in the poor medium, temperature and 
pressure conditions under composition [11]. 

The strain resistance of the pressure sensor is 
diffused in the silicon wafer or impurities are injected 
to achieve, in order to improve the temperature 
characteristics, and later also uses a polycrystalline 
silicon thin film, but ordinary polycrystalline silicon 
thin film strain factor is smaller, is not conducive to 
improve the sensitivity. The latest research results 
show polysilicon nano-thin film having a significant 
tunnel piezoresistive effect, and exhibit superior than 
conventional polycrystalline silicon thin film 
piezoresistive characteristics, heavy doping under the 
conditions of the strain factor can reach  
34 having a negative coefficient of the strain factor 
temperature, numerical less than 1 × 10 - 3 / °C 
temperature coefficient of resistance may be less than 
2 × 10 - 4 / °C, as is shown by equation 8. 
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The auto industry is still the largest application 
areas of MEMS pressure sensor, 72 % of its sales, 
followed by medical electronics accounted for 12 %, 
the industrial sector accounted for 10 %, consumer 
electronics and military aviation accounted for the 
remaining 6 % of the market. Engine management is 
its main application in the automotive field, including 
a common rail pressure sensor in the manifold air 
pressure sensor in the gasoline engine and diesel 
vehicles, especially in Europe. In order to improve 
combustion, some organizations are examining can 
work within the cylinder pressure sensor, the exact 
proportions of the various substances in order to 
better measure the chemical reactions involved, and 
data feedback to the engine management system. 

This pressure sensor can be mounted to the nozzle 
of the injection molding machine, the hot runner 
system, a cold runner system and a mold cavity, it is 

capable of measuring the plastic in an injection 
molding mold filling pressure and the cooling process 
from the injection molding machine, Paulnozzle to 
the plastic somewhere between the mold cavity 
pressure. The data may be recorded in the monitoring 
system to be used for real-time adjustment of the 
molding pressure, and, after molding, inspection or 
troubleshooting production process. It is worth 
mentioning, this by the acquisition of the pressure 
data can be for this mold, and this general process 
parameters for the material, in other words, the data 
on the type of an injection molding machine (using 
the same mold) guiding production. In this discussion 
only the pressure sensor is installed in the mold 
cavity. 

Ceramic is a recognized high elasticity, corrosion 
resistance, abrasion resistance, resistance to shock 
and vibration material [12]. Ceramic thermal stability 
and its thick film resistor can make it up to -40 °C to 
135 °C operating temperature range and 
measurement accuracy, high stability. The degree of 
electrical insulation is greater than 2 kV; the output 
signal is strong, long-term stability. High 
characteristics, low-cost ceramic sensor will be the 
development direction of the pressure sensor, 
comprehensive alternative to other types of sensors in 
Europe and the United States, in China, more and 
more users use ceramic sensor instead of diffused 
silicon pressure sensor. 

 
 

4. Improved Overloaded Pressure Sensor 
Application Analysis and Solution 
Design 
 
The pressure sensor following the diffused silicon 

pressure sensor pressure sensor is another major 
technological innovation, and force-sensitive  
Z-element is only at home and abroad with digital 
signal output sensitive components, ceramic thick 
film technology and force-sensitive Z-elementthe 
unique combination of the simplest circuit can be a 
high performance, low-cost new sensor. 

The control system is becoming more intelligent 
and complex, sensor technology must keep pace in 
order to meet the application requirements. Sensor 
signal conditioning and calibration work time has 
gone [13]. In sensor design, implementation to the 
application, you no longer have the problem of sensor 
function bother evil. In view of the sensor is very 
important pressure measuring device, and a variety of 
sensor models on the market, of varying quality, you 
must choose carefully. 

Currently used in the mold cavity pressure sensor 
there are two types, i.e. paperback and indirect. 
Paperback sensor is inserted into the mold cavity 
through a mounting hole drilled in the back cavity, 
flush with the top of it with the surface of the mold 
cavity (Fig. 1), and its cable passes through from the 
mold and located in the outer mold surface 
monitoring system connected to the interface. The 
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advantage of this sensor is not affected by releasing 
the pressure interference, but it is very easy to 
damage under high temperature conditions, resulting 
in the difficulty of installation. 
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Sacrificial layer pressure sensor, a polysilicon-

nanometer film as the strain resistance, sensitivity 
can be improved to expand the operating temperature 
range, reduce temperature drift [14]. However, the 
sacrificial layer is very thin, and how to improve the 
sensor overload is particularly important. In this 
regard, the guarantee under the premise of the linear 
response of the sensor full-scale range, adjust the 
thickness of the sacrificial layer, the appropriate 
contact through the flexible diaphragm and the 
substrate to improve the sensor overload. 

The full-scale output of the sensor input max can 
see the input of the amplifier. When the sensor output 
at full scale, the ADC input should be close to its 
full-scale value, this value is usually the ADC 
reference voltage VREF. The amplifier gain required 
size of the following formula (10): 
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Ceramic ring hot die casting process fired at high 

temperatures forming. Ceramic diaphragm and 
ceramic ring between the high-temperature glass 
paste, thick film printing, thermal sintering 
technology firing together to form a sense of force 
goblet with clamped Eastover, should be formed in 
the ceramic part with clamped no creep rigid 
structure. In the upper surface of the ceramic 
diaphragm, i.e. the bottom of the mug, sensor circuit 
made using thick film technology. Ceramic cover the 
lower part of the circular groove formed a certain gap 
between the cover and the diaphragm, diaphragm 
limit prevents overload due to excessive bending 
rupture to form anti-overload protection of the 
sensor. 

1) If the full scale sensor output below the 
nominal value, the full-scale range of the ADC is not 
used. If the full scale sensor output is more than 
nominal value, the ADC output in the sensor output 
to ADC full scale output value reached before the full 
scale [15]. In addition, if the sensor output amplifier 
drift, then there is some uncertainty and imprecision 
in reading. Fortunately, even if the current sensor 
drift is also very small, carefully selected amplifier 
allows the amplifier to minimize drift. Accordingly, 
during manufacture and / or system power-up, the 
gain of the circuit can be adjusted once in place. 

2) In this paper, the range of 0.1 MPa sacrificial 
layer pressure sensor, for example, design a voltage 
source E = 5 V full-scale output 60 mV pressure 
chip. In order to meet the design requirements, 
sensitivity to changing the elastic diaphragm width, 
length, thickness and the thickness of the sacrificial 
layer on the stress distribution simulation (simulation 
polysilicon Young's modulus  
EX = 1.7 × 1011 N/m2 Poisson's ratio PRXY = 0.24, 
polycrystalline silicon nano-film strain factor  
G = 30), after optimization, meet the design 
requirements of the flexible diaphragm size: length a 
= 300 m, width b = 250 μm, thickness of the 
diaphragm H1 = 1 m, the thickness of the sacrificial 
layer H2= 4.5 μm. 

Simulation of nonlinear contact analysis and 
linear analysis method, and it is the sacrificial layer 
thickness H2 0. 2 m ~3.3. Vary between 5 μm 
specific simulation, the maximum stress of the 
diaphragm reaches the fracture strength of the silicon 
when the distance between the substrate and the 
diaphragm is ΔH sacrificial layer thickness H2.Also 
gives the maximum stress of the diaphragm reaches 
the fracture strength of the silicon when the pressure 
exerted by the load of Pmax (overload), and the 
thickness of the sacrificial layer H2 relationship. 

The sensor is non-electricity (including physical 
chemistry, biomass, etc.) converted into another 
physical quantity (usually electricity) to facilitate the 
processing and transmission of the device according 
to certain rules. Sensors are generally sensitive 
components, conversion element and measuring 
circuit is composed of three parts, sometimes need 
external auxiliary power supply. 

 
 

 
 

Fig. 3. Comparison results of application overloaded pressure sensor analysis  
and solution design with ADC and Pmax technology. 
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Pressure sensor and principles: mainly used to 
detect the pressure sensor. In the middle of the wafer 
is formed from the rear surface corrosion square 
diaphragm, diaphragm pressure into stress in the 
surface of the diaphragm, by the formation of the 
four p-type impurity diffusion measurement resistor, 
which are connected to the bridge circuit, using the 
piezoresistive effect of the stress on the diaphragm is 
converted into a change in resistance after this 
change in resistance through the bridge circuit, in 
between the two output terminals of the bridge 
circuit, the potential difference in the form of external 
output. 

Pressure sensor overload protection design for the 
sacrificial layer, under the premise of ensuring the 
sensor full-scale range of linear response; adjust the 
thickness of the sacrificial layer, through the 
appropriate contact of the flexible diaphragm and the 
substrate to improve the sensor overload. Using the 
finite element method, the sensor elastic membrane 
stress distribution static linear analysis and nonlinear 
contact analysis, the following conclusions. Pressure 
sensor for the sacrificial layer, can reduce the 
thickness of the sacrificial layer to improve overload, 
but the thickness of the sacrificial layer must not be 
too small, otherwise the sensor will be within the 
range of nonlinear deformation. 
 
 
6. Conclusions 
 

The paper proposes application overloaded 
pressure sensor analysis and solution design. Heavy 
pressure sensor can be used to measure and control 
the pressure of the inlet and outlet, filter pressure 
drop, cooling water inlet and outlet pressure and 
compressor oil pressure. Sensor plays a key role in 
maintaining the performance and efficiency of the 
compressor. Diffusion silicon pressure sensor using 
wet etching, the silicon dioxide and silicon nitride on 
the pressure sensitive structure of an insulating or 
protective layer thickness is much smaller than the 
thickness of the elastic film, and generally can be 
ignored in the analysis of structure analysis and stress 
distribution of their affected. 
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Abstract: Material electromagnetic muldistribution of large rotors poses a potential hazard to the operation of 
rotary machine and interferes the vibration monitoring. These variations of electromagnetic property of material 
are scaled as electrical runout, which is necessary to be controlled in manufacturing process. A method of 
offsetting transducer difference for detecting electrical runout online is presented in this paper through finite 
element analysis, and the corresponding measurement system is developed for large air compressor rotors. A 
beam of laser with triangulation method is used to measure the surface position of the revolving rotor, which can 
be transformed as the non-contact distance. In the condition of static sensor probe, rotating centerline and rotary 
measured points on surface, actual runout of rotor is calculated through signal obtained from laser triangulation 
measurement. In this way, eddy current sensor, which is posed in the same plane of measuring cross profile with 
laser device, detects both actual runout and electrical runout as output of total indicated runout. Analyzing two 
signals through adjusting the phases of cross profile and offsetting the actual runout, electrical runout can be 
indicated in the process of lathe working. This measurement capability is useful in predicting the vibration level 
in the slow roll testing before product delivery. At last, the measuring experiment is performed to verify the 
accuracy of the system. Copyright © 2013 IFSA. 
 
Keywords: Electrical runout (ERO), Eddy current sensor, Laser triangulation technique, Optical measurement 
system. 
 
 
 
1. Introduction  
 

Material electromagnetic uneven of large rotors 
called electrical runout poses a potential hazard to the 
running stability of rotary parts and interferes the 
vibration monitoring. The vibration limits resulted in 
the more common use of eddy current sensor probes 
to measure and monitor vibration of shaft. Electrical 

runout and mechanical runout will appear to be 
vibration and result in measurement error [1]. The 
vibration reading can appear either too high or too 
low because of the error may incorrectly result in 
disassembly of the machine and re-work of the probe 
track area. Therefore, API standards has defined 
limits for the maximum runout, according to API612, 
the limit for slow roll runout is 25 % of the allowable 
peak-to-peak vibration amplitude or 0.25 mils [2]. 
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The variation in properties of eddy current sensor 
depends on the interaction of the two magnetic fields. 
The impedance of coil is a function of lift-off, the 
excitation frequency, the conductivity and 
permeability of material. When measuring distance 
using eddy current sensor for non-stationary target, 
the variation of conductivity   and permeability   

of rotor material becomes the disturbance for 
detecting variation of lift-off which is so called 
electrical runout.  

ERO problem of rotors with eddy current sensor 
and its measuring principle have draw attentions of 
more and more researchers in recent years. For 
example, in 1976, Biggs [3] presented a patent to 
remove the ERO by redistribution the local 
electromagnetic properties of the shaft surface by 
cold work. They used means of a peening operation 
on the shaft to cold work the same. Tian et. al [4, 5] 
analyzed the influences of some parameters, such as 
the resistivity of the target, the permeability in the 
target and converting circuits, on the sensor’s output 
and the modulation ways for samples. In order to 
minimize the influence of the inhomogeneity, they 
increased the excitation coil frequency in AM sensors 
and oscillating frequency in FM sensors. Petar B. 
Petrovic et. al [6] tried to solve ERO problem using 
signal processing, they presented an approach to 
compensate the electrical runout error dynamically 
based on discrete wavelet transform. Yu Yating et. al 
[7, 8] investigated the contributions of material 
electromagnetic properties and lift-off on ERO 
signal, they found that the rational line of resistance 
and inductance is linear and parallel under different 
lift-off. Finally, they proposed a method of 
demagnetizing to remove electrical runout, the 
efficiency of which was indicated by a serious of 
experiments. In the other side, the calculation and 
analysis of impedance is important for eddy current 
problem. In 1970s, Dodd et. al initially presented 
closed form expressions for models analysis [9] , and 
then, they used matrix method to extend the models 
to an arbitrary number of layers [10, 11]. Theodoros 
Theodoulidis et. al [12] expanded the integral 
solution. As a result, both computation speed and 
accuracy control were optimized.  

The finite element numerical method has been 
implied in computing impedance of coil in eddy 
current measurement successfully [13]. Ida N. et al 
[14] used the finite element method to design 
absolute and differential eddy current probes. Norton 
S. J. et al [15] using Maxwell’s equation to inverse 
eddy current problem. However, Vyroubal D. et al 
[16] and Kim S. D. et al [17] indicated the above 
theory is unreliable by experiment. Tae-Ok Kim et al 
[18] developed a new modeling method to improve 
the accuracy of the eddy current sensor and solve the 
problem of calibration. In their method, the sensor 
coil and the eddy current’s geometric was simplified 
into an array of circular loops. M’hemed Rachek et al 
[19] developed a three-dimensional numerical 
method to calculate the response of eddy current 
probes.  

In this paper, the model of ERO measuring using 
eddy current sensor is built by FEM firstly, and the 
measuring method of ERO has been analyzed from 
the influences. Then the design of measuring system 
based on eddy current technique and laser 
triangulation is performed. Finally, the experiment of 
large rotor ERO measuring is implemented after 
constructing the system.  

 
 

2. Extraction of Electrical Runout  
 
In order to analyze the method of extracting 

electrical runout, the calculation of impedance of coil 
is critical. The finite element method is used to 
compute the impedance in this paper. The physical 
model of ERO measuring is shown in Fig. 1, because 
the diameter of rotor is larger than that of eddy 
current coil, the rotor is simplified by a cubic target. 

The axis of the solenoid coil of inner radius 1r , 

external radius 2r , N turns and height h is assumed 

to coincide with the z-axis with the centre of the coil 
in a cylindrical coordinate system. 

 
 

 
 

Fig. 1. Physical model of eddy current sensor. 
 
 
The effect of the eddy current in coil, the 

displacement current, the temperature on resistivity 
and the velocity of coil can be ignored. According to 
the Maxwell equation, the eddy current governing 
equation can be obtained. The magnetic vector 
potential is found by solving the governing equation 
using the first boundary conditions. The mapped 
meshing strategy is adopted on the coil and the target, 
while the free meshing strategy is adopted in the near 
field air.  

According to Poynting Theorem, after the general 
energy equation was acquired in light of the first 
class boundary condition of electromagnetic field and 
Green's theorem, apply energy minimization. In this 
way, the final element matrix equation is obtained as 

 

     QGA 1 , (1) 
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where  A  is the unknown magnetic vector 

potentials at the nodes of the element,  G  is element 

matrices formed from the nodes of an element, and 

 Q  represents the source term and. Subsequently, 

the current in coil I can be calculated from  A  and 

the excitation voltage U is known. Finally the 
impedance of coil can be computed as 
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where rI  and iI  are the real and imaginary part of 

coil current respectively, U  is the excitation voltage. 
The output of eddy current sensor is in the form 

of quality factor Q, which is calculated from 
impedance Z. The calibration curves under different 
electromagnetic parameters are obtained through 
finite element model above, which are shown  
in Fig. 2. 

 
 

 
 

Fig. 2. Calibration curves under different 
electromagnetic parameters. 

 
 

The slopes of calibration straight line under 
different electromagnetic parameters are equal with 
the maximum relative error 1.6%, which also can be 
seen in Fig2. Therefore, the slope of calibration line 
has no relationship with the electromagnetic 
properties. The output voltage V can be written as  

 

 ,bdkV  , (3) 

 
where k  is the constant obtained from calibration. 

Suppose 0d , 0 , 0  are the parameters of base 

location of measurement, the corresponding output is 
 

 0000 ,bdkV   (4) 

 
When performing runout measurement for shaft 

online, the corresponding output is written as 

),()( 0000 iiii bddkVV   , (5) 
 

where iV  is the increment of output. Subtracting 

(4) from (5), electrical runout ide  , which is 

caused by variation of permeability  and 

conductivity  , is obtained as 
 

i
i

i d
k

V
de 


  (6) 

 

In this way, as long as variation of lift-off id  is 

obtained, the electrical runout will be measured 
easily. 

 
 

3. Measuring System 
 

3.1. Electrical Runout On-Machine 
Measuring System 

 
According to analysis above, design scheme of 

electrical runout measuring system based on eddy 
current sensor and laser triangulation is presented. In 
the scheme, total indicated runout is measured by 
eddy current sensor while laser triangulation can only 
sense change of lift-off, which becomes mechanical 
runout. At the same time, eddy current sensor is 
posed in the same plane of measuring cross profile 
with laser device in order to maintain same 
measuring profile position. In addition, hall senses 
the pulse per revolution of rotor for angle phase 
marking. Fig. 3 shows the system scheme. 

 
 

 
 

Fig. 3. The scheme frame of measuring system. 
 
 

3.2. Laser Triangulation Measuring 
 
The principle of laser triangulation is shown in 

Fig. 4, incident light to the surface of the object to be 
tested produces scattering light, scattering light is 
received by the receive parts. Calculation of the 
displacement is derived by the geometry triangle 
method as below 
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where H  is the displacement of the surface of 
target, S  is the benchmark object distance, 'S is the 

benchmark image distance, x  is the displacement 

of light spot,   is the angle of incoming light beam 
and optical axis. Sensor receiving components extract 
and detect displacement changes of light points x  
to calculate the surface displacement of target. 
Therefore, actual variation of lift-off in eddy current 
measuring can be detected in this way for electrical 
runout data calculation.  

 
 

 
 

Fig. 4. The principle of triangulation. 
 
 

Photoelectric receiving component in the system 
adopts CMOS image conversion sensor, which can 
be seen in Fig. 5. 
 
 

 
 

Fig. 5. The component of CMOS. 
 
 

3.3. Elimination of Eccentric Error 
 
Eccentric error is the main error in sensor signal 

when perform on-machine measuring of rotary rotor. 
Due to the existence of clamping error, the actual 

rotation center O moves to O’, so the measured 

radius becomes AB  instead of r, which can be seen 
in Fig. 6. 

 
 

 
 

Fig. 6. Eccentric error. 
 
 
In this system, method of eliminating the first 

order harmonic is used to separate the eccentric error. 
Firstly, the first order Fourier harmonic should be 
computed as 
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Then the signal without eccentric error is obtained 

as below 
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3.4. Sensor Signal Processing Module 

 
Besides the eccentric error, noise in signal is also 

need to be eliminated. Discrete Wavelet Transform 
(DWT) is adopted for multi-resolution sensor signal 
de composition. The process of de-noising in the 
system is shown in Fig. 7. 

The method of eliminating eccentric error and de-
nosing constitute the main parts of signal data 
processing module. Fig. 8 shows the flow of data 
processing. 
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Fig. 7. The process of DWT. 
 
 

 

 

 
 

Fig. 8. The flow chart of data processing. 
 
 

4. Experiment on Large Rotors 
 
Verification of developed method is carried out 

on a large air compressor rotor with eddy current-
laser electrical runout measuring system. The 
experimental system is shown in Fig. 9, eddy current 
sensor and laser displacement sensor work in the 
same profile of rotor with a fixed angle, hall sensing 
a magnetic steel cube, which should be prepared 
before experiment, for phase marking.  

Rotor was mounted in lathe, adjust total runout 
with a dial indicator under a low speed of revolution 
in order to limit eccentric error. Then the sensors 
should be adjusted to appropriate measuring location. 
When the speed of revolution becomes stable, 
measuring can be performed. Fig. 10 shows the 

experimental photo of test target and measuring 
procedure. 

 
 

 
 

Fig. 9. Experimental system sketch. 
 
 

 
 

Fig. 10. Experimental photo of target  
and measuring process. 

 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 158-164 

 163

Experimental measurement was conducted under 
three revolving speed of lathe, the measuring position 
is usually on the journal of main shaft (Fig.11). The 
runout result of measurement is shown in Table 1, 
runout data per revolution of shaft is dawn in 
expanded plot and polar plot. Data in polar diagram 
is added a base circle of 60 m  for better view. 

 
 
Table 1. Experimental runout under different 

revolving speed. 
 

No. 
Speed 
(r/min) 

ERO 

 m  

MRO 

 m  

TIR 

 m  

1. 50 58.57 10.06 53.57 

2. 60 62.52 10.19 59.09 

3. 80 63.97 9.85 58.06 
 
Electrical runout (ERO),  
Mechanical runout (MRO),  
Total indicated runout (TIR) 

 
 

The technical requirement of target rotor is shown 
in Table 2, which can verify the correctness and 
accuracy of measuring system. As it seen in result of 
measured runout, electrical runout is far larger than 
mechanical runout, which indicates the difficulty of 
control of electrical runout. Some different low 
speeds of revolution have no large influence on 
measuring runout because of the elimination of 
eccentric error. 

 
 
Table 2. Technical requirement of air compressor rotor. 

 

Mark 
Diameter 
of journal 

Journal 
A 

Journal 
B 

length 
of shaft 

3SJK1
20 

175h6 

)(0
025.0  

Runout 
0.01 mm 

roughness 
0.8 

Runout 
0.01mm 
roughness 

0.8 

3750 
mm 

 
 
5. Conclusions 

 
Electrical runout plays an important role in 

monitoring vibration and reliability of operation. In 
order to separate electrical runout from change of lift-
off in eddy current sensing, finite element model of 
electrical runout measuring has been established 
firstly. Method of extracting electrical runout was 
analyzed based on the impedance influence 
calculated from FEM. Actual variation of lift-off 
became critical for electrical runout measuring 
system. In this way, laser triangulation technique was 
involved in design of whole system. After design of 
hardware and software modules, the experiment on 
large rotor was conducted for verification. It is 
concluded that the developed system has specially 
advantage of on-position measuring. 

 
 

(a) No.1 experimental runout data. 
 
 

 
 

(b) No.2 experimental runout data. 
 
 

 
 

(c) No.3 experimental runout data. 
 

Fig. 11. Experimental runout data diagrams. 
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Abstract: Position sensor is the key of exact commutation for switched reluctance motor (SRM). When position 
sensor is faulted, some phase information of commutation will be lost, causes torque decrease, affects the 
system reliability. Through the analysis of the fault position signals, a real-time diagnostic method that detected 
the edge sequences of position signals and calculated the angle between the adjacent edges of position signals is 
proposed. After fault of position signal is diagnosed, fault-tolerant control is carried out immediately by taking 
advantage of the redundant information of position signal detection scheme and the time between the adjacent 
edges of position signals. The validity and practicability of fault analysis, fault diagnosis and fault-tolerant 
control is verified by simulated fault experiments on SRM. Copyright © 2013 IFSA. 
 
Keywords: Switched reluctance motor (SRM), Position signal, Fault analysis, Fault diagnosis, Fault-tolerant 
control. 
 
 
 
1. Introduction 
 

Switched reluctance motor (SRM) has the 
advantages such as simple and solid structure, low 
cost, flexible control, strong fault-tolerant ability, and 
good adaptability to high temperature and high speed, 
etc., so it is especially suitable for some application 
fields in which the environment is abominable and 
the system is required to work continuously, such as 
aviation start/power generation system, vehicle-
loaded electric braking system, and mine hoist, etc. 
[1-7].  

SRD (switched reluctance driver) system works in 
synchronous state. Position closed-loop is a basic 
condition for the normal work of the system, and also 
one of the important marks which distinguish SRD 
from stepper motor. By processing the correct 

position signals produced by position sensors, SRD 
system controls the break-over sequence and time of 
the winding of each phase, and ensures the 
commutation at correct position and the operation 
toward predetermined objective of motor. Position 
sensor is generally installed together with the motor 
itself, and is easy to go out of order for the functions 
of severe environment like dust, oil stain, and 
collision, etc., the fault of position signal will induce 
open-phase running of motor, lower the output torque 
of motor, and affect the reliability of system 
operation. Therefore, for meeting the requirement of 
high reliability, it’s very necessary to carry out real-
time fault diagnosis and fault-tolerant control aiming 
at the feedback signal of position sensor. 

Predecessors have carried out plentiful researches 
on the fault diagnosis and fault-tolerant control of 
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brushless motor systems like switched reluctance 
motor, brushless DC motor and doubly salient motor, 
etc. [8-16], and documents [11-16] have mentioned 
the fault of position signal and analyzed the 
influences of fault on the system. Wherein, document 
[13] has realized the fault-tolerant control of 8/6 
switched reluctance motor by adding two position 
sensors, but not analyzed the scheme for fault 
diagnosis and fault-tolerant control of position 
sensors in detail; document [14] has analyzed the 
fault type and mechanism of Hoare signal, and state 
after fault of dually salient permanent magnet motor 
in detail, but not presented the scheme for sequent 
processing; document [15] has researched the 
position signal of doubly salient motor, and on this 
basis, brought forward the method for fault diagnosis, 
reconstructed the commutation logic of position 
sensor signal, and realized fault-tolerant control after 
fault, but in case the rotation rate changes greatly, the 
fault diagnosis of position signal will have a low 
reliability. Document [16] has analyzed the influence 
of position sensor fault on switched reluctance motor, 
brought forward the method of introducing diagnosis 
buffer area to realize fault detection, and 
reconstructed the commutation action after fault, but 
in case the diagnosis buffer time is over long, the 
open-phase running during diagnosis buffer period 
will produce heavy impact on the work of system.  

By researching the position signal of SRD system, 
this paper has brought forward a method for 
monitoring the running state of position signal in a 
real-time way. This method enables the timely 
diagnosis on the type of position signal fault, and can 
realize the fault-tolerant control of position signal 
during operation. The experimental result has proved 
the validity of the scheme. 

 
 

2. Analysis on Faulted Position Signal  
of Sensors 
 

2.1. Overview on the Position Signal  
of Switched Reluctance Motor 

 
Photosensitive position sensor has simple circuit 

and relatively high detection precision, and so has 
been widely applied to SRD system as well as 
brushless DC motor and doubly salient motor. It 
generally consists of photoelectric pulse generator 
and turntable.  

This paper takes one three-phase 12/8 prototype 
as research object, as shown in Fig. 1. Here, rotor 
polar angle 45 r , and three photoelectric pulse 

generators P, Q, R are fixed onto the stator, the 
position difference is 60  in turn. The gear-groove 
ratio of the detecting turntable for the position 
detection system is 2:1, and the angle resolution 
available to get by relying on the electric level 
combination of position signal is 15 . And in case of 
edge jump of position signals, among the three 

detected signals, there will always be one falling edge 
and one raising edge appearing simultaneously. So, 
the position detection scheme can realize the direct 
output of redundant information, and is beneficial for 
real-time fault-tolerant control. 

 
 

60




15
2

1
 

60

 
 

Fig. 1. Installation of position sensors for SRM. 
 
 

In SRD system, DSP produces the control signals 
necessary for the ON and OFF of each phase 
according to the position signals output by position 
sensors P, Q and R. Here, the angle signal 
classification is not considered, and it’s assumed that 
P↓  A phase ON, Q↓  B phase ON, R↓  C 
phase ON, P↑ A phase OFF, Q↑ B phase OFF, 
R↑ C phase OFF, where “↓” indicates falling edge, 
and “↑” indicates rising edge. 

 
 

2.2. Analysis on Faulted Position Signal  
of One Phase 

 
The fault of one-phase position signal may be the 

fault of any phase among the three phases of position 
signals corresponding to sensors P, Q and R. The 
three phases are symmetrical, so the fault of P-phase 
position signal is taken as an example for analysis. In 
Fig. 2, P signal arrow shows the fault position, 
broken line indicates the signal state after fault, while 
the broken line in AK  indicates the break-over 

ON/OFF state of phase A after fault. 
As shown in Fig. 2(a), low level fault occurs to P 

signal. After occurrence of fault, phase A will always 
maintain the ON state, while other Q and R signals 
will be normal, and corresponding phases B and C 
will execute commutation normally. So, after sensor 
P has low level fault, phases B and C will have 
normal output, while phase A will be always ON. 
The follow current of Phase A cannot be zero. Here, 
braking torque is output in the interval / 0 AdL d , 

and the electromagnetic output torque arousing the 
positive-negative alternation of phase A severely 
destroys the balanced state of system and induces the 
violent fluctuation of motor’s rotation rate.  
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As shown in Fig. 2(b), high level fault occurs to P 
signal. After occurrence of fault, Phase A will always 
maintain the OFF state, phases B and C will similarly 
work normally without being affected by the fault of 
sensor P, and here, motor will be in open-phase 
running. It’s available to compensate the torque loss 
of faulted phase by enlarging the excitation of other 
normal phases, but the total output capacity of the 
system will be reduced by 1/3.  
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Fig. 2. Expressions of faulted position signal of one-phase; 
(a) Low level fault; (b) High level fault.  

 
 

2.3. Analysis on Faulted Position Signal  
of Two Phases 

 
The faulted position signals of sensors P and Q 

are taken as examples for analysis. The faulted 
position signals of the two sensors may be divided 
into four types, namely P high and Q high, P low and 
Q low, P high and Q low, and P low and Q high.  

In case of P low Q low, P and Q always maintain 
a low level after low level fault of position signal, 
and among the three position signals, only R signal 
still has edge jump. Therefore, corresponding phases 
A and B are always maintained the ON state, while 
phase C is ON and OFF at correct position. The low 
level fault is the same for single sensor, and the phase 
winding corresponding to P and Q fault signals 

outputs positive-negative alternating electromagnetic 
torque. This severely deteriorates the output 
performance of the system, and makes it impossible 
for the motor to work.  

In case of P high Q low, phase A will always be 
maintained the OFF state, phase B will always be 
maintained the ON state, while phase C will be ON 
and OFF at correct position. Therefore, phase B will 
have the positive-negative alternating fluctuation of 
electromagnetic output torque, and this will destroy 
the balanced state of system and induce the violent 
fluctuation of motor’s rotation rate; while phase A 
will be always OFF, and motor will be in open-phase 
running. The overall output performance of the 
system will be deteriorated, and even, the motor will 
possibly not work normally. The analysis on P low Q 
high is the same as above.  

In case of P high and Q high, phases A and B will 
always be maintained the OFF state, phase C will be 
ON and OFF at correct position, the motor will be in 
open-phase running, and the total output capacity of 
the system will be 1/3 of the original one. 

 
 

2.4. Analysis on Faulted Position Signal  
of Three Phases 

 
In case of faulted position signal of sensors P, Q 

and R, the position signal output will be constantly 
high or low, DSP will have no edge information to 
capture, and each phase will be maintained at the 
final ON or OFF state. Meanwhile, DSP usually 
calculates real-time rotation rate through position 
signal, so under such fault, controller cannot update 
the rotation rate information. Therefore, when all the 
three sensors become invalid, motor will operate by 
dint of inertia under constant control signal, and the 
braking torque and load torque constantly produced 
by the break-over phase will make the motor stop 
running finally.  

 
 

3. Analysis on Faulted Position Signal  
of Sensors 
 
During the normal operation of motor, in case the 

rotation direction is unchanged, the sequence for the 
three position sensors to produce jump edge will be 
fixed, so will the angle difference between adjacent 
jump edges. Therefore, when a position sensor has 
fault, the producing sequence of jump edge or the 
angle difference between adjacent jump edges will 
change, and DSP will judge the fault of position 
signals by detecting the characteristics of such faults.  

This paper connects the position signals of 
sensors P, Q and R to the capture ports CAP4, CAP5 
and CAP6 of DSP respectively, triggers interruption 
at the falling edge of each position signal, enters into 
edge capture interruption subprogram, transfers 
position signal diagnosis program, and outputs 
commutation logic. It’s known from Fig. 3 that, the 
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correct falling edge triggering sequence is R↓—Q↓—
P↓—R↓—Q↓—P↓—…, which appears periodically 
and repeatedly. 

 
 

P

Q

R
15 30 45 60

75 0  
 

Fig. 3. Falling edge sequence of position signals. 
 
 

3.1. Fault Diagnosis when the Position Signal 
is Consistent before and after Fault 

 
High level fault diagnosis will be analyzed firstly. 

Position signal is high level constantly before and 
after fault, so after occurrence of fault, falling edge 
triggering signal won’t be formed, and we can 
diagnose the fault type according to the phase 
sequence of falling edge. Here, P signal fault is taken 
as example for analysis. As shown in Fig. 4, Fig. 4(a) 
indicates the high level fault in interval I, and Fig. 4 
(b) indicates the high level fault in interval II. After 
high level fault of P signal, the triggering sequence of 
falling edge will become Q↓—R↓, without P↓ after 
Q↓, so we can judge that sensor P has fault. 
Similarly, in case the triggering sequence of falling 
edge is R↓—P↓, without Q↓ after R↓, then we can 
judge that sensor Q has fault; and in case the 
triggering sequence of falling edge is P↓—Q↓, 
without R↓ after P↓, then we can judge that sensor R 
has fault.  
 
 

Interval I

fault location
P

Q

R
15 30 45 60

75 0  
 

(a) 
 

P

Q

R
15 30 45 60

75 0  
 

(b) 
 

Fig. 4. Fault diagnosis when position signal is high level 
before and after P sensor’s fault; (a) High level fault I; (b) 

High level fault II. 

In case both P and Q position signals have high 
level faults simultaneously, they won’t be able to 
form falling edge and trigger interruption. Here, only 
R signal can produce falling edge and trigger 
interruption, and the triggering sequence of falling 
edge is R↓—R↓—…, without P↓ and Q↓, so we can 
judge that, sensors P and Q have faults. Similarly, in 
case only P signal can produce falling edge and 
trigger interruption, then sensors Q and R have faults; 
and in case only Q signal produces falling edge and 
trigger interruption, then sensors P and R have faults.  

For the fault diagnosis of position signal on high 
level maintained, please refer to Table 1. 

 
 

Table 1. Fault diagnosis of position signal on high level 
maintained. 

 

 
 
The following will analyze the fault diagnosis of 

position signal on low level maintained. Similarly, P 
signal fault is taken as example to analyze the method 
for diagnosing single-phase low level fault. As shown 
in Fig. 5, the signal state is accordant before and after 
fault, so no falling edge will be produced to trigger 
interruption. But here, the triggering sequence of 
falling edge is P↓—R↓—Q↓, and the signal 
triggering sequence is correct, so it’s impossible to 
judge the fault type immediately only according to 
the signal triggering sequence. It’s found from 
analysis that, normally, after the falling edge of R 
signal triggers capture interruption, the three-phase 
position signal level will be 011b, which will be 
maintained until the next falling edge; similarly, after 
Q signal enters capture interruption, the value of 
three-phase position signal will be 101b; and after P 
signal enters capture interruption, the value of three-
phase position signal will be 110b. Therefore, after 
falling edge triggers interruption, we may judge 
whether the system has faults and the fault type 
through real-time detection of three-phase position 
signal level. For detailed fault diagnosis, please refer 
to Table 2. As shown in Fig. 5, low level position 
signal fault appears in interval III, and at R↓ 
thereafter, the three-phase position signal read is 
010b; according to Table 2, we may know that sensor 
P has faults. This proves the validity of the method. 
The method for diagnosis of two-phase low level 
fault is the same as above.  

To sum up, for the fault diagnosis when position 
signal is accordant before and after fault, every time 
after low lever triggering interruption, we shall firstly 

Present falling edge signals Previous 
falling edge 

signals R↓ Q↓ P↓ 

R↓ 
P and Q 

phases fault 
No fault 

Q phase 
fault 

Q↓ P phase fault 
P and R 

phases fault 
No fault 

P↓ No fault 
R phase 

fault 
Q and R 

phases fault
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judge the fault type by referring to Table 1 and 
according to the sequence of falling edge; if there is 
no fault, we shall then read the value of three-phase 
position signals, and judge the fault type by referring 
to Table 2.  

 
 

P

Q

R
15 30 45 60

75 0  
 

Fig. 5. Fault diagnosis when position signal is low level 
before and after P sensor’s fault. 

 
 

Table 2. Fault diagnosis of position signal  
on low level maintained. 

 

 
 
3.2. Fault Diagnosis when Position Signal  

is Different before and after Fault 
 

In case the position signal is different before and 
after fault, it will result in edge jump of position 
signal, and the falling edge of signal will trigger DSP 
capture interruption and possibly result in wrong 
commutation logic. 

In case position signal is normally high level, then 
it will be low level constantly after fault, a falling 
edge will be formed in case of fault, and the falling 
edge will trigger DSP capture interruption. Here, P 
signal fault is taken as example for analysis, as 
shown in Fig. 6. In interval I as shown in Fig. 6(a), 
DSP detects that the falling edge of P signal triggers 
interruption, and the triggering sequence is R↓—
P↓—Q↓, which is wrong, but the wrong sequence at 
the moment is possibly corresponding to multiple 
fault types, so we cannot diagnose the detailed fault 
type immediately. In interval II as shown in Fig. 6(b), 
falling edge triggering signal is produced, and the 
triggering sequence is Q↓—P↓—R↓, which is correct, 
and the system considers that it’s normal interruption, 
and so changes the commutation logic, makes the 
system triggering logic in chaos, and lowers the 

motor output torque. Therefore, it is inapplicable to 
Fig. 6(b) by only adopting the diagnosis method for 
edge jump sequence of position signal in section 3.1.  
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Q

R
15 30 45 60

75 0  
 

(a) 
 

P

Q

R
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75 0  
 

(b) 
 

Fig. 6. Fault diagnosis when position signal is different 
before and after P sensor’s fault; (a) Falling edge fault I;  

(b) Falling edge fault  II. 
 
 

In case position signal forms a rising edge after 
fault, we will still take P signal fault as example for 
analysis. Position signal forms a rising edge, which 
won’t trigger DSP capture interruption, and so won’t 
output commutation logic; hereafter, we may 
diagnose the fault type according to Table 1 with the 
fault diagnosis method stated in section 3.1. 

Through the abovementioned analysis, we need to 
improve the method in section 3.1. Besides fault 
analysis with the edge jump sequence of position 
signals, we shall still introduce the angle difference 
between adjacent jump edges. As shown in Fig. 7, the 
time interval of two adjacent correct falling edge 
jump signals is T. In case the time from the 
occurrence of previous correct falling edge jump 
signal to the occurrence of present falling edge jump 
signal is less than T, then the present falling edge 
jump signal is fault signal. In actual operation, for 
relatively low precision of motor’s rotation rate, the 
calculated angle difference between two adjacent 
falling edges of normal signals is allowed to be 
15 0.5  , so here, T is divided into 1t  and 2t by 

proportion, and wherein, 1 29 / 30t T , 2 / 30t T . 

Any edge-triggered interruption, as captured in 1t  is 

considered incorrect interruption. 
For the change of motor’s rotation rate, T is not 

fixed, and especially at low-speed start stage and 
high-speed braking stage, the change rate of T in two 
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adjacent intervals may be up to more than 50 %. 
Therefore, the diagnosis method depends on the 
effective adjustment of T value, or the time quantum 

1t  determined based on fixed T value is non-reliable 

for the fault diagnosis of position signal. 
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1t 2t
T

1t 2t
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1t 2t

1t 2t
T

T

T
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Fig. 7. Improved method of fault diagnosis  
of position signal. 

 
 

For the fault detection of three-phase position 
signals, we may set a time t according to rotation 
rate. In case no falling edge triggers interruption after 
time t, the system will judge the fault of three-phase 
position signal. 

 
 

4. Fault-tolerant Control of Sensor 
Position Signal 
 
After determining the fault type of position sensor 

through diagnosis procedure, we may reconstruct the 
commutation logic corresponding to faulted position 
signal aiming at different fault types, and thus enable 
sustained operation of SRD system when partial 
position sensors go invalid. 

 
 

4.1. Fault-tolerant Control of One-phase 
Position Signal 

 
For one-phase position signal fault, we may know 

from Fig. 2 that, among three position signals, we can 
always see the simultaneous appearance of a falling 
edge and a rising edge, so this position signal 
detection scheme can enable the direct output of 
redundant information, and realize fault-tolerant 
control. With the position signal fault of sensor R as 
example, as shown in Fig. 8, P↑ and R↓ appear 
simultaneously, so when the position signal fault of 
sensor R is detected in a real-time way, it’s available 
to set the position signal of P as double-edge 
triggering, to enter the interruption subprogram by 
making use of that the rising edge of P triggers 
interruption, and to output the commutation logic in 
case of falling edge of R’s position signal; the 
commutation logic in case of rising edge of R signal 
is still triggered by Q’s falling edge. Similarly, when 
sensor Q has fault, R signal is set to be of dual-edge 
triggering; and when sensor P has fault, Q signal is 
set to be of dual-edge triggering. 

P

Q

R
15 30 45 60

75 0  
 

Fig. 8. Fault-tolerant control of R sensor’s fault. 

 
 

4.2. Fault-tolerant Control of Two-phase 
Position Signal 

 
The position signal fault of sensors Q and R is 

taken as example, as shown in Fig. 8. P↑ and R↓ 
appear simultaneously, so do P↓ and Q↑, so the 
position signal of P is set to be double-edge 
triggering to realize the redundancy control of R↓ and 
Q↑. However, Q↓ and R↑ do not have redundant 
position information output, so their position signals 
need to be reconstructed by dint of P’s edge signal. 
As shown in Fig. 9, we shall read the time interval T 
of two edge jumps, as comparative value of timer, 
from the edge jump interruption program of P↓ first 
and then P↑ each time; then in case of P↑, we shall 
clear out the value of counter and restart the 
counting; when the counted value is equal to the 
comparative value, it will enter into the timer 
interruption program, DSP will output the 
corresponding commutation logic in case of Q↓ and 
R↑, and thus realize the fault-tolerant control of two-
phase position signal of Q and R. However, during 
the accelerated or decelerated operation of SRM, the 
time interval T of position signal is varying. So we 
need to calculate T to obtain higher-precision time 
interval T. 
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Fig. 9. Fault-tolerant control of Q and R sensors’ fault. 

 
 

In case of faulted position signal of all the three 
phases, it’s unavailable to realize fault-tolerant 
control since DSP cannot obtain the edge jump time 
of each position signal. For making the motor work 
normally, we may adopt the technology not requiring 
position sensor. 
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5. Experimental Verification 
 
5.1. Fault Simulation of One-Phase 

Position Signal 
 
Based on theoretical analysis, the paper has 

established the digital control system with 
TMS320F2407 DSP as the core. Here, the SRM 
prototype is of three-phase 12/8 structure, and has 
motor power 100 W, rated voltage 12 V, and rated 
current 20 A. In order to verify the fault analysis, 
fault diagnosis, and fault-tolerant control stated 
herein, this paper has simulated the working 
conditions after position signal fault during operation.  

Fig. 10(a) shows the waveforms of current and 
position signal before fault-tolerant control when 
sensor P has high level fault. According to Fig. 10(a), 
the position signal of sensor P triggers interruption 
constantly, phase-A current is 0, which causes the 
open-phase running of motor; the total torque of 
system is reduced by around 1/3, and meanwhile, the 
torque pulse is increased obviously. As shown in  
Fig. 10 (b), the rotation rate of motor is reduced by 
around 1/3. 

The waveforms of current and position signal 
after fault-tolerant control are as shown in Fig. 11(a). 
After occurrence of fault, P signal is of constantly 
high level. According to fault diagnosis method, DSP 
will detect the fault and determine fault type from the 
consequent falling edge interruption of sensor R (as 
shown in Fig. 4), and reconstruct the position signal 
of faulted sensor according to diagnosis result. 
Therefore, in Fig. 11(a), phase A lacks a current 
waveform, and later along with the implementation 
of fault-tolerant control measure, phase A will restore 
normal work, the waveform of current will be the 
same as normal one, the rotation rate of motor will 
remain unchanged, as shown in Fig. 11(b). 
Obviously, after fault-tolerant control, the reliability 
of system will be enhanced noticeably. 

 
 

5.2. Fault Simulation of Two-Phase  
Position Signals 

 
Fig. 12 (a) shows the waveforms of current and 

position signal before fault-tolerant control when 
sensors P and R have high level fault. According to 
Fig. 12 (a), after sensor R has high level fault, R 
signal doesn’t have falling edge interruption making 
C-phase winding ON, and phase C maintains OFF. 
Later, P signal has high level fault, and Phase A is 
always OFF. Here, the motor only has B-phase 
winding outputting power, and the output torque is 
reduced to 1/3 of rated output torque, and the rotation 
rate of motor is reduced by around 1/2, as shown in 
Fig. 12 (b). In case of operation with two phases 
open, the torque pulse of motor will be increased 
obviously, and this will possibly induce the damage 
of mechanical parts like bearing, etc. 

 

 
 

(a) 
 

 
 

(b) 
 

Fig. 10. Experimental waveforms of phase current  
and speed after high level fault of P position sensor;  

(a) Phase current; (b) Rotation rate. 
 
 

 
 

(a) 
 

 
 

(b) 
 

Fig. 11. Experimental waveforms of phase current  
and speed under fault-tolerant control of P sensor’s fault; 

(a) Phase current; (b) Rotation rate. 
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(a) 
 

 
 

(b) 
 

Fig. 12. Experimental waveforms of phase current  
and speed after high level faults of P and R position 

sensors; (a) Phase current; (b) Rotation rate. 
 
 

The waveforms of current and position signal 
after fault-tolerant control are as shown in Fig. 13(a). 
According to the figure, DSP obtains the real-time 
rotor position by making use of the remained phase 
of position signal, and executes fault-tolerant control 
for the two-phase faulted position signals. The 
current waveforms of phases A and C are the same as 
that in normal condition, except for that each phase 
lacks one current waveform after appearance of fault 
(the detailed reasons are the same as that in section 
5.1). According to Fig. 13(b), the rotation rate 
maintains constant after fault-tolerant control. 

The abovementioned experiment result shows 
that, the theoretical analysis is accordant with the 
experiment result. This has proved that, the system 
can diagnose position signal fault in a real-time way, 
and carry out fault-tolerant control in time. 

 
 

6. Conclusions 
 

1) By researching position signals, this paper has 
brought forward the method of “real-time diagnosis 
of position signal fault by detecting the jump edge 
sequence of each phase’s position signal and the 
angle difference between adjacent jump edges”. The 
diagnosis method is easy to realize, and has relatively 
high dependability.  

 
 

(a) 
 

 
 

(b) 
 

Fig. 13. Experimental waveforms of phase current  
and speed under fault-tolerant control of P and R sensors’ 

fault; (a) Phase current; (b) Rotation rate. 
 
 

2) After real-time detection of position signal fault, 
the system will switch to fault-tolerant control in 
time, reconstruct the invalid commutation action by 
making use of the redundant information output by 
position signal detection scheme as well as the time 
interval T of two adjacent edge signals, and 
implement fault-tolerant control in time. This can 
improve the reliability of the system effectively. 

3) The fault diagnosis method and fault-tolerant 
control scheme of position sensors brought forward 
herein have certain reference value for other 
brushless motor systems. 
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Abstract: In the next generation near-field optical data storage systems, higher data transfer rate and higher data 
density require the optical pickup head to maintain a constant sub-micrometer flying height above the rotating 
disk surface without any collisions. However, suspension vibration and force disturbance, as well as disk 
vibration make it difficult to maintain the desired flying height during disk operation in the near-field optical 
disk drives (ODD). It is proposed in this paper to design a hybrid actuator system which combines both 
advantages of the flying slide used in hard disk drives and the voice coil actuator used in optical disk drives. 
Then based on the developed model of the hybrid actuator, an adaptive regulation approach is proposed to 
regulate the flying height at its desired value, despite the unknown vibrations and the unknown force 
disturbance. The performance of the proposed approach is analyzed and simulation results are presented to 
illustrate the capability of the proposed adaptive regulation approach to achieve and maintain the desired flying 
height. Copyright © 2013 IFSA. 
 
Keywords: Optical data storage, Near-field, Flying height, Hybrid actuator, Adaptive regulation. 
 
 
 
1. Introduction 
 

Optical data storage has played a crucial role in 
the information society. With the exploding amount 
of data being generated for preservation, new storage 
technology with higher storage density and higher 
data transfer rate are needed [1]. Near-field recording 
(NFR) breaking through the light diffraction limit 
represents a promising technique for optical data 
recording with a high storage density more than  
150 GB/inch2 in theory. In near field recording, the 
flying height (optical head-disk spacing) will drop 
down to less than 100 nm which limits the 
application of existing far-field recording technology 
in DVD system. Furthermore, as the flying height 

drops to deep submicron, the optical pickup head is 
subject to intermittent contact with the disk surface, 
which will affect the durability of the pickup head 
and the disk surface [2-4]. Considering the proven 
technique of flying head application in hard disk 
drives (HDD), which can effectively eliminate the 
collision phenomenon, a hybrid actuator system 
combining the flying head technology with 
piezoelectric actuator or voice coil actuator has been 
suggested for the ultra-high density optical disk drive 
system [5].  

As the optical disk rotates, the flying height varies 
with time due to a number of factors, including 
optical disk vibration and force interference, which 
can significantly affect the reliability of the read and 
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write operations. One of the major issues associated 
with the design of a flying height regulation system is 
the fact that all the sources of flying height variations 
have unknown and possibly time varying properties. 
And the traditional approach whereby a controller is 
designed based on a known model of excitations 
can’t be used in this case. Therefore, it is highly 
desirable to design an effective control system to 
suppress these flying height variations [6, 7].  

It is proposed in this paper to use an adaptive 
controller design approach to achieve flying height 
regulation despite the lack of information on the 
causes of the flying height variations. The proposed 
approach comprises two main steps. Firstly, a Q  

parameterized set of stabilizing controllers is 
constructed. Then the parameter in the expression of 
stabilizing controllers is tuned online so that the 
controller converges to the desired controller needed 
to achieve regulation [8-10]. In the following, the 
head-disk interface dynamical model of the hybrid 
actuator system is first developed, then the adaptive 
regulator is designed to attenuate the unknown 
exogenous disturbances. Simulation results are 
finally presented to illustrate the capability of the 
proposed adaptive regulation approach to maintain 
the desired flying height. 

 
 

2. Dynamical Model for the Head-disk 
Interface 
 
In the hybrid actuator, the flying slider is similar 

to those used with HDD except that the objective lens 
(OL) focuses a laser beam on the bottom of the solid 
immersion lens (SIL) mounted on the slider to read 
and write data on the disk. As the disk rotates, it 
generates an air bearing surface (ABS), which 
provides a lift force to keep the slider and 
consequently the pickup head at the desired flying 
height above the disk surface. Fig. 1 illustrates the 
schematic view of the proposed actuator structure. 
The suspension assembled to the end of the optical 
flying head (OFH) which could be attached on the 
bobbin of an actuator generally found in DVD. 
 
 

 
 

Fig. 1. Schematic view of the hybrid actuator. 

Under the action of the ampere force, the moving 
part attached to the suspension wires takes the OL to 
move in the flying height direction. In the range of 
working frequency, the dynamical model for voice 
coil actuator can be simplified to one-dimensional 
spring-damping system (Fig. 2 a). Its dynamics and 
electrical equation is established as follows: 
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, (1) 

 
where F  is the coil ampere force, tm  is the mass of 

the actuator, x  is the actuator displacement in the 
flying height direction, sc  is the damping coefficient, 

sk  is the spring stiffness, u  is the coil input voltage, 

e  is the coil induced electromotive force, R  is the 
coil resistance, L  is the coil inductance (in the 
working frequency range, L  is normally neglected as 

0L  ), K  is the scale factor, and i  is the coil 
instantaneous current. 
 
 

 
 

Fig. 2. Lumped model of the hybrid actuator 
(a) without ABS, (b) with ABS. 

 
 

In the hybrid actuator, the dynamic coefficients in 
air bearing play an important role in determining the 
dynamic characteristics of an air bearing system, like 
smaller head-disk spacing and less flying height 
fluctuation. We define that the force eF  represents 

the sum of external forces applied to the suspension 
system (including the slider) and can be represented 
as: 
 

  = =e a d a d
A

F F F F P P dxdy F F     . (2) 

 
The force aF  which is governed by the pressure 

distribution  ,p x y  and ABS area A  corresponds 
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to the aerodynamic force exerted on the slider during 
normal operation. The force F  represents the 
actuator force that will be used to regulate the flying 
height of the slider. dF  represents force disturbances 

which normally can be expressed as a linear 
combination of sinusoidal signals. 

Although the air bearing of the slider is nonlinear 
and its stiffness is distributed, the dynamics of the 
system vibrating around the steady state can be 
analyzed and verified by simulation or experiment to 
obtain linearized mode shapes, modal frequencies, 
and damping ratios [11, 12]. One degree of freedom 
system, which simplifies the air bearing model as a 
spring-damper system in the optical disk drives 
(ODD) system, has been used in [13]. In order to 
simplify the presentation, in this paper only the 
degree of freedom in vertical direction, representing 
the motion in the z  direction perpendicular to the 
disk surface, is considered (Fig. 2.b) and we assume 
that the slide is vibrating around the steady state. 1z  

represents the displacement of the actuator bobbin 
moving part; 2z  represents the displacement of the 

slider. The diagram in Fig. 2 shows the slider with 
mass sm . The slider is attached to a suspension 

represented by a spring-damper system where k  and 
c  are the corresponding spring stiffness and 
damping coefficient. The air bearing effects of the 
front and rear pads are simplified by a lumped linear 
spring ak  and damper ac . 

The dynamic equation of motion for the head-disk 
interface (Fig. 2 b) can be written as: 
 

    

   

2 2 1 2 1

1 1 2 1 2

1

+ z z +
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+ z z + =
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. (3) 

 

The measurable output y , to be fed to the 

controller, is defined to be the deviation of the flying 
height, which is the deviation of distance between the 
pickup head and the disk surface: 
 

 
2dy z z  ,  

 

where the wavy external vibration dz  is expressed as 

a linear combination of sinusoidal functions: 
 

  cos 2d k k k
k

z c f t   , (4) 

 

with amplitudes kc , frequencies kf , and phases k , 

1,2,k    The amplitude kc  decreases as the 

frequency kf  increases [14-16]. 

The dynamic equation of motion for the head-disk 
interface can be written as the state-space model: 
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(5) 

 
In the ODD systems, the distance between the 

pickup head and the disk surface could be inferred 
from the strength of the read-back signal from a 
magneto-resistive or optical detecting element [17]-
[19]. The deviation of the actual flying height from 
the desired flying height can be represented as a 
performance variable e . Therefore, we have that: 
 

 
2de z z  .  

 
Define now the following disturbance vector:  
 

  d a d s

d

F c z m
w

z

 
  
 


.  

 
Define  1 2 3 4z z z z z   and the state-space model 

with disturbance inputs can be written as: 
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. 

 

 
Therefore, the flying height regulation problem is 

transformed into a disturbance cancellation problem 
for the system given in (6), where the objective is to 
find a controller that will drive the system 
performance variable e to zero asymptotically. 
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3. Design of Adaptive Regulation 
 

3.1. Observe- based Feedback Controller 
 
The construction of a parameterized set of 

stabilizing controllers for the plant is the key to the 
controller design. Each controller within this set has 
the structure of an observer-based controller whose 
dynamics is augmented with a stable mapping, or 
parameter Q , which can be chosen as desired  

[8-10]. 
Consider the discrete-time linear system model of 

(6) to be given by: 
 

        

     
     

0

1 ,  

(0)

:                      

                     
y yw

e ew

x k Ax k Bu k E w k

x x

y k C x k D w k

e k C x k D w k

    



  
  


 , (7) 

 

where the transformational relation is cA TA e  , 

0
cT A

cB e d B   , 0
cT A

cE e d E   , e y cC C C   , 

yw ew cD D D  , T  is the sampling period and 
nxR  is the state vector, uR  is the control input 

(coil input voltage), yR  is the measurement signal 

to be fed to the controller, and eR  is the 
performance variable (deviation of the actual flying 
height) to be regulated. For the system (6), it is 
desired to construct an output feedback controller to 
regulate the performance variable against the 
unknown external signal ( )k  such that 

lim ( ) 0
k

e k


 . 

Consider now an observer based controller: 
 

 

0

ˆ ˆ( 1) ( ) ( )

ˆ: [ ( ) ( )],

ˆ ˆ ˆ( ) ( ), (0)
c

x k Ax k Bu k

L y k y k

u k Kx k x x

  
  
  

, (8) 

 
where ˆ( )x k  is the estimate of the plant state vector 

and ˆ ˆ( ) ( )yy k C x k  is an estimate of the plant output 

y . The matrix K  and L  are such that ( )A BK and 

( )yA LC  are stability matrices, respectively. Hence, 

we have: 
 

 

0

ˆ ˆ( 1) ( ) ( )

: ( ) ( ),

ˆ ˆ ˆ( ) ( ), (0)

y

c

x k A LC x k

Bu k Ly k

u k Kx k x x

  


  
  

. (9) 

 
Let ˆ( ) ( ) ( )x k x k x k   denote the state estimation 

error. Then, the closed loop system dynamics can be 
expressed as: 
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(10) 

 
 
3.2. Parameterization of a Set of Stabilizing 

Controllers 
 
The Q  parameterization of stabilizing controllers 

is a method that allows the construction of sets of 
stabilizing controllers for a given linear time-
invariant system, where each controller is expressed 
as a function of a stable mapping, or parameter. The 
resulting closed loop system with a parameterized 
controller is then represented as shown in Fig. 3, 
where the parameterized controller is now a function 
of a fixed system J , and a stable parameter Q  that 

can be chosen as desired. Then the J  block is given 
by: 
 

 ˆ ˆ( 1) ( ) ( )
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Q
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, (11) 

 
whereas parameter Q  is given by: 

 
  ˆ( 1) ( ) ( ) ( )

( ) ( )

Q Q Q Q

Q Q Q

x k A x k B y k y k

y k C x k

   



. (12) 

 
 

Q  

ˆy y  
Q

y  
J
 
 

Plant   
w e

u y

 
 

Fig. 3. Closed loop system with a Q - parameterized 

controller. 
 
 

The plant   and the block J  can be combined 
into an augmented plant T . The dynamics of the 
augmented plant T  can be represented as follows: 
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(13) 

 

Therefore, we have that: 
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where 
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Let ( )W z  and ( )E z  denote the Z  transform of the 

disturbance input w  and the performance variable e  

respectively. Let j
E , j

ewD , and j

ywD  denote the 
thj  

columns of the matrices E , ewD , and ywD  

respectively. Using equation (14), the closed-loop 
system transfer function can be expressed as: 
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In this paper the Q  parameter is considered as: 
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 is a weighted 

function used to adjust the dynamic properties of 

( )Q z . Let 1, ,
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( )Q z  state space realization of can then be given as: 
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    , 

 

 
where QA  is a fixed stability matrix, QB  is a fixed 

matrix, and the matrix QC  changes with the 

parameter vectors   which can be tuned online using 
the adaptation algorithm. 

 
 

3.3. Adaptation Algorithm 
 
In the case where the disturbance input properties 

are unknown and possibly time varying, it is desired 
to introduce adaptation in the controller design 
process. The aim of the adaptation is to tune the 
parameter vector   in order to converge to the 
desired parameter vector 0  needed to achieve 

regulation. Let lq  denote the l  time step delay 

operator, and 
 

 
1( )k kQ Q F q , 1

1

( 1)
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i
k i

i

Q k q 



  .  

 
The performance variable ( )e k  is then given by: 
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, (15) 

 
where 
 

 1
21

ˆ( ) ( ) ( ) ( ) ( )r k T q w k y k y k   ,  
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( )r k  is one of the outputs of block J  and thus can 

be obtained at each step k . Let 0  be a parameter 

vector satisfying the interpolation condition and 0Q  

be the Youla parameter that results from using 0 . 

The corresponding performance error resulting from 

0Q  can be then written as: 

 
 1 1 1

0 11 0 12( ) ( ) ( ) ( ) ( ) ( )e k T q w k Q T q F q r k    ,  
 
and 0lim ( ) 0

k
e k


 . Define the signals: 

 
 1 1 1

12 12( ) [ ( ) ( )] ( ) ( )k ke k T q Q Q T q F q r k    ,  
 
and the error: 
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. (16) 

 
Define 1 1

1 12( ) ( ) ( ) ( )v k T q F q r k   and the regression 

vector 
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qk v k v k n      . (17) 

 
Define the estimated parameter vector 

1
ˆ ˆ ˆ( ) [ ( ), , ( )]

Q

T
nk k k     and 0
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The corresponding posteriori error is: 
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The estimation of the unknown parameter vector ˆ( )   

can then be performed using different algorithms 
such as a gradient adaptation algorithm or recursive 
adaptive algorithms. For example, the recursive least 
squares algorithm with a time varying forgetting 
factor can be given as follows: 
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,
(20) 

with ˆ(0) 0  , 0(0) 0P P  , and where ( )k  is a 

time varying forgetting factor satisfying 

min max0 ( ) 1k      . 

If it is assumed that the disturbance parameters 
are piecewise constant and that changes in the 
parameters are sufficiently spaced in time to allow 
parameter convergence. Then the algorithm given by 

(20) yields lim ( ) 0
k

k


 , and the regulation in the 

adaptive closed loop system against the unknown 
disturbance w  is achieved. 
 
 

4. Simulation Results 
 

In this section, the simulation results obtained in 
Matlab/Simulink is presented to show the 
performance of the adaptive regulation using the 
hybrid actuator system in maintaining a desired 
flying height despite the unknown and time varying 
external disturbances. The different system 
parameters shown in Fig. 2 are given as follows: 

0.002  , 4.9 /k N m , 0.07a  , 
61.0 10 /ak N m  , 0.1581s  , 150 /sk N m , and 

where 2 sc m k , 2a a s ac m k , 

2s s t sc m k ,   is the normal damping ratio of 

slider suspension, a  is the air bearing damping ratio, 

and s  is the wire damping ratio. 

In the following, a wavy disk vibration given by a 
linear combination of two sinusoids of frequencies  
20 Hz and 30 Hz and force disturbance given by a 
sinusoid of frequency 20 Hz are considered. The 
flying height in the equilibrium state is set as  
50 nanometers, which also represents the desired 
flying height during normal disk operation. Firstly, 
the response of the open loop system to a disk 
vibration given by  1 1sin 2dz c f t  with 

1 20 Hzf   and 1 1000 nmc  , and force 

disturbance given by  2 2sin 2dF c f t  with 

2 20 Hzf   and 2 0.1 mN c  , is investigated. As 

shown in Fig. 4, the simulation results show the 
pickup head stays steadily at the desired equilibrium 
flying height despite the unknown disturbances. 

Fig. 5 and Fig. 6 show that the disk wavy 
vibration is the combination of two sinusoids: 
 

 
1 1( ) [ ( ), , ( 1)]T

qk v k v k n      ,  

 
where 1 20Hzf  , 1 1000 nmc  , 2 30Hzf   and 

2 200 nmc  , and force disturbance given by 

3 3sin(2 ) mNdF c f t where 3 20Hzf   and the 

amplitude 3 0.1mNc  . As shown in Fig. 5 and  

Fig. 6, the simulation results show the pickup head 
stays steadily at the desired equilibrium flying 
position despite the unknown multiple narrow band 
disturbances. 
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Fig. 4. Adaptive system response with a wavy disk 
vibration 1000sin(40 ) nmdz t  and force disturbance 

0.1sin(40 ) mNdF t . Top: flying height with open 

loop (Dashed) and flying height with closed loop (Solid). 
Bottom: Estimated Q  parameters with two thetas. 

 
 

 
 

Fig. 5. Adaptive system response with a wavy disk 
vibration 1000sin(40 ) 200cos(60 ) nmdz t t    and 

force disturbance 0.1sin(40 ) mNdF t . Top: flying 

height with open loop (Dashed) and flying height with 
closed loop (Solid). Bottom: Estimated Q  parameters with 

two thetas. 
 
 

The disturbances with a larger number of 
sinusoids can also be easily accommodated with 
more parameters in  . Fig. 7 gives the results for the 
open loop and the adaptive closed loop systems, 
respectively, to the disturbance 

21000 sin(40 ) +200cos(2 )nmdz t f t   with a chirp 

type evolution of 2f  starting from 20 Hz to 30 Hz. 

As can be seen in Fig. 7, the chirp disturbance signal 
is effectively attenuated. 

 
 

Fig. 6. Adaptive system response with a wavy disk 
vibration 1000sin(40 ) 200cos(60 ) nmdz t t    and 

force disturbance 0.1sin(40 ) mNdF t . Top: flying 

height with open loop (Dashed) and flying height with 
closed loop (Solid). Bottom: Estimated Q  parameters with 

four thetas. 
 
 

 
 
Fig. 7. Adaptive system response to the main wavy disk 
vibration 21000 sin(40 ) +200cos(2 )nmdz t f t   with 

a chirp type evolution of 2f  starting from 20 Hz to 30 Hz, 

and force disturbance 0.1sin(40 ) mNdF t . Top: 

flying height with open loop (Dashed) and flying height 
with closed loop (Solid). Bottom: Estimated Q  parameters 

with four thetas. 
 
 

Fig. 8 shows the case that the main wavy disk 
vibration is 21000 sin(40 ) +200cos(2 )nmdz t f t   

with a chirp type evolution of 2f  starting from 20 Hz 

to 30 Hz, while the force disturbance is divided into 
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two sections. Before time 0.25t   seconds, the 
disturbance is represented as a sinusoid 

0.1sin(40 ) mNdF t  with the 

frequency 20 Hzf  . At 0.25t  seconds, the 

disturbance is represented as a sinusoid 
0.05sin(60 ) mNdF t  with the 

frequency 30 Hzf  . As shown in Fig. 8, the 

simulation results show the pickup head stays 
smoothly at the desired equilibrium flying position 
even under the case that the disturbance frequency 
abruptly changes. 
 
 

 
 
Fig. 8. Adaptive system response to the main wavy disk 
vibration 21000 sin(40 ) +200cos(2 )nmdz t f t   with 

a chirp type evolution of 2f  starting from 20 Hz to 30 Hz, 

and step force disturbance 0.1sin(40 ) mNdF t  for 

0.25t   sec, 0.05sin(60 ) mNdF t  for 0.5t   sec. 

Top: flying height with open loop (Dashed) and flying 
height with closed loop (Solid). Bottom: Estimated Q  

parameters with four thetas. 
 
 

5. Conclusions 
 

The reduction in the flying height of the 
read/write head is critical to increasing the data 
storage density in optical data storage systems. In this 
paper, a hybrid actuator system is proposed and an 
adaptive regulation approach is designed to maintain 
the desired flying height of the pickup optical head. 
The dynamical model is first built for the head-disk 
interface of the hybrid actuator system. Then an 
adaptive regulator is developed to achieve flying 
height regulation despite the lack of information on 
the causes of the flying height variations. The 
adaptive regulation approach is based on the Q  

parameterization of stabilizing controllers. The main 
idea behind the regulation approach is to tune the Q  

parameter in the expression of stabilizing controllers 
online in order to converge to the controller that 

yields regulation. The performance of the proposed 
approach is illustrated using simulation results 
showing that the flying height is maintained at the 
desired value despite the unknown and time varying 
external disturbances. 
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Abstract: Polymethylmethacrylate-based (PMMA) bone cements containing functionalized carbon nanotubes 
(CNTs) were prepared, and the thermal properties of the resultant nanocomposite cements were characterized in 
accordance with the international standard for acrylic resin cements. The aim of this study was to determine the 
peak temperatures during the polymerization reaction in PMMA bone cement by thermocouple (temperature 
sensor). The CNTs were uniformly dispersed in the cement matrix. The setting time of the cement increased and 
the maximum temperature during exothermic polymerization reaction was effectively reduced by the 
incorporation of functionalized CNTs. This reduction decreased thermal necrosis of the respective 
nanocomposite cements, which probably could reduce the hyperthermia experienced in vivo.  
Copyright © 2013 IFSA. 
 
Keywords: PMMA, Thermal properties, Thermocouple, CNTs. 
 
 
 

1. Introduction 
 

Polymethylmethacrylate-based (PMMA) bone 
cements have been extensively used in orthopaedic 
surgery for 40 years [1, 2], such as hip implants 
(femoral and acetabular parts), knee implants [3], etc. 
The polymerization of PMMA bone cement is a 
highly exothermic chemical reaction. As a 
consequence of mixing the polymer powder and 
liquid monomer constituents, the dough viscosity and 
temperature of the cement increases [4]. The level of 
polymerization heat generated is about 57 kJ per 
mole of methyl methacrylate [5]. Though the highest 
temperature measured during the polymerization 
reaction is only exhibited for a short period (1–2 s), it 
has been reported that these peak temperature could 
give rise to thermal necrosis, which is the key factor 
for aseptic loosening of an implant fixed with PMMA 
bone cement [6]. 

There are a lot of studies [7-10] for reducing the 
heat generated during the polymerization reaction of 

PMMA bone cement. Many of these studies have 
incorporated various additives into the polymer 
matrix with the aim of decreasing the peak 
temperature, such as, polyethylene fibres, glass 
fibres, long macroscopic carbon fibres, and titanium 
fibres [11]. Due to the poor fibre–polymer matrix 
bonding, increased viscosity, poor additive dispersion 
and distribution, the use of these additives have been 
less than successful [8]. 

Carbon nanotubes (CNTs) are promising 
materials for many potential applications due to their 
remarkable structure, mechanical, electrical, and 
thermal properties. Nowadays, the incorporation of 
CNTs into polymeric matrices is a vast area of study 
and research [12].  

Xie [13] reported a significant improvement 
(≈125 %) in the thermal conductivity of an epoxy 
based polymer when SWCNTs (1 wt%) were added. 
Choi [14] also observed an increase (≈300 %) in the 
thermal conductivity of an epoxy polymer when 
SWCNTs (3 wt%) were added. It has also been 
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reported that alignment and optimum dispersion of 
CNTs is important in the context of improving the 
thermal properties of a nanocomposite [13]. The 
CNTs must create a well dispersed, overlapping 
network facilitating the transport of heat energy. 

However, the hydrophobic and inert nature of the 
surface of prinstine CNTs is unfavorable for these 
applications. Therefore, it is necessary to improve the 
dispersibility of CNTs in a variety of solvents and 
polymer matrices by modifying the surface, either 
chemically or physically. For PMMA bone cement 
composites applications, CNTs functionalization is 
needed to improve dispersion as well as to promote 
interfacial bonding. Wet chemical oxidation is 
recognized as an efficient way for CNTs 
functionalization, promoting dispersion and surface 
activation at the same time [15]. Oxygen-containing 
functional groups (OH, C=O, and COOH) are 
anchored on the surface of CNTs by strongly 
oxidizing media such as ozone, oxygen plasma, or, 
most frequently, nitric acid. However, one of the 
main drawbacks of acid oxidation methods is the 
occurrence of CNTs fragmentation and defect 
generation in the graphitic network [16]. Therefore, 
we try to find a compromised method between the 
functionalization parameters (acid concentration, 
treatment time) and CNTs damage, and it seems 
reasonable to assume that there exist sufficiently mild 
experimental conditions that can lead to successful 
functionalization without significant CNTs damage.  

In this study, CNTs/PMMA bone cement 
nanocomposites were synthesized using surface 
functionalized CNTs (f-CNTs). We used a 
temperature sensor to determine the peak 
temperatures during the PMMA cement 
polymerization reaction with the international 
standard for acrylic resin cements [17]. 

 
 
2. Materials and Methods 
 
2.1. Materials  

 
CNTs (with 20–40 nm in outer diameter and  

> 95 % purity) were purchased from Shenzhen 
Nanotech Port Co., Ltd, which were synthesized via 
chemical vapor deposition. The prinstine CNTs will 
be referred as p-CNTs, and the functionalized CNTs 
will be referred as f-CNTs. The concentrated nitric 
acid (65~68 wt.%) were obtained from Jinan Le Qi 
Chemical Reagent Co. Ltd. The bone cement used 
was Radiopaque bone cement containing gentamicin 
(Biomet Orthopaedics Switzerland GmbH), which 
comprised of PMMA powder (40.8 g) and methyl 
methacrylate (MMA) liquid monomer (20 mL). The 
PMMA bone cement is created by mixing the solid 
(powder) components with the liquid in accordance 
with ISO 5833 [17], usually in the ratio 2 g powder 
/1 ml liquid.  

 

2.2. Functionalization of the CNTs 
 

For functionalization, 0.5 gram of p-CNTs were 
added to 100 mL concentrated HNO3 in a round 
bottom flask, equipped with reflux condenser, 
magnetic stirrer (400 rpm) and a thermometer which 
was fixed in the preheated oil bath. Then the mixtures 
were refluxed at preconcerted temperatures of 80 C, 
120C and 160C with refluxing time 2 h, 
respectively. Subsequently, the HNO3 were distilled 
at ambient environment. This procedure could lighten 
the post-treatment. Following, the samples were 
filtered using a 0.1 μm size polytetrafluoroethylene 
membranes and were washed by deionized water 
until the pH value was about 7, and were dried at  
200 C for 12 h. 

 
 

2.3. Characterization of the CNTs 
 

The presence of functional groups on the carbon 
nanotubes was assessed visually by means of the time 
required to sediment in a polar solvent. For this 
experiment, 5 mg of CNTs were sonicated (ultrasonic 
bath) in 15 ml water for 10 min. Then, the CNTs 
solution was removed from the bath and the time 
required for the CNTs to sediment was monitored. 

FT-IR spectra were obtained on KBr discs 
containing a very small amount of the functionalized 
CNTs. The FT-IR analysis was conducted with a 
Nicolet-Protege 460 in the spectral range from  
4000 to 600 cm-1.  

Properties of p-CNTs and f-CNTs samples were 
characterized by Scanning electron microscope 
(JEOL SEM JSM 6460 LV Japan, 2003), which was 
used for analysis of the CNTs morphology.  

 
 

2.4. Apparatus and Procedure to Fabricate 
the CNTs/PMMA Bone Cement 

 

The exothermic reaction occurs when the powder 
and liquid components are mixed, and the peak 
temperature attained by the bulk is recorded. The 
setting time is defined as the time taken to reach a 
temperature midway between ambient and maximum. 
Four units of cement are tested. 

 
 

2.4.1. Apparatus 
 

The dimensions of mould and plunger are shown 
in Fig. 1. The mould was made of 
polytetrafluoroethylene, poly, polyoxymethylene, or 
high density polyethylene, equipped with a 
thermocouple of wire diameter approximately  
0.5 mm, positioned with its junction (3±0.5) mm 
above the internal surface of the mould base. The 
thermocouple and converting device has the ability to 
convert the thermocouple output signal into 
temperature readings and making a continuous record 
of temperature [17]. 
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Fig. 1. Mould for determination of maximum temperature and setting time. 
 
Key 
1 outer ring; 
2 bottom; 
3 channel for thermocouple; 
4 optional polymer screw of any suitable size to aid removal of test specimen; 
5 four tapered holes for extrusion of excess material; 

 
 

2.4.2. Experimental Procedure 
 
1) Record the ambient temperature from the 

thermocouple in the mould; 
2) Mix all the components of a single unit of 

cement following the manufacturer's instructions; 
3) Start the timing device as soon as the powder 

and liquid come into contact; 
4) Fill the mould with approximately of cement 

immediately after the mixing is completed. Seat the 
plunger in the mould and clamp the plunger with 
clamp to ensure a constant volume. A reinforcing 
polymer plate may be used along the bottom of the 
die to prevent warping of the die during 
polymerization and expansion of the cement. Trim 
off any cement expelled from the mould; 

5) Continue the temperature measurement until 
shortly after the temperature begins to fall. 

 
 

2.4.3. Calculation and Expression 
 

For each unit of cement, plot the recorded 
temperatures against time, and record the highest 
temperature attained to the nearest 1 C as the 
maximum temperature for the sample. An example of 
a plot is shown in Fig. 2. Calculate the average value 
for the four determinations. Round the result to the 

nearest 1 C and record this as the maximum 
temperature. 

 
 

 
 

Fig. 2. Typical curve for determination of maximum 
temperature and setting time. 

 
 

For each unit of cement, determine from the plot 

made in last step. The setting time, sett , measured 

from the beginning of mixing until the temperature of 
the polymerizing mass reaches the setting 

temperature sett defined as equation (1) (as given in 

ISO 5833 - 2002.) [17]:  
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max

1
( )

2set ambt T T= +
,
 (1) 

 
where 

ambT  is the recorded ambient temperature; 

maxT  is the highest temperature attained. 

Record the value of sett  to the nearest 5 s. Calculate 

the average value of sett  for the four determinations. 

Round the result to the nearest 15 s, and express this 
as the setting time. 
 
 
3. Results and Discussions 
 
3.1 Infrared Spectroscopy of CNTs 

 
FT-IR was conducted on prinstine and 

functionalized CNTs and their corresponding spectra 
are shown in Fig. 3. For the p-CNTs , the IR 
spectrum shows important absorption bands at  
3436 cm-1 (assigned to OH stretching), 2921 and 
2960 cm-1 (attributed to asymmetric and symmetric 
CH2 stretching), 1631 cm-1 (corresponding to 
conjugated C=C stretching), and 1097 cm-1 (assigned 
to C–O stretch in alcohols). The presence of these 
functional groups on the untreated CNTs implies that 
they were introduced during the proprietary 
production and/or purification (manufacturing) 
processes. Fig. 3 also shows that after the oxidation 
treatments, the same infrared absorptions remained 
although there were changes in intensity and, in some 
cases, new peaks arose. After oxidization, the f-CNTs 
exhibited the bands with the addition of a major 
intensity band at 1714–1726 cm-1, which can be 
assigned to stretching vibrations of carbonyl groups 
(C=O) present in carboxylic acids (RCOOH). The 
high intensity of this band indicates that the oxidation 
process was completed under these oxidization.  

 
 

 
 

Fig. 3. FT-IR spectra of prinstine p-CNTs  
and oxidized f-CNTs. 

 

In addition, the broad shoulder band in the  
2800–3500 cm-1 region is attributed not only to the 
presence of hydroxyl and carboxylic groups but also 
to the traces of water in the KBr discs that was used 
for the analysis, which is inaccessible to be fully 
removed.  

 
 

3.2. SEM of CNTs 
 
The morphology of pristine CNTs as well as 

those treated with HNO3 were investigated by 
scanning electron microscopy, as shown in Fig. 4. 
Fig. 4 shows the best reflux temperature is 120 C. 

 
 

 
 

Fig. 4. SEM images of p-CNTs and oxidized CNTs  
at various oxidation temperatures and time: (a) p-CNTs,  

(b) 2 h 80 C, (c) 2 h 120 C, (d) 2 h 160 C. 
 
 

3.3. Thermal Properties of CNTS/PMMA 
Bone Cement 

 
Adding 0.2 wt% CNTs to cement led to a 

significant reduction in the extent of the 
polymerization reaction (Table 1). For each specimen 
determined, the results were evaluated for statistical 
significance using an one-way analysis of variance 
with p < 0.05 denoting significance. Post hoc tests 
were conducted using the Student-Newman-Keuls 
and Duncan methods (SAS 8.02; SAS Institute, 
USA). Mixing the prinstine CNTs into the liquid 
monomer using magnetic agitation produced the 
greatest reduction (p-value < 0.001) in the degree of 
polymerization, with the 

maxT  value reduced by  

≈17 % and the sett  value increased by ≈61 % when 

compared to the control specimen. Observing the 
thermal properties for the functionalized 
CNTs/PMMA cements, it can be noted that adding 
the CNTs at various oxidation temperatures (80 C, 
120 C 0, 160 C) to the liquid monomer followed by 
magnetic stirring significantly (p-value < 0.001) 
reduced the 

maxT  (≈33 %, ≈48 %, ≈39 %) and 
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increased the 
sett  (≈92 %, ≈129 %, ≈110 %) when 

compared with the control specimen respectively. 
Obviously, the f-CNTs which were oxidized at 

120 C, had the best effectiveness to reduce the high 
temperature and to extend the setting time. This is a 
significant finding because thermal properties failure 
of the bone cement mantle remains a major problem 
in joint replacement surgery. 

 
 

Table 1. Summary of data from thermal studies 
(Mean±SD) of control, prinstine CNTs, functionalized 

CNTs load bone cement. 
 

Thermal Properties 
CNTs 
Type 

Oxidizing 
temperat. 

(C) maxT (C) 
sett

 
(s) 

Control 
specimen 
(no CNTs) 

\ 92.6±2.5a 651.2±2.6 a 

p-CNTs \ 76.6±2.3b 1062.3±2.3b 

f-CNTs 80 62.8±2.1c 1265.2±5.3c 

f-CNTs 120 48.8±2.1c 1488.2±3.9c 
f-CNTs 160 56.8±2.1c 1367.2±4.5c 

adenotes p-values < 0.001, indicating a statistically 
significant difference between control cement and other 
cements tested. 
bdenotes p-values < 0.001, indicating a statistically 
significant difference between magnetic stirring (p-CNTs) 
and other cements tested. 
cdenotes p-value < 0.001, indicating a statistically 
significant difference between magnetic stirring (f-CNTs) 
and other cements tested. 
 
 

4. Conclusions 
 

The oxidized CNTs were successfully performed 
by means of a HNO3 hydrothermal functionalization 
method. The result showed the best reflux 
temperature is 120 C and the optimal reflux time is  
2 hours. Incorporating 0.2 wt% oxidized CNTs to 
PMMA bone cement could improve the thermal 
properties of the resultant nanocomposite. The peak 
temperature was determined by a thermocouple 
(temperature sensor). The level of heat produced 
within the exothermic polymerization reaction of the 
PMMA bone cement was significantly reduced when 
functionalized CNTs were added. This reduction in 
exotherm could reduce the hyperthermia experienced 
in vivo. 
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Abstract: Acceleration, an important dynamic parameter, is used widely in researching on aircraft mechanical 
structure fatigue, shock and so on, as it is in proportion to force and load. Piezoelectric sensor is a kind of sensor 
that most widely used in measuring acceleration, is also called acceleration sensor or accelerometer, because its 
impulse response is excellent and is suitable for measuring shock. In this paper, the piezoelectric accelerometer 
is the research object, because of the advantages of small volume, light weight, wide frequency response, high 
temperature resistance, good stability and do not need to reference position, it is used widely in aircraft testing 
dynamic measurement field. The piezoelectric accelerometer is also a piezoelectric transducer, it can change the 
vibration or shock acceleration to the charge proportionally, According to this principle, in this article, this type 
of sensor equivalent circuit is proposed, design the Charge/voltage conversion circuit used in accelerometer in 
acquisition and measurement system, making use of anti aliasing high-order filter circuit based on the actual 
sensor bandwidth. Analyze the key components like the temperature characteristic of feedback capacitor and its 
insulation resistances’ effect on the switching circuit output in the Charge/voltage conversion circuit. Provides 
an important testing data and advice for the accelerometer and its preset the principle circuit of the engineering 
practice. Copyright © 2013 IFSA. 
 
Keywords: Accelerometer, Charge-voltage conversion, Temperature characteristics, Insulation resistance. 
 
 
 
1. Introduction 

 
In aerospace applications, it will require many 

ground trials or verifications in aircraft design and 
development stages. And the temperature, stress, 
gesture, noise, acceleration as well as other dynamic 
sampling plays an important role. Accurate 
measurements of the key dynamic parameters in 
favor of examining the program or providing 
important data reference for equipments improving. 
Accurate, efficient and advanced measurements can 
significantly improve the test efficiency and reduce 

the development cycle, achieving the efficient, 
convenient and economic purpose. The dedicated 
measuring system is generally consist of data 
recorder, sensor array and the cable network. It works 
along with the aircraft and samples and records the 
test data real-time.  

The pre-regulation circuit is mainly used to pre-
regulate the dynamical parameters of vibration and 
striking, and provide appropriate signal for sampling 
and knitting system on amplitude and frequency. 
Generally, the demand of the key component’s 
performance is not strict in laboratory or in the trail 
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field that the condition is not harsh. And the common 
component will not have a serious effect on the result 
of the measurement. But the accelerometer fixed on 
the aircraft is used to measure the stress of engine 
retro firing, noise of taking off and the response of 
structure caused by ripple stress. So even the 
equipment is far away from the heat condition, the 
temperature of the environment exist an amount 
change. At the moment, the key component’s 
performance (as capacity or insulation resistance) of 
the Q-V translation circuit will change with external 
environment’s (as temperature) changing, and the 
common pre-regulation circuit can’t meet the 
measuring demand. The pre-regulation circuit 
introduced in this article is special for vibration and 
striking or other piezoelectric accelerometer’s 
dynamical parameter measurement in aircraft ground 
trail. The design of the circuit is based on a great deal 
of experiments and practices. This article also 
proposes a constructive advice on the analysis and 
selection of the key component. Comparing with the 
measuring method in laboratory, the design has 
stronger environment adaptability and wider 
temperature range. And the pre-regulation circuit 
adopts a high-order filter to filter the voltage from the 
Q-V translation circuit. Its attenuating slope beyond 
the bandwidth is up to 50 dB/oct and effectively 
restrains the aliasing. 

 
 

2. Accelerometer Measuring System 
Overview  
 
Accelerometer measuring system is an important 

part of aircraft measuring system. It is mainly consist 
of the accelerometer array, signal pre-regulation 
modules, analog-to-digital conversion module and 
knitting frame and storage module. Accelerometer 
could translate physical changes into electrical output 
with the piezoelectric effect of ceramic or crystal. 
When it gets mechanical stresses, Signal pre-
regulation module translates charges into voltage and 
convert the high impedance of the sensor into a low 
impedance, finally regulate into a suitable signal for 
the A-D conversion through amplifier, filter and 
following circuits; Analog-to-digital conversion 
module and storage module translate regulated 
analog signal into digital signal and save them. 
System block is shown in Fig. 1. 

 
 

 
 

Fig. 1. Accelerometer measuring system block. 
 

3. Design of the Pre-regulating Circuit 
 
3.1. Accelerometer Equivalent Circuit 
 

It will generate equal and opposite charges 
respectively on the pole when the piezoelectric 
sensor’s piezoelectric crystal gets mechanical 
stresses. So the piezoelectric sensor is equivalent to a 
charge generator. The equivalent circuit of 
accelerometer’s external circuit is shown in Fig. 2. 

 
 

 
 

Fig. 2. Equivalent circuit of accelerometer’s  
external circuit. 

 
 

Where Cc is the sensor’s equivalent capacitance; 
Cd is the cable’s equivalent capacitance; Ci is the 
amplifier’s input capacitance; Rc is the sensor’s 
insulation resistance; Ri is the amplifier’s input 
resistance. 

Apparently the time constant will be great when 
accelerometer’s insulation resistance is infinite and 
the amplifier’s input resistance is infinite. And the 
charges will remains unchanged long-term, otherwise 
the charges will leak through the insulation 
resistance. Additionally, the cable will generate noise 
in the vibration environment. Therefore, the 
measuring system uses low-noise coaxial cable to 
connect the sensors and recorder. 

Because the actual insulation resistance of the 
sensor and the amplifier's input resistance are not 
infinite, the charges on the piezoelectric crystal’s 
pole will leak through the insulation resistance and 
the voltage will reduce meanwhile. Assuming base 
theory of circuit, we will get the voltage on 
piezoelectric crystal’s pole. Resolving the equation 
and substituting, we will get:  
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In order to estimate the voltage error [1] caused by 
the insulation resistance we should expand the 
sensor’s output voltage according to Taylor formula. 
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If we take the first n items as the approximation 

of the output voltage of the sensor, the voltage caused 
by the charge leaking is: 
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Because the feedback capacitor depends on the 

op-amp’s output sensitivity, it could not be increased 
at random [2]. We usually select the op-amp with 
high input resistance, low impedance cable, the 
sensor with high output impedance to reduce the 
charges leaking. 

 
 

3.2. Design of the Charge–voltage Conversion 
Circuit  

 
The charge-voltage conversion circuit designed 

with integrated op-amp and RC network is shown in 
Fig. 3. 

 
 

 
 

Fig. 3. Charge–voltage conversion circuit. 
 
 
Theoretically, due to the impact of the input offset 

voltage, offset current, input bias current of the actual 
op-am and the feedback capacitor’s leaking current 
and temperature drift, the integral circuit will produce 
integral drift. Even if the input voltage is zero, the 
output voltage of the op-amp will still change in a 
certain direction. The changing voltage will charge 
the feedback capacitor until the input voltage reaches 
saturation. So we should select the op-amp with low 
offset parameters and the capacitor with high 
insulation resistance as the feedback capacitor. 
Meanwhile we should also parallel with a high-value 
resistor across the feedback capacitor composing a 
DC negative feedback to effectively restrain the 
integral drift and stabilize the DC operating point [3]. 
We could see in Fig. 3 that the op-amp is supplied 
with 5 VDC and the reference voltage of the op-
amp's positive input is 1.25 VDC, so that the output 
voltage is above 0VDC, meeting the requirements of 
the A-D conversion chip’s input voltage. 

We select the accelerometer as the measuring 
equipment in this article that the maximum range is 
500 g, the sensitivity is 150 pC/g, the frequency 
response range is 0.3 to 5 kHz, and transverse 
sensitivity is less than 5 %. The charge from the 
sensor is 75000 pC when peak voltage of the 
amplifier’s output is 1 V. The charges from the 
accelerometer charge the feedback capacitor, and 
thus the charge are translated into voltage. We will 

easily get the feedback capacitor’s value, according 
to the charge-voltage conversion formula. When the 
output voltage’s attenuation reaches 3 dB, the 
corresponding input frequency is in the low 
frequency band. If the input signal’s minimum cut-
off frequency is redundant to 0.1 Hz, the feedback 
resistor is 10 MΩ. 

Through the analysis above we could get the 
conclusion that the feedback capacitor C2 determines 
the output sensitivity of the charge amplifier and the 
feedback resistor depends on the cut-off frequency of 
the input signal. 

 
 

3.3. Design of the Anti Aliasing High-
order Low-pass Filter Circuit 

 
The output voltage of Q/V convert circuit at the 

same time accompanied by sensor itself noise and 
other high-frequency noise, these noises will go into 
next level regulating circuit with the effective signal. 
The regulating circuit with high-order low-pass filter 
circuit can process these signals for further. Inhibit 
the aliasing phenomenon in the AD sampling process 
effectively, restore the Changes of dynamic 
parameters like impact vibration in real situation 
extremely. The filter orders and the cut-off frequency 
are the key indicators of the regulating circuit [5], for 
measuring the parameters of the shock, vibration, etc. 
The accelerometer use high order filter chip (greater 
than or equal to eight orders) in order to obtain good 
quality factor, steep frequency response curve, 
smaller in-band flatness, besides the cutoff frequency, 
signal attenuation slope can be close to  
50 dB/oct. 

The design of cutoff frequency depends on the 
attenuation of the anti aliasing filter attenuation and 
the type of analysis and the expected square value of 
frequency in signal higher than the Nyquist frequency. 
This article take the typical example of a 
accelerometer that measure impact parameters, signal 
band-width limited in 10 kHz, using ten-order anti 
aliasing filter, the Nyquist frequency is about 20 kHz, 
designing and sampling frequency is about 100 ksps, 
the cutoff frequency, a quarter of the sampling rate, is 
25 kHz, attenuation slope of is not less than 50 db/oct. 

The anti aliasing filter below the Nyquist 
frequency of the sensor bandwidth range expects 
having a flat frequency response, but the actual test 
result often has amplitude and phase errors because 
of a slight attenuation and frequency shifting. In 
order to prevent this kind of potential problems, we 
use anti aliasing filter provide constant delay time, 
that is linear phase, in theory. 

The application of the various types of filters 
behaves differently in actual: Bessel filter has linear 
phase function under the cut-off frequency, but poor 
cut-off characteristic; Butterworth filter has good cut-
off characteristic, but bring in nonlinear phase, 
especially near the cut-off frequency. Elliptic filter 
can be designed to have a good cut-off characteristic 
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and until the cut-off frequency is close to linear phase, 
but its frequency response above the cut-off 
frequency may show great leakage side-lobe. 

Integrated all kinds of filter characteristics, this 
paper finally adopt LTC1569 [7] as the filter chip, as 
is shown in Fig. 4. 

Then  
 

Hz
or

RKK
fcutoff 164,1

)/10(128 3  (4) 

 
According to chip data about LTC1569, the 5th-

pin cut-off dividing frequency instructions, the 
capacitance is shorted out, the CLK is grounded 
through C2, the cut-off frequency is with one 
frequency calculation the R3 is 12 k then is 

 

kHzHz
KKK

fcutoff 7.26
1

)12/10(128
  (5) 

 
In the case of the technical indicators to the filter 
without special requirements, take cost into 
considerations, the amplifier and low active filter 
consist of resistance-capacitance network, but the 
actual frequency response curve is much more gentle 
compared with high-order filter .Note that, high-order 
like LTC1569, although can provide high quality 
filtering properties, but due to the chip filtering 
methods based on switch capacitance effect, its 
output will produce high-frequency switching noise, 
the noise frequency is usually set 32-64 times of the 
cut-off frequency. In this case, you can use such as 
second-order voltage controlled low-pass filter to 
eliminate the noise. 

 
 
 

 
 

Fig.4. design of ten-order low-pass filter. 
 
 

4. Key Components’ Performance 
Analysis for the Pre-regulation Circuit 

 
4.1. Analysis of Capacitor’s Temperature 

Characteristics 
 

In finally we take a temperature experiment for 
the final product from -40 C to +60 Catha input is 
given by a charge generator, but the output get from 
the measuring system is different from the input 
seriously. Finally we analysis the Charge-Voltage 
conversion circuit’s key components and found the 
feedback capacitor’s capacity changed with the 
temperature increasing or decreasing. 

The changes of the capacitor’s capacity mainly 
depend on the dielectric material’s influence by 
temperature. Further, the structure and procession of 
the capacitor will also affect the temperature 
characteristic. The temperature coefficient of the 
common capacitor is shown in the Table 1. 

 
 

Table 1. Capacitor’s Temperature Coefficient αc. 

 

Type αc（10-6/C） 
Mica capacitor 
Polystyrene capacitor 
Teflon capacitor 
Ceramic capacitor 
Monolithic capacitor 
Glass glaze capacitor 

±50~±200 
-200 
-200 
+200~-1300 
+33~-2200 
+40~+100 

In this article, we experiment with round ceramic 
capacitors, ceramic chip capacitors, monolithic 
capacitors and polystyrene capacitor from -40 C to 
+60 C. Their capacitances were listed as below: 
round ceramic capacitor 0.105 μF; ceramic chip 
capacitors 0.115 μF; monolithic capacitor 0.072 μF; 
polystyrene capacitor 0.098 μF at +25 C. We 
divided the whole experiment temperature into  
20 aliquots and each temperature keeps 15 minutes to 
ensure that the permittivity reaches a stable value at 
the temperature. Then read the capacitance with a 
precise multimeter. The capacitances are listed in 
Table 2 and the experimental result is shown  
in Fig. 5. 

Polystyrene capacitors’ dielectric is polystyrene 
organic film. Its mainly polarization form is 
electronic displacement polarization, its dielectric 
constant ε is generally small (about 1.8 to 2.6) and it 
is independent of the frequency. Its capacitance 
basically keeps stable with the temperature changing. 

The dielectric of the round ceramic capacitors, 
ceramic chip capacitors and monolithic capacitors 
belongs to Class II ceramic. When temperature is 
low, the interaction between molecules is strong and 
the dipole’s orientation doesn’t rely on the external 
electric field. With the temperature increasing, the 
thermal energy of the molecule increase and the 
binding force between the molecules weakened. The 
molecules along the external electric field’s 
orientation, ε also increases. When temperature is 
high, the binding force between the molecules is 
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greatly decreased, the thermal energy of the dipoles 
can be greatly increased. And when it reaches a 
certain temperature, the thermal energy can in turn 
destroy the effect of the external electric field to the 
polar molecules, resulting the decline of ε [4]. 
Therefore, the capacity will appear a maximum value 
with temperature changing. 

 
 

Table 2. The Value of Capacitors Reader 
 in Temperature Experiment. 

 

Tempe
rature 
(C) 

Monolithic 
capacitor 
(0.1μF) 

Round 
ceramic 

capacitor 
(0.1μF) 

Ceramic 
chip 

capacitor 
(0.1μF) 

Polyst- 
yrene 

capacitor 
(0.1μF) 

-40 
-35 
-30 
-25 
-20 
-15 
-10 
-5 
0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

0.011 
0.012 
0.013 
0.015 
0.017 
0.019 
0.022 
0.027 
0.034 
0.042 
0.052 
0.064 
0.069 
0.077 
0.082 
0.083 
0.082 
0.078 
0.072 
0.065 
0.057 

0.031 
0.032 
0.033 
0.034 
0.036 
0.039 
0.042 
0.046 
0.052 
0.059 
0.071 
0.09 

0.102 
0.102 
0.09 

0.077 
0.066 
0.057 
0.049 
0.043 
0.039 

0.028 
0.034 
0.042 
0.053 
0.065 
0.078 
0.089 
0.103 
0.112 
0.109 
0.111 
0.114 
0.109 
0.103 
0.096 
0.091 
0.082 
0.074 
0.068 
0.061 
0.055 

0.096 
0.096 
0.097 
0.097 
0.098 
0.098 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 
0.099 

 
 

 
 
Fig. 5. Capacitor temperature experimental curve. 

 
 

4.2. Affection of Insulation Resistance  
to the Conversion Circuit’s Output  

 
When the DC voltage applied to the capacitor and 

generated leaking current, the ratio of voltage to 
leaking current is defined as the insulation resistance. 
Assuming that the charge-voltage conversion circuit 

gets a constant acceleration, the amount of charge 
will be constant. And the charge will be released 
through the feedback capacitance’s insulation 
resistance. If the capacitors’ insulation resistance is 
small, the charge will be rapidly released. It means 
that the measurement system can not accurately 
respond to the low frequency of the acceleration. The 
insulation resistances of different capacitors vary; the 
insulation resistance will also be different with 
temperature changed. 

The relation of the insulation resistance and the 
temperature meet the following equation: 

 
2 1( )

2 1
t tR R e     (6) 

 
or  
 

2 2 1lg lg 1 ( )R R t t   , (7) 
 

where R1 is the insulation resistance at temperature 
t1; R2 is the insulation resistance at temperature t2; β 
is the constant, depending on the dielectric.  

 
 

4.3. Summary 
 

As shown above, the temperature characteristics 
and insulation resistance of the capacitor will have a 
direct impact on the quality of regulation. For 
example, if we select monolithic (0.1 μF) capacitors 
as the feedback capacitor, the error caused by 
temperature will up to 800 %. While the error of the 
polystyrene capacitors only up to 3 %. Therefore, the 
selection of the feedback capacitor will be critical. It 
is necessary to possess perfect temperature 
characteristics, but also possess a large insulation 
resistance at the same time. It is easily found that the 
temperature characteristic and the insulation 
resistance of polystyrene capacitors are ideal. 
Engineering practices proved that selecting 
polystyrene capacitor as the feedback capacitor will 
greatly reduce the error caused by the changes of the 
environment. 

 
 

5. Accelerometer Pre-regulation Circuit’s 
Engineering Applications 

 
5.1. Amplitude Response of Accelerometer 

Regulating Circuit 
 

Finally we will validate the accelerometer with 
regulating circuit when the measuring system is 
completed firstly, to verify the correctness of the 
charge/voltage conversion circuit. In the experiment, 
the accelerometer is fixed on the vibration table and 
samples the accelerometer’s output in the sine 
sweeping mode. Sampled data is shown in Fig. 6.The 
maximum of the controlling spectra is ±30 g, the 
frequency range is 200±50 Hz. As shown in  
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Fig. 6, the accelerometers’ vibrating frequency is 
about 160 Hz and the actual controlling spectrum is 
about ± 30 g. The measuring system after Linear 
fitting demarcated actually reflects the experimental 
procession by scaling transformation. 

 
 

5.2. Frequency Response of Accelerometer 
Regulating Circuit 

 
According to the typical example of a 

accelerometer that measure impact parameters in this 
article, do the frequency sweep test on the basis of 
the sensor band-width range and the cut-off 
frequency of high-order low-pass filter circuit, to 
examine the frequency response of the 
accelerometer's regulating circuit. 

From the Fig. 7, the channel cut-off frequency is 
about 26773 Hz, the attenuation is - 42.88 dB in the 
two octaves of signal band-width 40 kHz. By 
analyzing the curve trend. The attenuation is over  
50 dB/oct, two octave of the cut-off frequency just 
about 50 dB/oct. 

 
 

Fig. 6. The sine weeping curve of accelerometer. 

 
5.3. Engineering Applications 

 
The measuring system, accelerometer array and 

the cable network introduced in this article participate 
in a large aircraft ground trial after demarcated and 
validated. The acceleration data of a channel sampled 
in the trial is shown in Fig. 8.  

 
 

 
 

Fig. 7. Frequency response Bode Plot. 
 
 

 
 

Fig. 8. The vibration curve of a channel in a trail. 
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6. Conclusion 
 

We select the accelerometer as the reaching object 
in this article and take a discussion about the sensor’s 
equivalent circuit and the design of pre-regulating 
circuit. The article mainly analysis and research the 
performance of the pre-regulating circuit’s 
component-feedback capacitor and related 
parameters. The pre-regulation circuit introduced in 
this article haven successfully participated in many 
ground ejection trial. The effect is ideal, performance 
is stable and reliable, perfectly adapt the 
environment. 
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Abstract: Morphology Control plays an important role in gas sensing properties of metal oxide semiconductor 
based gas sensors. In this study, various morphologies of SnO2 nanostructures including nanobulks, nanospheres, 
nanorods, and nanowires were successfully synthesized via a simple hydrothermal method assisted with 
different surfactants. X-ray powder diffraction and scanning electron microscopy were employed to characterize 
the prepared products. Gas sensors were fabricated by screen-printing the as-prepared SnO2 nanostructures onto 
planar ceramic substrates. Moreover, their gas sensing properties were systematically investigated towards 
acetylene gas (C2H2), an important fault hydrocarbon dissolved in power transformer oil. Experiments indicate 
that the SnO2 nanowires based sensor exhibits excellent gas sensing properties, such as lower operating 
temperature, higher gas response, quicker response-recovery time and good stability than those of SnO2 
nanobulks, nanospheres and nanorods. These results imply SnO2 nanowires a promising sensing morphology for 
C2H2 detection and provide us a feasible way to develop high-performance gas sensor by tailoring the 
microstructures and morphologies of the materials in further. Copyright © 2013 IFSA. 
 
Keywords: SnO2 nanostructures, Gas sensor, Acetylene, Gas sensing properties. 
 
 
 
1. Introduction  
 

Large-scale power transformers are expensive and 
significant electric apparatus in power transmission 
and distribution system [1, 2]. As one of the most 
important fault characteristic gases dissolved in 
transformer oil, acetylene (C2H2) can effectively 
reflect the incipient faults of partial discharge [3, 4]. 
Therefore, how to rapidly and accurately detect 
dissolved C2H2 in oil is currently the subject of 
intensive research [5]. 

In recent years, great efforts have been made to 
this field and numerous methods, including metal 
oxide semiconductor (MOS) [6], infrared 
spectroscopy [7], Raman spectroscopy [8] or 
photoacoustic spectroscopy [9] and carbon nanotube 
[10] have been employed for C2H2 detection. Owning 
to the remarkable advantages of simple design 
technology, easy fabrication process, low 
maintenance cost and long service life, MOS has 
proved to be a promising gas sensing material [11]. 
However, some limitations still need to be further 
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improved, such as high operating temperature, low 
gas response and poor long-term stability.  

Recently, interest in morphology control of MOS 
has been greatly stimulated. And different 
morphologies of MOS including wires [12], flowers 
[13], rods [14], spheres [15], fibers [16] and tubers 
[17] have been prepared. However, to the best of our 
knowledge, reports on the synthesis of various SnO2 
nanostructures by hydrothermal method assisted with 
different surfactants have been rare and there are no 
literatures on morphology control of various SnO2 
nanostructures and its application as a C2H2 gas 
sensor.  

In this study, we first reported a simple and facile 
hydrothermal method assisted with different 
surfactants to prepare variety morphologies of SnO2 
nanostructures. Then X-ray powder diffraction (XRD) 
and scanning electron microscopy (SEM) were 
employed to characterize the prepared samples and a 
possible growth mechanism was discussed in detailed. 
Finally, gas sensors were fabricated with a planar 
structure and C2H2 sensing properties were 
systematically measured.  

 
 

2. Experimental  
 

2.1. Synthesis of SnO2 Nanostructures 
 
All the raw chemicals were analytical-grade 

reagents purchased from Chongqing Chuandong 
Chemical Reagent Co. Ltd. and used as received 
without any further purification. Various 
morphologies of SnO2 nanostructures including 
nanobulks, nanospheres, nanorods, and nanowires 
were successfully synthesized with a facile 
surfactant-assisted hydrothermal method. The 
detailed synthesis processes were as follows: 

In a typical synthesis process of SnO2 
nanospheres: 1.4 g of SnCl4·5H2O, 1.24 g of NaOH 
and 0.16 g of citric acid were dissolved completely 
into 60 mL mixture of absolute ethanol and distilled 
water (1/1, V/V) in a 100 mL capacity beaker under 
intense magnetic stirring. Then the mixed solution 
was transferred into a 100 mL Teflon-lined stainless 
steel autoclave, sealed and maintained at 180 °C for 
24 h in an electric furnace. When the reaction was 
completed, the autoclave was cooled to room 
temperature naturally. The product was harvested by 
centrifugation, washed with distilled water and 
absolute ethanol several times, respectively, and 
dried at 60 °C in air to remove the solvent.  

SnO2 nanorods and nanowires were obtained in a 
similar process except that 0.2 g of polyvinyl 
pyrrokidone (PVP, K30 g) and 0.1 g of polyethylene 
glycol (PEG, MW = 6,000) were added to replace 
citric acid, respectively. SnO2 nanobulks were 
prepared by the following process: 1.4 g of 
SnCl4·5H2O, 0.6 g of CO(NH2)2, 0.15 g of glycine, 
30 mL absolute ethanol and 30 mL distilled water 
were mixed together under intense magnetic stirring, 
and then the precipitation precursor was transferred 

into a 100 mL Teflon-lined stainless steel autoclave, 
sealed and maintained at 160 °C for 20 h. The 
product was obtained by cooling, centrifugation, 
washing and drying.  

 
 

2.2. Structure Characterization 
 
The crystalline structures of the prepared products 

were investigated with X-ray powder diffraction 
(XRD) using a Rigaku D/Max-1200X diffractometer 
(Tokyo, Japan) with Cu Kα radiation (40 kV,  
200 mA and λ = 1.5418 Å) and 2θ ranging from 20° 
to 80°. The surface morphologies of the 
nanostructures were characterized with a Nova 400 
Nano field emission scanning electron microscope 
(FE-SEM, FEI, Hillsboro, OR, USA). A surface area 
and porosimetry analyzer (V-Sorb 2800, Beijing 
Jinaipu General Instrument Co., Ltd, Beijing, China) 
was employed to test the specific surface area and 
open pore size of the nanostructures. 
 
 
2.3. Fabrication of Gas Sensor 

 
The synthesized SnO2 nanostructures were firstly 

ground into fine powder and mixed with absolute 
ethanol and deionized water in a weight ratio of 8:1:1 
to form a paste. Then the paste was screen-printed 
onto a planar ceramic substrate, where five pairs of 
Ag-Pd interdigital electrodes had been pre-deposited. 
Finally, the sensor was dried in air at 60 °C to 
volatilize the organic solvent and further aged in an 
aging chamber for 36 h. Fig. 1 shows the structural 
scheme of the planar sensor.  

 
 

 
 

Fig. 1. Structure representation of the planar gas sensor.  

 
 

2.4. Gas Sensing Property Measurement  
 
Gas sensing properties of the prepared SnO2 

based sensors towards C2H2 were measured by a 
CGS-1TP intelligent gas sensing analysis system 
purchased from Beijing Elite Tech Co., Ltd, China 
which could offer an external temperature control 
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ranging from room temperature to 500 °C with an 
adjustment precision of 1 °C. Fig. 2 shows a top-view 
photograph of the operating platform.  

 
 

 
 

Fig. 2. A top-view photograph of the operating 
platform in CGS-1TP. 

 
 

As seen in Fig. 2 the planar sensors were laid on 
the heating platform and two adjustable probes were 
pressed on the sensor electrodes to collect electrical 
signals. When the sensor was pre-heated at certain 
operating temperature for about 30 min and its 
resistance was stable, saturated target gas was 
injected into the test chamber (18 L in volume) by a 
micro-injector through a rubber plug. The saturated 
target gas was mixed with air in the test chamber by 
two fans. After its resistance value reached a new 
constant value, the test chamber was opened to 
recover the sensor in air.  

The gas response S was defined as S = Ra/Rg, 
where Ra was the electrical resistance value of 
prepared planar sensor in air and Rg was that in a 
mixture of target gas and air. The time taken by the 
sensor to reach 90 % of the total resistance change 
was defined as the response time in the case of gas 
adsorption or the recovery time in the case of gas 
desorption. All measurements were repeated several 
times to ensure the repeatability and stability of the 
sensor. 
 
 
3. Results and Discussion 
 
3.1. Structural Characterization 

 
X-ray powder diffraction (XRD) measurement 

was first employed to characterize the crystalline 
structure and chemical composition of the prepared 
nanotructures. As shown in Fig. 3 the prominent 
peaks (110), (101), (211) and other smaller peaks are 
highly consistent with the standard data file of rutile 
SnO2 (JCPDS file no. 41-1445). No diffraction peaks 
from any impurities were observed, implying a high 
purity of our prepared samples.  

Field emission scanning electron microscopy 
(FESEM) was further used to investigate the 
morphologies and microstructures of the synthesized 
samples. Fig. 4 (a) shows a typical SEM image of 

spherical SnO2 nanostructures, which are uniform in 
size and shape and the average diameters range from 
300 nm to 400 nm. Fig. 4 (b) shows the SEM image 
of SnO2 nanobulks with average thickness of 150 nm. 
Fig. 4 (c) displays a SEM image of the synthesized 
SnO2 nanorods. It can be clearly seen in Fig. 4 (c) 
that flower-like sample is composed of a large scale 
of nanorods with width of about 150 nm and length 
of 500-600 nm. The SEM image of SnO2 nanowires 
is shown in Fig. 4 (d), where the lengths of the 
nanowires range from hundreds of nanometers to 
several ten micrometers and the mean diameters are 
in the scope of 80 to 120 nm. These results indicate 
that different morphologies of SnO2 nanostructures 
have been successfully obtained under the current 
synthetic conditions. 
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Fig. 3. XRD patterns of the prepared SnO2 nanostructures. 
 
 

 

 
 

Fig. 4. FESEM images of the prepared SnO2 
nanostructures (nanobulks (a), nanospheres (b),  

nanorods (c), and nanowires (d)). 
 
 

3.2. Growth Mechanism 
 
According to the experiments of material 

synthesis and structural characterization, surfactant 
added in the precursor plays an important role in the 
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final morphologies of the as-prepared products. In 
order to reveal how the additive surfactants affect the 
morphologies of the prepared SnO2 nanostructures, 
possible growth mechanisms are discussed in the 
following section.  

The whole growth process can be divided into a 
nucleation stage and a self-assembly stage. The 
former is closely related to the reaction solvents, 
while the latter is mainly depends on the surface-
active agents. A certain amount of Sn[(OH)6]

2- ions 
has been reported recently as a prerequisite for 
hydrothermal synthesis of rutile SnO2 nanostructures. 
The chemical reactions for the formation of the SnO2 
precursor in our programs can be described as:  

 
Sn4++6OH−→Sn[(OH)6]

2-→SnO2+2H2O+2OH−
 

 
At first a large number of tiny SnO2 nanoparticles 

was formed spontaneously from the dehydration of 
abundant component Sn[(OH)6]

2- ions. With the 
reaction time increasing, the tiny SnO2 crystal 
nanoparticles gathered and develop into larger 
nanocrystals. Thus, SnO2 nanospheres were observed 
in Fig. 4 (a) with no addition of any surfactant. With 
the addition of glycine, SnO2 nanobulks were 
obtained as seen in Fig. 4 (b). It could be considered 
that glycine benefited the growth along one direction 
and agglomerated the nanoparticles to form smooth 
bulks. 

When PVP was added to the reaction solvent 
SnO2 nanorods were firstly produced with the 
assistance of polarized functional groups (–C=O) 
[18], which were commonly present in PVP. These 
prepared nanorods subsequently aggregated with the 
common centre of PVP. Finally, flower-like SnO2 
nanostructures appeared [19]. As known to all PEG is 
a kind of template with long chains, and numerous of 
hydrophilic “–O–“ and “–CH2–CH2–“ groups exist 
along its long chains [20]. With the addition of PEG, 
numerous of tiny Sn[(OH)6]

2- crystals embed and 
nucleated in the long-chains of PEG. Thus, net-like 
SnO2 nanowires were successfully synthesized.  

 
 

3.2. Gas Sensing Properties 
 

In order to make clear how the morphologies of 
SnO2 nanostructures influence the gas sensing 
behaviors of the SnO2 based sensors, systematic C2H2 
sensing experiments, including operating temperature, 
gas response, response-recovery time, stability and 
repeatability were measured.  

The gas responses of the prepared SnO2 based 
sensors to 100 µL/L of C2H2 as a function of 
operating temperature ranging from 100 to 430 °C 
are measured in Fig. 5 to find out the optimum 
operating temperature. As shown in Fig. 5 for each 
sensor curve, the gas response increases first at 
different degrees and reaches its maximum value, and 
then decreases rapidly with further increasing 
temperature. The optimum operating temperatures of 
nanobulks and nanospheres based sensors are tested 

to be about 280 °C, while 250 °C for nanorods and 
nanowires, where the sensor exhibits the maximum 
gas responses of 20.34, 26.80, 34.04 and 46.96 
respectively.  

 
 

120 180 240 300 360 420

10

20

30

40

50

60

G
as

 r
es

po
ns

e 

Temperature/ C

 SnO2 nanowire      SnO2 nanorod

 SnO2 nanosphere   SnO2 nanobulk

 
 

Fig. 5. Response versus operating temperature  
of the sensors to 100 µL/L of C2H2. 

 
 

Fig. 6 shows the gas responses of the nanowire and 
nanobulk SnO2 based sensors towards C2H2 with gas 
concentration ranging from 1µL/L to 1000 µL/L. As 
can be seen, the gas response of the SnO2 nanowires 
(operated at 250 °C) increases rapidly in linearity 
with increasing C2H2 concentration below 200 µL/L. 
And then the sensor shows a slower increase with 
further increasing the gas concentration, and finally 
reaches saturation at nearly about 1000 µL/L. Similar 
C2H2 response curves were also found for SnO2 
nanobulk based sensor (operated at 280 °C), while 
much weaker.  
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Fig. 6. Responses of SnO2 nanowire and nanobulk 
sensor versus C2H2 concentration from 1 to 1000 µL/L. 

 
 

Responds and recovery time is another key gas 
sensing parameter of metal oxide semiconductor gas 
sensor. Fig. 7 shows the transient responses of 
various SnO2 based sensors exposed to 20 µL/L of 
C2H2 with sensor working at its optimum operating 
temperature. The response-recovery time of 
nanobulks, nanospheres, nanorods, and nanowires 
based sensors were calculated to be about 15-25,  
13-21, 11-18, 7-13 s, respectively.  
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Fig. 7. Response and recovery characteristics of the 
sensor to 20 µL/L of C2H2. 

 
 

The long-time stability and repeatability of the 
sensors have been also measured as shown in Fig. 8. 
One can clearly see that the prepared SnO2 nanowires 
sensor changes slightly and exhibits a nearly constant 
sensing response during the long experimental cycles, 
confirming the excellent stability and good 
repeatability of the SnO2 nanowires sensor for C2H2 
detection.  
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Fig. 8. Long-time stability of the prepared sensors  
to 100 µL/L of C2H2. 

 
 
It is known to all that rutile SnO2 is an important n-

type semiconductor sensing material and the change 
in electrical resistance is dominantly controlled by 
the adsorption and desorption process of C2H2 
molecules on SnO2 surface. Due to the 
nonstoichiometry of the prepared SnO2 
nanostructures, many oxygen vacancies exist in their 
crystal lattices. When the SnO2 based sensors were 
surrounded by air, oxygen molecules would be 
absorbed on the sensing surface to generate various 
kinds of chemical adsorbed oxygen species, including 
O2

-, O2- and O-. Thus the sensor would exhibit a high 
electrical resistance. When the sensor was exposed 
certain concentration of C2H2 atmosphere, a typical 
reducing gas, a reaction happened between the 
adsorbed oxygen and C2H2 molecule. Meanwhile, the 
adsorbed electrons are released to SnO2 surface, 

which decreases the height of barrier in the depletion 
region and increases the carrier concentration. 
Therefore, a decreasing electrical resistance of the 
sensor was measured. A possible gas sensing process 
between the prepared SnO2 nanostructures and C2H2 
gas in this study can be expressed as follows [21].  

 
O2gas → O2ads 

O2ads + e-→ O2ads
- (T100°C) 

O2ads
- + e-→ 2Oads

- (100T300°C) 
Oads

- + e-→ Oads
2- (300°C T) 

C2H2(gas) →C2H2(ads) 
C2H2(ads) + 5Oads

- → CO2(gas) + H2O(gas) + 5e- 
 
To go insight into how the nanostructures and 

morphologies of the as-prepared SnO2 samples 
influence C2H2 sensing behaviors, nitrogen 
adsorption and desorption measurements were further 
employed to estimate the texture properties. With the 
Barrett–Joyner–Halenda method [22], the BET 
surface area and pore structure parameters are 
calculated and shown in Table 1. With larger BET 
surface area and pores compared with those of 
nanobulks, nanospheres and nanorods, SnO2 
nanowires would provide much more reaction sites 
and promote charge transfer in the sensing process. 
Thus, excellent C2H2 sensing properties are observed 
in our measurements.  

 
 

Table 1. BET surface area and pore structure 
parameters of the samples. 

 
SnO2 SBET (m2g−1) dP (nm) 

Nanowire 27.4 9.2 

Nanorod 21.9 8.7 

Nanobulk 17.6 6.8 

Nanosphere 14.3 5.4 

 
 
4. Conclusions 
 

Various morphologies of SnO2 nanostructures, 
including nanobulks, nanospheres, nanorods, and 
nanowires have been successfully prepared and 
performed with XRD and FESEM. Planar SnO2 
based gas sensors were fabricated with screen-
printing and their gas sensing properties were 
systematically measured towards C2H2. The optimum 
operating temperatures of nanobulks, nanospheres, 
nanorods and nanowires are suggested to be about 
280, 280, 250 and 250 °C. The corresponding 
response value of the sensors towards 100 µL/L of 
C2H2 are tested to be about 20.34, 26.80, 34.04 and 
46.96 respectively and the response-recovery time are 
calculated to be about 15-25, 13-21, 11-18, 7-13 s, 
respectively. The prepared nanowires exhibit 
excellent gas sensing properties that those of 
nanobulks, nanospheres and nanorods, which implies 
a promising sensing morphology in fabricating high-
performance C2H2 gas sensor. 
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Abstract: The water intaking system of a water works usually controlled the rotation rate of water pumps 
manually according to experiences, with low accuracy rate and poor energy-saving effect in the past. Combining 
with the system status, this paper brings forward constructing a variable frequency water intaking control system 
with PLC and inverter as the core, and by means of fuzzy PID control. During operation of the system, PLC will 
get the standard inlet flow required for the clean water tank through PID operation according to the difference 
between the set water level and actual water level of the clean water tank. Then, PLC will compare the standard 
inlet flow and actual inlet flow of the clean water tank, output control signals through fuzzy PID operation, 
control the working frequency of inverter, and then control the rotation rate of water pump, adjust the inlet flow 
of clean water tank, and realize stable liquid level of clean water tank in water supply workshop. The operation 
and experiment demonstrates that the system make the work of water intaking automated in some degree. It is 
good for energy saving and improving the management of water works. Copyright © 2013 IFSA. 
 
Keywords: Automatic water intaking system, Water pumps, PLC, Inverter, Fuzzy PID control. 
 
 
 
1. Introduction 

 

A water works has a water intaking pump house 
beside the Yangtze River. The water intaking pump 
house, with designed capacity of 27,000 m3/h, mainly 
provides source water of the Yangtze River for the 
water supply devices of this water works, and 
meanwhile, provides rough water of the Yangtze 
River for surrounding water works. The water 
intaking pump house has six pumps in total, one 
inverter is adopted to control the cyclic work of 
multiple water pumps, and all the six motors may be 
set to work under the mode of frequency conversion. 
The inverter may control the ON/OFF of electric 
pumps, provide over-voltage, under-voltage, over-

load and output short-circuit protection, etc., realize 
stepless speed regulation of electric pumps, and thus 
control the liquid level balance of clean water tank in 
water supply workshop. Before reconstruction, the 
system usually controlled the ON/OFF and rotation 
rate of water pumps manually according to 
experiences, with low accuracy rate and poor energy-
saving effect. After reconstruction, we have 
established the water intaking control system with the 
united control of PLC and inverter, and realized 
automatic fuzzy PID control. After being put into 
operation, the system has realized the starting and 
operation of water pumps automatically, and greatly 
raised the water supply reliability, stability, and 
economic benefits of this water works [1-5].  

Article number 1270 
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In this paper, combining with the automatic 
water intaking system, a fuzzy PID control method 
applied to the system with PLC and inverter [6-7]. 
We firstly research into the overall schematic design 
of the system, and then hardware design and software 
design of the system are discussed. Furthermore, it 
pays attention to introduce the comprising of fuzzy 
PID controller and methods how to realize, and the 
fuzzy PID control algorithm to be realized with PLC 
is given according to the condition of variable 
frequency water intaking control system. The system 
overcomes weakness of traditional regulator, has 
advantages of controlling flexible, programming 
convenient, adapting well, and increasing the 
accuracy of the system.  

 
 

2. Overall Schematic Design  
of the System 

 
2.1. Technical Requirements of the System  
 

1) The standard water level of the clean water 
tank is set to be 4m, and the water level is allowed to 
fluctuate within the scope of ±1 %.  

2) The system adopts six water pumps for water 
intaking, and can realize automatic and manual 
control.  

3) The system operates safely and reliably, and 
has the functions like short-circuit, over-load, under-
voltage and power-off protection, as well as hardware 
self-locking, inter-locking, and fault alarm, etc. 

4) The system can avoid frequent ON/OFF due to 
inlet flow fluctuation of clean water tank at peak time 
of water supply.  

5) The system has the functions like data 
communication, acquisition, monitoring, 
management, and real-time display, etc.  
 
 
2.2. Composition of Control System  
 

According to the abovementioned technical 
requirements, the system adopts AC variable-
frequency speed-regulating water intaking control 
scheme. The composition block diagram of the 
control system is as shown in Fig. 1. The system 
mainly consists of PLC, inverter, water intaking 
machine, water intaking pipeline network, various 
sensors, and instruments. 

 
 

 
 

Fig. 1. Block diagram of variable frequency water intaking PLC control system. 
 

 
2.3. System Control Process 
 

During operation of the system, firstly, power 
shall be supplied to start 1# pump under the mode of 
frequency conversion, and PLC will determine 
whether to start the next pump according to the each 
sensor and output frequency of inverter. In case the 
output frequency of inverter reaches the upper limit 

(50 Hz) and the liquid level of clean water tank 
doesn’t reach the lower limit yet, here PLC will 
determine to start the next pump, bypass the inverter 
from the major loop of 1# pump, make 1# pump 
operate at power frequency, and prepare to start 2# 
under the mode of frequency conversion, and so forth, 
until the liquid level of clean water tank reaches the 
standard value; when the output frequency of inverter 
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reaches the lower limit (30Hz) and PLC detects that 
the liquid level of clean water tank reaches the upper 
limit, PLC will firstly stop the pump operating at 
power frequency, in order to reduce the inlet flow of 
clean water tank. If the above-mentioned two signals 
still exist, PLC will stop another motor operating at 
power frequency, until the last pump is controlled 
with inverter, and the liquid level of clean water tank 
reaches the standard value. 

In order to avoid oscillatory start & stop of pumps, 
and influences on the service life of electric motors, 
water pumps and electrical equipment, two timers are 
designed in PLC control device to control the start 
and stop of water pumps respectively. Namely, when 
PLC detects that the change of water level reaches 
the upper limit or lower limit through sensor, it will 
restart or stop water pumps after proper time delay, 
and thus avoid the wrong start or stop of water pumps 
due to instantaneous pressure fluctuation. 
 
 
3. System Hardware Design 
 

According to the actual production requirements 
of the water works, and combining with the 
performance-price ratio of various control systems, 
this paper has determined to adopt the technical 
scheme, namely Schneider ATV71HU22N4 inverter 
for the control system, Modicon Compact PLC for 
the lower monitor, and industrial personal computer 
of ADVANTECH for the upper monitor [8]. 

Control system consists of the following parts: 
1) The lower monitor adopts Modicon Compact 

PLC, and as a control-level microcomputer, it is the 
core of the system. It mainly completes the data 
acquisition, logic control, state identification and 
feedback, etc. during production process. Modicon’s 
140CPU43412 clock speed is 66 MHz, maximum 
IEC1131-3 programming memory is 896 K, and 
discrete magnitude is 65,535. After receiving a 
command, PLC will interpret user’s program 
automatically, output the operating result to electric 
control element through I/O module according to 
logic sequence, control the ON/OFF of controlled 
electric circuit, and realize the automation of 
production.  

2) The upper monitor adopts ADVANTECH’s 
industrial personal computer, of which, the 
configuration is E5300 CPU, 2GB DDR3 EMS 
memory, 500 G hard disk. It ensures the high-speed 
processing and reliable storage of massive data. 

3) Schneider ATV71HU22N4 inverter is adopted. 
It includes the main functions of modern variable 
frequency control, and meanwhile, it can monitor the 
important parameters during operation of motors 
directly. 

4) Paperless recorder EN880-04 introduces 
records and retains all monitoring data, and this saves 
the working procedures of printing out the report 
forms.  

5) The control cabinet integrates PLC, I/O module, 
relay, terminal block, manual/ automatic switch and 

local control button, etc., and this is convenient for 
on-site construction and wiring. Wherein, relay plays 
the role of enlarging PLC control signals, realizing 
the transformation of control mode, reflecting the 
working state and safety protection for controlled 
equipment; while manual/ automatic switch and local 
control button are installed for facilitating 
examination & repair, test run, and emergency stop. 

In terms of monitoring, PLC realizes real-time 
communication with upper monitor through the 
RS232 interface of communication module [9]. The 
upper monitor adopts the iFix industrial control 
configuration software of Intellution Company, 
completes the functions like data acquisition, sorting-
out, alarm, and report form output, etc., and realizes 
the modification and manual control, etc. of control 
parameters through human-machine interface. 

 
 

4. System Software Design 
 
4.1. Cascade Control Design of Water 

Intaking Pump House 
 

In order to realize liquid level balance of clean 
water tank in water supply workshop, and the inverter 
control system of water intaking pump house is 
designed to be of cascade control. Firstly, technical 
personnel input the standard water level value of 
clean water tank into PLC through the human-
machine interface of computer, and then, according 
to the difference between the standard water level 
and actual water level of clean water tank, PLC will 
automatically get the standard inlet flow required for 
clean water tank through PID operation; and 
according to the difference between the standard inlet 
flow and actual inlet flow of clean water tank, PLC 
will get the frequency value required through fuzzy 
PID operation, and output this value to the analog 
input port of inverter, and in such case, the inverter 
will change the frequency, adjust the rotation rate of 
motor, and make the inlet flow of clean water tank 
meet requirements. The water level of clean water 
tank is taken as the primary controlled variable, the 
water level controller is taken as the primary 
controller, the inlet flow of clean water tank is taken 
as the secondary controlled variable, and the flow 
controller is taken as the secondary controller. The 
system has primary and secondary controlled 
variables, and primary and secondary controllers, 
which form primary and secondary circuits, and 
realize cascade control of the system. The set value 
of the primary controller in the system is regulated 
according to technical requirements, while that of 
secondary controller is given by the primary 
controller during adjustment [10, 11]. The schematic 
diagram of cascade control is as shown in Fig. 2. 

The inverter control of water intaking pump 
house is designed to be a cascade control system, 
which has the following functions: 
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Fig. 2. Schematic diagram of cascade control of water intaking pump house.  
 

 

1) It can overcome the turbulence caused by 
accessing the secondary circuit quickly. If only the 
turbulence affects the secondary controlled variable, 
the adjustment process will start immediately, and the 
dynamic deviation of primary controlled variable will 
be greatly reduced. Once the inlet flow of clean water 
tank is affected by the dredging of flocculation basin 
and horizontal flow tank, and the backflushing of 
filter chamber, the secondary controller will adjust 
the frequency of inverter immediately, maintain the 
inlet flow of clean water tank, and relieve the 
influences on the water level of clean water tank.  

2) The existence of secondary circuit accelerates 
the response of primary circuit. 

3) The existence of secondary circuit greatly 
reduces the influence of change in process 
characteristics inside the circuit on the primary 
controlled variable, and realizes more accurate 
adjustment of manipulated variables. 

4.2. Controller Design 
 

The variable frequency water intaking control 
system is a time-varying, non-linear, large time-delay, 
and unstable-model system. Therefore, adopting only 
PID control will result in relatively poor dynamic 
performance of the system, namely not only long 
adjustment time, but also possibly relatively severe 
overshoot and oscillation, and even instability of the 
system. For such system with fluky parameters, fuzzy 
control can well embody its superiority [12-14].  

In this system, we have constructed the fuzzy PID 
controller of self-adjustment modifying factors by 
combining PID control and fuzzy control [15], and 
adding the thought of self-adaption. The thought is to 
modify PID parameters by taking error e and error 
change rate ec as input, and making use of fuzzy 
control rules. The schematic diagram of control is as 
shown in Fig. 3. 

 
 

dt

d ce

 
 

Fig. 3. Schematic diagram of fuzzy PID control of self-adjustment modifying factors. 
 

 
Fig. 4 shows the block diagram of fuzzy PID 

control system of the secondary control circuit in this 
system. The block diagram of this system consists of 
two parts, and the flow rate of water intaking pipeline 
network is controlled with the fuzzy controller or PID 
controller of self-adjustment modifying factors 
according to different control policies. The basic 
principle for selection of control policies is as shown 
below: With the error of flow as the condition for 
selection, and within a big error scope, fuzzy control 
of self-adjustment modifying factors will be adopted 
to raise the speed of dynamic response and strengthen 

the ability of self-adaption; and within a small error 
scope, PID control will be adopted to eliminate static 
error and raise control precision. Meanwhile, in order 
to prevent over-frequent control switching, the 
system regulates no switching of control policies at 
the switching point of errors, but maintaining the 
previous action. 

The actual operation of the system has proved that, 
the control mode has not only fast dynamic response 
and good control precision, but also good robustness 
and adaptation ability in case of change in object 
parameters and structure. 

 
 

 
 

Fig. 4. Block diagram of fuzzy PID control system of secondary control circuit. 
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4.3. Control Program Design 
 
The PLC control program design of the system 

mainly covers the configuration of hardware, the 
allocation of I/O address, the division of program 
structure, the design of program flow, and the 
compilation of ladder diagram. All works are realized 
mainly by means of program design with Modicon 
Concept V2.2 programming tool. It is an advanced 
programming tool based on Windows environment, 
and supports all the five languages in IEC1131-3 
international standard, namely sequence function 
chart (SFC), functional block diagram (FBD), ladder 
diagram (LD), structuralized text (ST) and instruction 
list [16]. By using standardized programming unit, 
users may create application programs which 
integrate control, communication and diagnosis logic. 

By means of programming, we have realized the 
main program of system, motor control subprogram, 
PID control subprogram, self-adjustment modifying 
factor fuzzy control subprogram, fault detection and 
alarm processing subprogram, liquid level set 
subprogram, liquid level detection subprogram, 
analog processing subprogram, parameter display 
subprogram, and communication data processing 
subprogram, etc. Wherein, the flow chart of the main 
program of system is as shown in Fig. 5. 

 
beginning

system initialiazation

data transfer state detection

fault detection and alarm 
processing subprogram

liquid level set subprogram

liquid level detection 
subprogram

PID control subprogram

self-adjustment modifying 
factor fuzzy control 

subprogram

motor control subprogram

communication data 
processing subprogram

 
 

Fig. 5. The flow chart of the main program of system. 

The main program of system first complete the 
system initialization, and make the expansion module 
(communication module, A/D module, etc.), touch 
screen, inverter and other equipment to transfer data 
with PLC normally. When the system is running, the 
program can detect the fault in order to prevent 
equipment damaged and accidents. If the system fails, 
information will be displayed on the touch screen to 
alarm, it will be convenient for service personnel to 
repair the system failure. If the system is normal, we 
can set some of the initial value on the touch screen, 
such as the liquid level. Constant water level control 
will be operated after the system starts automatically.  

The flow chart of self-adjustment modifying 
factor fuzzy control subprogram is as shown in Fig. 6. 

 
 

 
 

Fig. 6. Flow chart of self-adjustment modifying factor 
fuzzy control subprogram. 

 
 
This subprogram is transferred for specific task 

through timing interception, and realizes constant 
inlet flow of clean water tank by adjusting the 
rotation rate of water pumps. Firstly, when the main 
program system is initialized, the error clearing unit 
and error change unit will read the output of analog 
expansion module from the subprogram, and get the 
current actual inlet flow of clean water tank. Based 
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on this flow rate minus the set value of flow rate, we 
can get the current error quantity; based on this error 
quantity minus the previous one, we can obtain the 
change of error; and by calculating the current error e 
and error change rate ec, we can inquire fuzzy control 
table, and get the fully control quantity, namely Kp, 
Ki, Kd in PID control, for the transfer of PID 
subprogram, in order to realize constant inlet flow of 
clean water tank. 

The flow chart of motor control subprogram is as 
shown in Fig. 7. The program can complete the 
control of six water pumps running and stopping. 
Because the inverter output frequency and the 
rotation rate of the pump are directly related to water 
consumption, the inverter output frequency and the 
rotation rate of the pump are increased with higher 
water consumption, and decreased with lower water 
consumption. The program can determine and control 
the working status of the pump according to the 
inverter output frequency. 

 
 

4.4. Configuration of Upper Monitor 
 
The upper monitor of this system adopts the iFix 

industrial control configuration software of 
Intellution Company. Here, iFix is a powerful 
HMI/SCADA system, which can realize graphical 
process monitoring, data acquisition and management, 
real-time and historical trend drawing, and has 
extremely strong interactivity and dynamic 
demonstration function [17]. This configuration 
interface mainly consists of five functional parts: 

1) Main flow chart: Used to monitor process flow 
parameters, equipment state and alarm, and pump 
operation;  

2) Valve location control: Used to operate valve 
switch, and monitor valve state; 

3) Historical trend: Used to display the historical 
curve of each operating parameter; 

4) Channel point table: Used by maintenance 
personnel of instruments and electric appliances; and 
to be accessed after keying in password; 

5) Parameter setting: Used to set up and modify 
system parameters, such as parameters of PID 
regulator, and upper and lower limits of liquid level 
of clean water tank, etc.; to be accessed after keying 
in password. 

The main process flow of this water intaking 
pump house is as shown in Fig. 8. 

 
 

5. Conclusions 
 

According to the actual change of liquid level of 
clean water tank in water supply workshop, this 
variable frequency water intaking control system may 
adjust the rotation rate of water pumps automatically 
and the flow rate of water intaking smoothly, 
maintain the stable water level of clean water tank, 
and realize unattended operation, high-efficiency & 

high-quality water supply of water intaking pump 
house. This system has obtained favorable comments 
from users, since it is in good operation, meets the 
expected design requirements, and has obvious 
energy-saving effect and good application prospect. 

 
 

  
 

Fig. 7. Flow chart of motor control subprogram.  
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Fig. 8. Process flow configuration chart of water intaking pump house. 
 

 
Acknowledgements 
 

Parts of this research are supported by the Natural 
Science Foundation of Jiangsu Province, China 
(Grant No. BK2011089). The authors also gratefully 
acknowledge the helpful comments and suggestions 
of the reviewers which have improved the 
presentation. 
 
 
References 
 
[1]. Y. Z. Chen, The great contribution of inverter for 

energy saving and depletion controlling in water 
industry, Electric Age, Vol. 27, Issue 4, 2006,  
pp. 16-23. 

[2]. F. Deng, Energy saving comparison of water getting 
pump station at adjusted velocity, Journal of Qingdao 
Institute of Architecture and Engineering, Vol. 24, 
Issue 1, 2003, pp. 29-32. 

[3]. Frank A. Dewinter, The application of a 3500HP 
variable frequency driver for pipeline pump control, 
IEEE Transactions on Industry Applications, Vol. 25, 
Issue 6, 1989, pp. 1019-1024. 

[4]. M. Ei Belkacemi, A. Lachhab, M. Limouri,  
B. Dahhou and A. Essais, Adaptive control of a water 
supply system, Control Engineering Practice, Vol. 9, 
Issue 3, 2001, pp. 343-349. 

[5]. Bryan Coulbeck, Bogumil Ulanicki, Vladimir V. 
Deviatkov, Sergei Kosov and losif Glukhovsky, 
Pressure control of a Moscow water supply system 
using expert system technology, in Proceedings of 
the 35th IEEE Conference on Decision and Control, 
Kobe, Japan, 10-12 December 1996, pp. 4498-4499. 

[6]. J. R. Layne and K. M. Passino, Fuzzy model 
reference learning control for cargo ship steering, 
IEEE Control Systems Magazine, Vol. 13, Issue 6, 
1993, pp. 23-34. 

[7]. A. J. Vander Wal, Application of fuzzy logic control 
in industry, Fuzzy Sets and System, Vol. 74, 1995,  
pp. 33-41. 

[8]. Y. C. Li and J. H. Mao, Application of LM series 
PLC in the water supply system of constant pressure 
and frequency conversion, Programmable Controller 
& Factory Automation, Vol. 43, Issue 8, 2010,  
pp. 23-25. 

[9]. W. B. Wang, PLC system communication, expansion 
and interconnection technology, Y. Xie, Peking 
Machinery Industry Press, 2004. 

[10]. Y. J. Tian and L. Y. Guo, PLC-based control system 
for constant pressure water supply inverter design, 
Computing Technology and Automation, Vol. 29, 
Issue 6, 2010, pp. 25-28. 

[11]. Y. Chen, The providing-water with frequency 
converter PLC automatic control system of tap water 
factory, Control & Automation, Vol. 21, Issue 4, 
2005, pp. 1-2, 191. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 201-208 

 208 

[12]. H. X. Li, The relationship between fuzzy controller 
and PID controller, Science in China (Series E),  
Vol. 29, Issue 2, 1999, pp. 136-145. 

[13]. J. H. Xu, R. Sun and H. H. Shao, PI controller tuning 
for large dead-time processes, Control and Decision, 
Vol. 19, Issue 1, 2004, pp. 99-101. 

[14]. Y. G. Wang and H. H. Shao, Optimal tuning for PI 
controller, Automatica, Vol. 36, Issue 1, 2000,  
pp. 147-152. 

[15]. Z. Y. Luo, Frequency converted and constant 
pressure water supplying system based on PLC fuzzy, 
Automatic Measurement and Control, Vol. 27,  
Issue 6, 2008, pp. 67-69. 

[16]. Q. G. Yu, Programmable Controller and System 
Design Principles, X. J. Tian, Tsinghua University 
Press, 2004. 

[17]. Y. M. Wang, C. Liu and Q. Chen, Configuration 
software design and development, L. L. Hu, UEST 
Press, 2003. 

 

___________________ 
 

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

 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 209-216 

 209

   
SSSeeennnsssooorrrsss   &&&   TTTrrraaannnsssddduuuccceeerrrsss  

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

 
 
 
 
 

Psychology State Acquiring Device  
Based on Sitting Postures for Implicit Interaction 

 
Wei WANG, Xinzhong LEI, Yunhe YUAN, Lei CHAI, Chao CHEN 

School of Information & Electrical Engineering, Hebei University of Engineering,  
Hebei Handan, 056038, China 

E-mail: wangwei83@hebeu.edu.cn 
 
 

Received: 9 May 2013   /Accepted: 19 July 2013   /Published: 31 July 2013 
 
 
Abstract: Context-aware is very important for implicit interaction. User’s psychology state as a kind of user 
context can be used in the interaction to improve quality and to make the service more individual. In this paper, 
a psychology state acquiring device based on sitting postures for implicit interaction is developed. The device 
consists of two parts: pressure sensor matrix and micro control unit. The former is made up of 40 pairs of 
pressure sensor node to sense pressure distribution on it, and the latter has a power supply module, first/second 
level CD4051 parts, operational amplifier LM324, AD0804, and STC89C52RC mainly to realize sampling 
control and analysis. With this device, several experiments are carried on. It can be seen that the effect is good 
enough in single set testing, area (palm/sitting) testing and the actual environment testing. So it can be used in 
implicit human computer interaction researches and applied in another area. Copyright © 2013 IFSA. 
 
Keywords: Implicit interaction, User context, Affective computing, Psychology state, Sitting posture. 
 
 
 
1. Introduction 
 

On November 28, 2011, the Chinese Internet of 
things "twelfth five-year" development plan was 
announced formally, which pointed out a 
development direction for the new type of Internet of 
things (IoT) industry heating up in recent years. its 
industry was pointed out that there is a huge market 
potential .The plan clearly put forward that China ,by 
2015,has made significant results on the core 
technology research and development and 
industrialization and key standards of research and 
development, establishment and perfect industry 
chain, major application demonstration and 
promotion etc ,and formed preliminary a innovation 
drive, applications traction, collaborative 
development, safe and controllable Internet of things 
development pattern. With the development of 
technology, the meaning of the Internet of things is 
also tending to perfect gradually, and has outlined 

scenarios of a better life in the future for us based on 
Internet of things. 

The Internet of things said at present ,through the 
information sensing equipment, is a comprehensive 
network of implementation from person to person, 
the people and things interconnection, according to 
the agreed protocol. So it improves the perception of 
the material world and realizes the intelligent 
decision and control. Under the target, the researches 
of interactive technology and the development of 
related equipment is particularly important. 

The rest of the paper is organized as follows. In 
Section 2, a brief literature review is provided on 
implicit interaction, psychological state acquiring and 
human pressure measuring. Section 3 presents the 
development of our psychology state acquiring 
device based on sitting postures. Section 4 carries on 
some experiment and analyzes the real results. 
Section 5 provides the conclusions and the future 
work. 

Article number 1271 
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2. Related Works 
 

2.1. Implicit Interaction 
 

Interaction process, depending on the difference 
of object and methods, can be divided into three 
types: explicit/implicit interaction of person to 
person, person to thing, and thing to thing. At 
present, the research mainly concentrated on the 
direction of human computer interaction (HCI), 
which belongs to the second type. With the 
development of theories and technologies of the 
pervasive computing and the multimode interaction, 
researches on HCI gradually draw more attention 
from explicit interaction to implicit one [1-3]. Studies 
have shown that implicit interaction can replace the 
explicit one effectively in the interactive process, 
though implicit interaction is not as accurate as the 
explicit one [4]. In fact, the recent researches suggest 
that if taking full advantage of user behavior contexts 
as the implicit interactive information, we can do 
better in the interaction than using explicit 
information [5, 6]. 

Implicit human computer interaction (ICHI) is the 
frontier of the HCI [7]. Nicole Kaiyan, coming from 
Australia Swinburne University of technology, has 

put forward the concept of IHCI in 1996, but do not 
study in detail [8]. Since 2005, universities and 
institutes in the United States, Germany, China, 
Austria and so on, have concentrated on the IHCI 
theories, technologies and applications. Albrecht 
Schmidt, coming from Karlsruhe University, carried 
out related researches on IHCI earlier. Given that two 
elements of the implicit interactions are perception 
and reasoning, he proposed that context information 
was extremely important to the interactive process, 
and modeled the interaction process with XML 
language at the same time [9]. Andrew Wilson and 
Nuria Oliver, coming from Microsoft research in the 
United States, have developed four systems based on 
the machine vision to study the implicit interaction 
technology. Since 2007, Tao, coming from Tsinghua 
University in China, has developed an adaptive visual 
system to detect and understand user behaviors in 
order to apply on the implicit interactions [11]. 
Meanwhile, Tian, coming from Institute of Software 
in Chinese Academy of Science, studied the 
characteristics of the implicit interactions in the view 
of the WIMP user interface [12]. The development of 
IHCI at home and abroad was reviewed as shown in 
the Fig. 1. 

 
 

 
 

Fig. 1. Development of ICHI. 
 
 

2.2. Psychological State 
 

Accessing user psychological state implicitly can 
be divided into two kinds: non-contacting and 
contacting. Non-contacting method is mainly based 
on vision and voice, and contacting method collects 
and analyzes the users’ physiology and interaction 
information. Relevant methods are shown in Table 1. 

Although the visual and auditory is the main non-
contacting method for accessing psychological state, 
there are many problems, such as processing 
difficulty brought by large amount of information, 

unstable of information collecting, and so on. 
Contacting method is based on a variety of sensors, 
and directly measure the user's emotional state in 
real-time. By carrying on the sensor data fusion and 
fuzzy reasoning, Seong - Joo Kim judged the user's 
emotional state by measuring the sweat, pulse, body 
temperature, blood pressure and other physiological 
information [10]. Nguyen Thuy Le reduced the 
sensor type, only by measuring the pulse and body 
temperature to determine the user emotional state 
[11]. Arapakis suggested acquiring person’s 
psychological state by face expression [7]. In 
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addition, it can be also based on the questionnaire or 
other types to measure the person’s psychological 
state indirectly. Gustavo Gonzalez applied emotion 
quotient test table on surveying users’ emotional 
state. And Ai Thanh Ho used a more convenient form 
to solve the problems of disliking questionnaire by 

showing the user a different set of colors for the 
choice. And according to the selected item, the user's 
current emotion can be accessed. The characteristics 
of such methods are shown in Table 2. Among them, 
B, M and G denote poor, general and good 
respectively. 

 
 

Table 1. Implicit accessing method of psychological state. 
 

 
 
 

Table 2. Feature comparison of accessing Users' psychological information. 
 

Method Portability Continuity Sensibility Comfort 
Expression B B M M 
Voice M B M G 
Eye movement M M M B 
Brainwave B G G B 
Behavior B B M M 
Physiological information G G G M 

 
 
According to the feature comparison in table 2, 

the physiological information to accessing user’s 
psychological state is more obvious, portable, 
continuous, sensitive, and comfort. So developing 
physiological information acquiring device, acquiring 
user's psychological state implicitly, specially based 
on contacting method and physical information, is 
necessary and significant to improve the quality of 
HCI and realize seamless interaction. This paper 
states the realization of a sitting posture acquiring 
system. 

 
 

2.3. Human Pressure Measuring 
 
Tekscan Company in the United States studies on 

human pressure measurement system (BPMs). With 
unique sensor technology, measure the body pressure 
distribution. Qinetiq Company researches on an 
intelligent seat. It can recognize passenger’s 
psychological states, and predict potential danger to 
inform crews on an airplane. 

However, these productions use special material, 
such as air bag or conductive rubber, and so on. In 
addition, they are usually difficult to product and 
costs too much. So it is not easy to use widely. 

 

3. Design and Implementation 
 

3.1. Overview 
 
The schematic diagram and the physical 

connection of our device for accessing Users' 
psychological information implicitly are shown in 
Fig. 2. 

 
 

 
 

Fig. 2. Schematic diagram and physical connection. 
 
 

The distributed pressure is detected by the 
pressure sensor matrix, and integrated with status 
information acquired by gyroscope devices. Then 
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data package is sent to the micro control unit to 
compute and analyze, which is helpful to the 
subsequent processing. 

 
 

3.2. Pressure Sensor Matrix 
 
The size of our pressure sensor matrix is designed 

as 41  44 cm2 (Fig. 3). It consists of 40 pairs of 
pressure sensor node with the size of 2.80  2.80 cm2. 
They are ranged to 7 lines and 6 columns. Line 1 is 
placed with 4 groups of sensors, and from line 2 to 7 
each row is placed with 6 groups. Their number 
increases gradually. The interval between two groups 
is 20 mm (5 mm) to ensure the integrity of user’s 
physiological signal, and to improve the resolution of 
the signal. 

As the minimal signal acquiring unit, the pressure 
sensor node consists of two weighing sensors, which 
are half- bridge type resistance strain gauge (Fig. 4). 
They are installed into two ‘E’ shape holders. It is 
noticed that the two pressing points of weighing 
sensors should be 2-3 mm higher than the surface of 
holders to leave enough space for increasing the 
pressure measurement range. 

 
 

 
 

Fig. 3. Pressure sensor matrix 
 
 

 
 

Fig. 4. The minimum signal acquiring unit. 
 
 
3.3. Hardware Connection 

 
With a microcomputer as the processor, micro 

control unit is responsible for data collection, 
analysis and simple communication. By adopting the 
wireless serial port module NRF24L01, 

Communication is realized to transmit important data 
to computer. 

Moreover, reconfigurable sensing module is 
helpful to intelligent management and prolonging the 
life cycle of sensors. Hardware connection is shown 
as Fig. 5. 

 
 

 
 

Fig. 5. Micro control unit. 
 
 

The micro control unit consists of a power supply 
module, first/second level CD4051 parts, operational 
amplifier LM324, AD0804, and STC89C52RC 
mainly. When pressure sensor matrix is working, 
MCU STC89C52RC controls the first and second 
level CD4051 parts separately to make pressure 
signals be sampled one by one. After the analog 
signals collecting, operational amplifier LM324 
works. And then AD0804 module converts the 
analog signals to digital one. So the MCU processes 
these signals, and transmits them to PC by the 
wireless module NRF24L01. 

1) CD4051 analog switch. 
CD4051 is equivalent to a single pole eight throw 

switch. 
The input address code ‘ABC’ determines which 

channel is selected. The ‘INH’ is enable port. If 
setting it to zero, each channel is in the connecting 
state continuously. The power port ‘VEE’ of CD4051 
is used for power level shift, which can make digital 
signal provided by COMS circuits to control this 
multi-channel switch directly under the condition of a 
single set of power supply. 

2) AD0804 module. 
ADC0804 belongs to continuous incremental 

(Successive Approximation Method) of A/D 
converter, resolution: 8. The convert values change 
from 0 to 255. Conversion time: 100 us  
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(fCK = 640 kHz). The range of the sensor output 
voltage signal used in this project is 0 ~ 5 V. Its 
minimum output voltage is 5 V / 256 = 0.01953 V, 
which represents the minimum voltage value of 
ADC0804 can converting. When using AD0804, we 
must pay more attention to the time of reading and 
writing. Time is very important. Adding a longer 
time delay between WR statements (20 millisecond), 
LED connected with the AD0804 will be slightly 
brighter, and the light of digital tube will jump. When 
removing the time delay, LED does not light, and the 
light of digital tube will keep stable. In the actual 
application, if the analog switches are turn off or on 
too fast, the AD0804 will be affected greatly. It can 
be solved, if we add delay of 1 millisecond. 

3) Operational amplifier LM324. 
Operational amplifier used in this project is 

consisted of four parts: Biasing circuit, Input stage, 
Intermediate stage, Output stage. The differential 
amplifier circuit (restrain power) is used in the input 
stage. Intermediate grade adopts emitter load circuit 
with active load to improve magnification .Output 
stage adopts the complementary symmetry output 
stage circuit o improve the driving-load ability of the 
circuit. The purpose of this module is mainly to 
amplify the small signal undistorted outputted by 
sensors which can not be identified by Micro 
programmed Control Unit. 

4) The wireless module. 
When sending data, the address of receiver and 

the pressure data are sent into NRF24L01 + 
according to the time sequence, configure CONFIG 
register into transceiver model. The microcontroller 
gives CE a high level signal (at least 10 us) and 
inspires NRF24L01 + launches in Enhanced 
ShockBurstTM. Then power the RF, package the data 
(plus word head, CRC check code).At last, launch 
packets at a high speed. When received, firstly, we 
must configure the address of the machine and the 
packet size what you want to receiving, configure 
CONFIG register so that make it goes into receiving 
mode, and give the CE a high level signal. After 13 
us NRF24L01+ comes into the monitoring state, 
waiting for the arrival of the data packet. When 
receiving correct data packets (correct pressure data 
and CRC check code).NRF24L01 + wipe off the 
prefix, address and CRC checksum automatically; 
then, NRF24L01 + send message to the micro 
controller by setting the RX_DR of STATUS register 
(STATUS generally caused interrupt of the micro 
controller).Finally, micro controller read out the 
pressure data from nRF24L01 and then clear the 
STATUS register. 

 
 

3.4. Software Implementation 
 
Micro control unit receives the pressure 

acquisition from distributing data by the pressure 
signal acquisition nodes on different locations 
through timesharing strobe and shutdown. The 
software processes is shown in Fig. 6. 

 
 

Fig. 6. Software flow chart. 
 
 
4. Experiment  

 
Running the system after Power supplied, we can 

obtain user sitting pressure distribution data, by 
means of serial debugging tools sscom32. It can be 
shown in Fig. 7. 

 
 

.  
 

Fig. 7. Pressure distribution testing results. 
 
 
There are 40 data at each set of transmission 

because that the emotional cushion is designed  
40 pressure sensors (hexadecimal).The start bit of 
data by the FF is the beginning flag of transmission. 
These data is transmitted by every 3 seconds. We can 
configure the transfer mode based on the needs: 
continuous transmission mode and a single 
transmission. 

When transmitted to the upper computer, the 
pressure data is displayed, processed and analyzed in 
the upper computer software. We can analyze the 
psychological state by sitting posture so it is the 
acquisition of pressure data that really Vital. 

In order to test the system for pressure data 
acquisition process, and according to the pressure 
area, we do the following tests: 1) Single set testing 
of pressure sensors; 2) Area (palm) testing of 
pressure sensors; 3) Area (sitting) testing of pressure 
sensors; 4) The actual environment testing. 
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1) Single set testing of pressure sensors. 
First, three sets of pressure sensors was tested. 

They are in line 5 column 3, line 4 column 5 and line 
6 column 6 respectively. The tested results are shown 
in Fig. 8. 

 
 

 
 

(a) The set of pressure sensor in line 5 column 3. 

 

 
 

(b) The set of pressure sensor in line 4 column 5. 

 

 
 

(c) The set of pressure sensor in line 6 column 6. 

 
Fig. 8. Single set of pressure sensors testing. 

 
 

2) Area (palm) testing of pressure sensors  
In this section, 10 participants place their right 

hands on the pressure collection area of our device 
respective. The palm pressure distribution testing 
results of two subjects of them are shown in Fig. 9. 

According to the pressure range represented by 
different colors, the fingers of the first subject press 
lightly. Conversely, his palms press more heavily, 
which is displayed with pink color. 

 
 

 
 

(a) Palm pressure distribution of subject 1. 
 

 
 

(b) Palm pressure distribution of subject 2. 
 

Fig. 9. Palm pressure testing. 
 
 

It is seen that the second subject’s fingers point to 
the left upper part of area testing from Fig. 9(b). His 
fingers press heavily, demonstrating with a deeper 
green area. In addition, the sensor set of row 3 
column 1 is also detected a certain pressure due to the 
external disturbance. 

3) Area (sitting) testing of pressure sensors 
In this section, the number of subjects involved in 

the testing is 10. Sitting pressure distributions of 
three subjects are shown as Fig. 10. It can be seen 
that the waist bones are relatively obvious from the 
change color in this picture. Although the overall 
detective effect is good, the sensor set of line 3 
column 1 still exists certain interference detection. 
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(a) Sitting pressure distribution of subject 1. 
 

 
 

(b) Sitting pressure distribution of subject 2. 
 

 
 

(c) Sitting pressure distribution of subject 3. 
 

Fig. 10. Sitting pressure testing. 
 
 

4) The actual environment testing. 
When the car turns sharp right or left, driver's 

sitting posture changes because of the centrifugal 
force. The distribution of sitting pressure gets 
imbalanced. Fig. 11 shows changing results of the 
driver’s sitting pressure respectively when he faces 
two types of turn. 

From the changing color shown in the Fig. 11, the 
pressure of driver’s left leg is bigger when the car 
turns right. On the contrary, the pressure of driver’s 
right leg is bigger when the car turns left. 
Furthermore, this application can be used in the drive 
assistant in the future.  

 
 

 
 

(a) Turn to the right. 
 
 

 
 

 
 

(b) Turn to the left. 
 

Fig. 11. The actual environment testing. 
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5. Conclusion  

 
It is of great significance and very necessary that 

to develop the equipment of obtaining psychological 
state which provides an experimental platform for the 
following-up implicit interactions research and 
improve the quality of human-computer interaction 
for realizing seamless interaction. This project has 
the following features: 

1) With adopting the upper and lower computer 
system, our project overcomes the technologies 
difficult problems of data transmission and 
inconvenience of the traditional products using. 
Moreover, considering the using convenience of 
human-computer interaction when it is designed, we 
adopt a wireless connection way, which reduces the 
communication complexity greatly. 

2) Fully merged the concepts of energy 
conservation and environmental protection, our 
system adopts the "nobody - power dormancy, 
anyone - detection on electric start" intelligent mode, 
which makes up for the defect of the resources waste 
of the traditional technology, achieving the energy 
conservation and environmental protection. 

3) Tested in different environment, hardware and 
software system can run effective. Therefore the 
system has good robustness, which also makes up for 
the defects of single application of traditional 
technology. 

4) In this project, taking the subsequent expansion 
into consideration in the design process, we make 
good prepare for that the separation of chair cushion 
and analogue switch CD4051 of pressure sensors are 
increased to 64 pressure sensor groups for 
overcoming difficulties of traditional technology 
expansion. 
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Abstract: Random equivalent sampling technology was used to solve the high cost of high speed data 
acquisition issue. Random equivalent sampling uses multi-sampling technology to convert high-frequency 
periodic or quasi-periodic signals to low-frequency ones. This technique while is based on the vernier caliper 
principle is realized by measuring the interval of the trigger point and the first sampling pulse of the next 
sampling period, the equivalent sampling rate can be up to 10 GSps. It includes the trigger clock generator 
module, the sampling clock generator module, the equivalent time sampling measurement module and the data 
storage module. This technique has highly practical value and has been applied to the portable digital Storage 
oscilloscope. Copyright © 2013 IFSA. 
 
Keywords: Random equivalent sampling, Vernier Method, Trigger signal, Digital Storage Oscilloscope, 
Reconstructed waveform. 
 
 
 
1. Introduction 
 

With the rapid development of digital technology, 
the acquisition of high-frequency signals gradually 
increased, but because of the limitations of the 
existing components, the low-speed analog-to-digital 
converter is difficult for real-time acquisition of high-
frequency signals. Therefore, the equivalent sampling 
technique is used to solve this problem. This 
technology can achieve digitization of periodic signal 
or quasi-periodic signal and reconstruct original one 
by multi-sampling data. It is achieved by using the 
periodicity of the signal and relies on reducing the 
sampling rate to increase the acquisition time [1-3]. 
Equivalent sampling is not easy to achieve for 
portable digital storage oscilloscope (DSO), because 
of its low power consumption, low cost and small 
circuit board area requirements. The application of 

traditional capacitor charging and discharging 
technique is not advisable. This new idea and 
innovative point based on vernier caliper principle 
achieves the random equivalent sampling (RES) 
technology by using FPGA and a small number of 
integrated devices. 

 
 

2. Random Equivalent Sampling 
 
The equivalent sampling has sequential 

equivalent sampling and random equivalent 
sampling. The principle of sequential equivalent 
sampling was given in Fig. 1. The sequence of the 
sampling points’ acquisition is fixed. The first sample 
point is immediately collected after the arrival of a 
triggering event, and is stored in the memory. When 
the second triggering event arrives, a delay system 
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will work, this delay system will generate Δt delay , 
then the Second sample point will be collected; When 
the third triggering event arrives, the delay system 
will generate 2Δt delay, then the third sample points 
will be collected, And so on, displayed waveform is 
constituted by a fixed order sampling point, the first 
sampling point is on the left-most of the screen, and 
then each sample point sequence constituting the 
displayed waveform to the right. The disadvantage of 
this method has no pre-trigger information. 

 
 

 
 

Fig. 1. Sequential equivalent sampling diagram. 
 
 

RES can provide pre-trigger and trigger 
information as well as triggered information. The 
basic principle of RES was given in Fig. 2. Given a 
repetitively signal will be sampled as shown in the 
diagram on the top row, the sampling clock is taken 
by the immediate sampling pulse after the sampling 
signal. The interval time between all the sampled data 
is the sampling period. When the DSO is waiting for 
a trigger event, A/D converter was continuous 
acquisition and the sampled data was stored. The 
time between the trigger point and the first sampling 
pulse of the next sampling period was measured 
when the trigger event arrives. The time of all the 

sampled data relative trigger time will be deduced by 
the sampling period and the time between the trigger 
point and the first sampling pulse of the next 
sampling period. After a number of the above process, 
the waveform can be reconstructed. The key of RES 
is the measurement of the time between the trigger 
point and the first sampling pulse of the next 
sampling period [4-7]. 

The time between the trigger point and the first 
sampling pulse of the next sampling period was 
obtained by vernier caliper [8], as shown in Fig. 3.  
T1 is the cycle of sampling clock, T2 is the cycle of 
triggering clock, and the frequency of T1 is less than 
T2. This two clocks were counted, when the two 
clocks have the same phase, if T1 of counting to n1, 
T2 of counting to n2, then the time between the 
trigger point and the first sampling pulse of the next 
sampling period is measured as 

 

 
1122 TnTnt    (1) 

 

The implementation of RES not only achieves its 
logic function, but also considers its data collection 
and storage [9, 10]. Its structure was given in Fig. 4. 
The sampling data will be stored in internal memory 
cell of the FPGA with the sampling clock frequency 
that will be read by microprocessor. The 
implementation of RES mainly depends on the 
module to measure the time. This time is between the 
trigger point and the first sampling pulse of the next 
sampling period. The signal is continuously sampled 
by 101.01 MHz, when the trigger point comes 
immediately to start the trigger clock, the 
measurement module of equivalent sampling will 
calculate the time which is between the trigger point 
and the first sampling pulse of the next sampling 
period by the principle of vernier caliper. 

 
 

 
 

Fig. 2. Random equivalent sampling diagram.  
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Fig. 3. The vernier caliper law principle diagram. 
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Fig. 4. The structure of RES diagram. 
 
 

3. Researches 
 

3.1. Trigger Clock Generation Module 
 

Based on the vernier caliper principle, trigger 
clock is equivalent to the scale of the vernier caliper. 
The key of trigger clock is immediately starts, when 
trigger point comes on. The CDC421A100 is a high-
performance, low-phase-noise clock generator. It has 
an integrated low-noise, LC-based voltage-controlled 
oscillator (VCO) that operates within the 1.75 GHz to 

2.35 GHz frequency range. It will be used to generate 
100 MHz single for trigger clock. CE controls its 
output’s clock time that is less than 35 ps, when CE 
is high. Trigger clock generation module as shown  
in Fig. 5. 
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Fig. 5. Trigger clock generation module. 
 
 

3.2. Measurement Time Module of RES 
 

When the system enters RES, the sampling clock 
is always keeping a fixed frequency (101.01 MHz). 
When the input signal meets the trigger condition, the 
trigger signal immediately drives the trigger clock 
generation module to start up. Phase monitoring 
module is used to detect a trigger clock with 
sampling clock to same phase, while the system was 
counting these two clocks. When there are same 
phases, the time of between the trigger point and the 
first sampling pulse of the next sampling period will 
be calculated according to counting value of two 
clocks, thereby by deducing the time relationship of 
all the sampling points and trigger timing, waveform 
will be reconstructed. 
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Fig. 6. Sampling clock generation module. 
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The measurement module of Equivalent sampling 
used vernier caliper principle, because trigger clock’s 
frequency is 100 MHz, two phase-locked loops (PLL) 
in the EP1K30QC208-3 of Altera can be used to 
generate sampling clock, as shown in Fig 6.Trigclk is 
input clock, its frequency is 100 MHz. The setting of 
first PLL is 10/9 of the relationship between the input 
signal and the output signal, second PLL sets  
10/11 relationship of input signal and output signal. 
These two PLL are series of relations, and then the 
input signal SAMPCLK is 101.01 MHZ as sampling 

clock. When the input signal meets the trigger 
condition, the trigger signal immediately drives the 
trigger clock generation module to start up, the 
difference of phase between the sampling clock and 
trigger clock can be measured by phase monitoring 
module. After 0 to 100 clocks, trigger clock must be 
the same phase as the sampling clock, so equivalent 
sampling rate will achieve 10 GSps. Phase 
monitoring module and simulation diagram were 
given in Figs.7, 8. 
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Fig. 7. Phase monitoring module. 
 
 

 
 

Fig. 8. Simulation diagram. 
 
 

3.3. Data Storage Module 
 
The data storage module stored the output data on 

request of the A/D converter that is mainly depend on 
the internal logic unit of the FPGA to complete the 
peak value sampling and storing. Maximum peak 
value sampling schematic diagram was given in  
Fig. 9. It includes two pieces of D trigger 74273, two 
pieces of the 8-bit selector 2 × 8 mux, an internal 
memory of FPGA LPM_RAM_DP, and a piece of  
8-bit comparator LPM_COMPARE.  

The labels 1 trigger 74273b latched CHA_D 
[7...0] data of high speed A/D converter output by 

100 MHz latch clock /CLK_RTN with same 
sampling clock. The 8-bit comparator 
LPM_COMPARE compares dataa and datab, when 
the datab group data is greater than dataa, output agb 
sets 1.LPM_RAM_DP is a RAM in FPGA, its data 
storage address is generated by the counter sampling 
clock, and the storage pulse TRANS_LATCH 
frequency determines the peak value sampling depth 
that decided after comparing the number of points to 
store peak value. The frequency of the stored pulses 
is lower than the sampling clock, and if the stored 
pulses are more lower than the sampling clock, it 
compares more data in the same time and the stored 
data is relatively less, the stored pulses determined by 
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time base are usually less than 20 MHz, Therefore, an 
effective maximum value comes to five points at 
least will be stored. The SEL control terminal of 8-bit 
selector 2 × 8 mux is generated through the output of 
OR gate by TRANS_LOAD and agb. 
TRANS_LOAD is the same signal as the storage 
pulse, and its duty cycle is 0.2, this signal will store 
the first sampling signal as the default maximum. 
After that, the SEL signal will be controlled by the 

agb that is used to store the compared maximum 
value obtained every time by the labels 2 trigger 
74273b, this 74273b used to give the pre-compared-
maximum value to the comparator 
LPM_COMPARE, its frequency of latch clock 
CLK_100M_H is equal to the frequency of the 
sampling clock, which is 100 MHz, but their phase 
difference is 180° to store data through the 
comparison latched. 
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Fig. 9. Maximum peak value sampling schematic. 
 
 

4. Experimental Results 
 
When the settings of the time base is less than  

1 μs, the system begins the equivalent sampling, 
microprocessor sends control commands to FPGA for 
receiving the sampling data, the address of RAM is 
generated by 20 MHz clock. Before the arrival of the 
trigger signal the collected data were stored to the 
frontal 256 bytes of RAM. When the 256 bytes of 
RAM is full, the trigger signal will be allowed to be 
generated. If valid trigger signal and trigger signals 
are valid, the time between the trigger point and the 
first sampling pulse of the next sampling period will 
be measured. The hinder 256 bytes of the RAM will 
be used to store sampling data which was sampled 
after the trigger signal arrived. When the RAM 
memory is full, all the sampled data will be read, the 
time between the trigger point and the first sampling 
pulse of the next sampling period has been measured 
to calculate the interval of all sampled data relative to 
triggering time. After a number of the above-
mentioned process, the microprocessor can 
reconstruct waveform based on the needs of users. 
Reconstructed waveform is shown in Fig. 10. 

 

 
 

Fig. 10. Reconstructed waveform. 
 
 

5. Conclusions 
 
The RES module is proposed for sampling and 

reconstructing high frequency signal. The RES 
sampling rate can reach 10GSps in the portable DSO, 
this technology has been successfully used in the 
WX4452 portable DSO, and achieved good results. 
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Abstract: This work is devoted to the study of the impact of fluctuation parameters on forming random error of 
temperature measurements of environment. That is particular value for gas fire alarm sensors because it 
facilitates of increase of their data reliability. Random error is demonstrated to increase significantly under the 
decrease of sensitive element dimensions that, however, is demanded for reduction of sensor thermal inertia 
constant. Copyright © 2013 IFSA. 
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1. Introduction 
 

Standard EN 54 [1] regulates the reduction in  
10 times – from 10 minutes to 1 minute – of 
operating time of fire alarm systems. It makes 
possible to withdraw the notion “fire” out of usage. 
Having reduced arrival time at the scene of action to 
such extent firemen have to deal only with “hotbed  
of fire”. 

There are several ways of achievement of 
significant operating time reduction. The first way is 
transfer from non-addressable to addressable alarm 
systems. The second way is specified by the transfer 
to analogue sensors in which sensitive elements 
produce constantly signals linked with temperature or 
other environment parameter. The third way consists 
in usage of soft technical means for continuous 
processing of signal received from sensitive element, 
and elaborating of signals “Fire”, “Alarm” or others 
on the basis of analysis of character change.  

In this case a few problems appear from one side 
concerning attempts to reduce sensor operating time 
that demands its miniaturization, and from another 
side regarding providing errorless operation [2]. The 
last one specifies necessity to provide high relation 
“signal-noise” and to increase the reliability of 
feeding signals “Fire”, “Alarm” under the low ratio 
“signal-noise”.  

Gas as the object of study plays the role of 
thermosensitive substance which under volume 
contraction demonstrates fluctuation properties and it 
specifies sensor metrological parameters.  

 
 
2. Goal of Work 

 
The main goal of this work is the study of the gas 

sensor miniaturization impact on its metrological 
parameters.  
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3. Gas Fire Sensors 
 

Producer companies give much attention to fire 
alarm sensors with sensitive elements produced in 
the shape of quasi-closed gas-filled chamber [3] (as 
example a fire sensor ADW 511А). One of the 
chamber surfaces is produced in the form of 
movable membrane that closes electric contacts 
during bending (Fig. 1). The chamber is equipped by 
the calibrated hole for pressure balancing inside and 
outside of it under atmospheric variation that 
eliminates the possibility of incorrect triggering. The 
membrane position depends on the pressure inside 
chamber. It helps to detect the temperature jump or 
its change accordingly to speed – 30 °С/30 seconds 
that indicates of fire [4].  

In outgoing state and under slow temperature 
increasing inside-chamber-pressure and outside- 
pressure are balanced by means of excess gas yield 
through calibrated hole. Under rapid temperature 
change the air expands in the chamber but more 
quickly than it can get out through calibrated hole. In 
the case of fire when the gas in chamber heats 
quickly and membrane changes its position and 
closes contacts, the sensor in turn sends signals 
“Alarm” or “Fire”. 

 
 

Contact group 

Membrane 

Volume 

Calibrated hole
 

 
 

Fig. 1. Design of gas fire sensor. 
 
 
Size decreasing of gas sensitive elements results 

into changing of operating gas volume. In 
consequence of it the impact of volume fluctuation 
on measurement result is increasing. In such case 
dominants can be next two components of 
measurement error: the first component determined 
by volume fluctuation of sensitive element, and the 
second component determined by thermal conduction 
fluctuation from controlling gas environment of fire 
to gas inside the chamber.  

Determination of these components can be done 
by the next way. Heat transfer from fire source 
through the wall to thermosensitive substance of 
sensor (Fig. 2) which is the gas of specific 
composition can be described by well-known 
formula 2 1( )wQ C m T T  , where ;wC m  is the heat 

capacity and chamber wall mass; Т1 is the 
temperature inside chamber; Т2 is the temperature of 
environment. Fluctuations of mentioned temperatures 
indicated as 1 2;T T  lead to forming of fluctuation 

of heat quantity Q  that transfers through the 

chamber wall. So we can use next formula: 
 

 2 2 1 1( ) ( )wQ Q C m T T T T         (1) 

 
 

Gas inside the 
chamber 

Т1 

Environment

Т2 

Q 

 
Fig. 2. Heat transfer from controlling environment  

to thermosensitive substance of sensor. 
 
 

If average values of temperature, heat quantity 
and heat capacity are constants then heat quantity 
dispersion will be equal to: 
 

     2 1 2 1( )w wD Q D C m T T C m D T T     (2) 

 

Taking into account that linear combination 
dispersion of accidental non-correlated constants is 
equal to sum of dispersion items [5] then the formula 
(2) can be shown: 
 

      2 1w wD Q C mD T C mD T  , (3) 

 

Considering the chamber of sensor is filled with ideal 
gas the pressure in it will be described by ideal gas 

formula [6]: 
RT

p
V

 , where p  is the pressure, V  

is the molar volume, T  is the absolute temperature, 
R  is the universal gas constant, or by an ideal gas 

law formula: Bk NT
p

V
 , where V V  is the 

volume;   is the quantity of substance; Bk  is the 

Boltzmann constant; N  is the number of gas 
molecules in volume.  

If this gas volume is considered as conditionally 
constant (Charles law) then we can use next 
equation: 
 
 i

i

p pp

T T T

 


 
, (4) 

 
where ip  is the pressure increment and iT  is the 

temperature increment in і moment of time. On the 
basis of (4) the link between pressure increment and 
temperature increment can be described by the 
equation:  
 

 
i i

p
p T

T
   , (5) 
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which with consideration of ideal gas law formula 
can be shown as: 
 

 B
i i

k N
p T

V
   , (6) 

 
In accordance with [6] relative root-mean-square 

deviation of pressure is inversely proportional to 
square root of quantity of molecules: 
 

   1
~p

N
  , (7) 

 
Taking into consideration (5) then accidental 

increments of temperature due to increments of 
pressure will be: 
 

 
i i

B

V
T p

k N
   , (8) 

 
Temperature dispersion specified by accidental 
pressure changes can be described by the next 
formula:  
 

     2

1

1 n

i
i

D T T M T
n 

  , (9) 

 
where n  is the number of accidental temperature 

values;  i iT M T T    is the temperature value in 

the i moment of time,  M T  is the mathematical 

expectation (average value) of temperature. 
In the case if  M T const  with consideration 

of (8) then it can be written: 
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, (10)

 
When average value of pressure  M p const then 

dependence of temperature dispersion on pressure 
dispersion can be determined from (10): 
 

    
2

2 2
B

V
D T D p

k N
 , (11) 

 
as also root-mean-square deviation:  
 

    
B

V
T p

k N
  , (12) 

 
Having received from an ideal gas law formula 

the temperature value and taking into account (7) it 
can be concluded that relative root-mean-square 
deviation of temperature is inversely proportional to 

square root to the quantity of gas N molecules in the 
chamber of sensitive element:  
 

        1
~

T p
T p

T p N

 
         (13) 

 

Taking into account (13) temperature dispersion Т1 
and Т2 can be written by following way: 
 

    
2 2

1 2
1 2

1 2

,
T T

D T D T
N N

  , (14) 

 
So far as volume of controlling gas environment 

exceeds very significantly (in 10 orders of magnitude 
and even more) the volume of thermosensitive gas 
substance then N2 is more larger than N1 and 
temperature fluctuations of environment practically 
don’t impact on dispersion of heat quantity. 
Therefore (3) can be shown as:  
 

    
2

1
1

1
w w

T
D Q C m D T C m

N
  , (15) 

 
So random error of temperature measurement by 

means of the gas sensor is determined only by 
volume of its gas thermosensitive substance. It 
decreases to null if quantity of molecules (volume) of 
this substance increase, and vice versa it increases if 
volume decreases.  

As volume of thermosensitive substance of fire 
sensor sensitive element is mainly known and using 
of certain Avogadro number ( AN =6,021023 

molecules per 1 mole of gas that occupies 22,4 l 
under atmospheric pressure) enables to modify 
equation (15) into engineering equation with 
indication of numbers of gas moles n in sensor 
sensitive element:  
 

  
2

1
w

A

T
D Q C m

nN
 , (16) 

 
Taking into account that 1 gas mole occupies the 
volume of 22.4 l under normal conditions then in the 
case of conversion to standard units of volume the 

next formula can be used 
22, 4

V
n  , where V  is the 

concrete value of gas volume that is determined in 
m3. Then (16) will take the next form: 
 

  
2

1 22, 4
w

A

T
D Q C m

N V
 , (17) 

 

Calculation of error that is specified by 
decreasing sensitive element chamber dimension can 
be done by the impact of temperature fluctuations or 
of heat quantity fluctuations.  

Root-mean-square deviation of heat quantity as 
function of chamber volume of sensor sensitive 
element will be:  
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and relative root-mean-square deviation will be equal 
to:  
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Having substituted value of constants in (19) the 
equation will be simplified to the following:  
 

 
 

12
1

2 1

6.1 10 1

w

T
Q

T T C mV



 


, (20) 

 

Study results of dependence of relative root-mean-
square deviations of heat quantity on the volume of 
sensor element under different mass indexes of its 
copper walls are demonstrated in the Fig. 3. 
 
 

±  Q , % 

V, 3m

m=25 g 
m=5 g 

m=1 g

 
Fig. 3. Dependence of relative root-mean-square deviations 

of heat quantity δσ[Q] on the volume V of sensor  
sensitive element. 

 
 

Offered formulas enable to calculate the value of 
random error depending on volume of sensitive 
element chamber and sensor mass or to calculate the 
parameters of chamber by means of random error 
value which is given beforehand.  

In the Fig. 3 is demonstrated that under 
significant decrease of fire sensor sensitive element 
dimensions (to 4 ml) – relative root-mean-square 
deviation increases to ± 0,007 %. 

Such value of random error is absolutely 
admissible for fire technology. For these sensor sizes 
the thermal inertia constant doesn’t exceed 1 s.  

Mentioned above is concerning exceptionally the 
estimation of value of random error of temperature 
control by means of gas-filled chamber. But in this 
case other possible components of temperature 
measurement errors are left out of account.  

So with retooling of fire installations by small fire 
sensors the role of fluctuation deviations significantly 
increases in indications of measuring devices that are 
discovered in increase of their root-mean-square 
deviations and accordingly random errors.  

 
 

4. Conclusions 
 

The presence of properties fluctuations of control, 
gauge and signalization sensors establishes principal 
line of accuracy of any realized measurements that is 
special important for small size sensitive elements 
and demonstrated in the example of different size fire 
sensors.  

In the case of small size gas sensitive elements 
(chamber’s volume ~ 20 ml) relative root-mean-
square deviations of heat quantity received by the 
chamber of sensitive element from the environment 
can be ± 0,0005 … ± 0,0035 % depending on mass 
of its walls.  

A random error of temperature measurement that 
is specified by the dimension effect increases 
significantly under volume contraction of chamber 
and mass of its walls.  
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Abstract: Hydroforming is a cost-effective way of shaping ductile metals such as aluminum, brass, low alloy 
steels, stainless steel into lightweight, structurally stiff and strong pieces. The axial feed and internal pressure 
are very important parameters for tube hydroforming. Based on the original machine and sensors installed in this 
machine, the master-slave mode is used for controlling the axial feed of the right and left punches. By detecting 
displacement of the punch, one punch should trace another punch and realize the coordination motion control. 
On the other hand, adapting to add electro-hydraulic proportional valve on the low-pressure side and the internal 
pressure is set by users. The experiment results demonstrate that the control strategies proposed in this paper can 
meet the needs of manufacturing. Copyright © 2013 IFSA. 
 
Keywords: Coordination control, Internal high pressure, Axial feed, Sensor, Hydroforming. 
 
 
 
1. Introduction 
 

In the process of hydroforming, in order to make 
the left-right axial feed of the punch seal and feed the 
pipe, top up the liquid with internal high pressure in 
the pipe, deform the tube wall, paste the die gradually 
and get the shaped parts, etc. All these actions need 
to precisely control the synchronicity of left and right 
punches and the changing trend of internal high 
pressure liquid. This paper uses the type of 
1250/850/850 special hydraulic press in the process, 
and it made by Xi’an research institute in the late 80s. 
This machine has the oil cylinder in four directions of 
the up, down, left and right. The master cylinder is 
12500 kN in vertical direction, the left-right 

horizontal cylinder is 8500 kN in both sides and the 
ejection cylinder is 3000 kN at the bottom. The main 
features of designing and controlling the equipment 
are as follows [1]:  

1) The whole control system adopts the 
microcomputer control, high degree of automation, 
and can contribute to improve the quality and 
efficiency of products.  

2) This device needs big forming force, so the 
material, thickness, specifications of the hollow tubes 
are larger in the forming process.  

3) In order to ensure the inner pressure stable 
relatively in the preliminary stage of forming, it 
equips with a special vent system.  
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4) About the 3000 kN ejection cylinder, it can set 
a certain value of ejecting force through the RV 
(relief value) in the process of forming, and so it can 
reduce and avoid fractures in the direction of the 
branch pipe when form the pipe.  

5) It equips with a special charging system, 
namely the supercharger. In order to provide the 
reasonable inner pressure, avoid the horizontal 
cylinder moves forward when the inner pressure is 
low and reduce wrinkled waste products, it can make 
less than or equal to 25 MPa pressure provided by the 
hydraulic system and increase 8 times with the 
pressurization way of 1:8. And the supercharger can 
set systems for 1:1 as well.  

With the rapid development of controlling 
technology and the level of computer, the original 
design of control methods and systems can’t meet the 
needs of high precision control. This paper bases on 
the original control strategy of hydraulic, collecting 
displacement signal of the left and right punch and 
complete synchronization control of it through the 
PID control algorithm. The way of connecting 
proportional relief value in the low pressure side of 
pressure cylinder can control the internal pressure, 
fully meet the needs of tubes’ internal high pressure 
in the forming process. This article focuses on the 
strategy of synchronization and internal pressure 
control. 

 
 

2. Improving the Synchronous Control 
Measures of Axial Feed Punch 
 
In the process of testing, the feeding system of 

left and right side urn provided by the original 
forming machine and both sides of axial feed aren’t 
equal and lead to increase rejection rate. Although the 
hydraulic synchronous closed-loop control system is 
complicated and with high cost, but it can eliminate 
interference factors to a great extent because of 
testing the output and feedback, expecting to obtain 
high accuracy synchronous drive. So the hydraulic 
synchronous closed-loop control gets more attention 
from people, especially in the development of 
modern control theory, sensors and computer 
technology. This control form almost greatly applies 
to many principal engines driven by high precision 
hydraulic synchronous.  

In order to ensure that the synchronicity of two 
sides of cylinder feeding, we adopt synchronous 
closed-loop control system to improve the driven way 
of the side cylinder hydraulic system. Because of the 
flow synchronization controlled by the hydraulic 
system is small in this paper, we adopt valve-
controlled synchronous control. Compared with other 
control valves, the electro-hydraulic servo valve is an 
electro-hydraulic control component with high 
precision and frequency. The hydraulic synchronous 
closed-loop control system made up of it not only has 
high response speed, but also high precision of 
synchronous control [2].  

Hydraulic synchronous control generally includes 
equivalent methods and the master-slave mode. The 
so-called equivalent way is multiple actuators 
synchronous controlling, tracking and setting the 
ideal output, so that can under control respectively 
and achieves synchronous drive. The so-called 
master-slave mode which needs multiple 
synchronous control actuators, and let one of the 
outputs as the ideal one, while the rest of the 
actuators are controlled to track the selected ideal 
output and achieve synchronous drive. Combining 
with the project requirements, we decide to adopt 
displacement synchronous of the master-slave mode, 
the schematic diagram is shown in Fig. 1. 

 
 

  
 

Fig. 1. The Schematic Diagram of Synchronous System 
 
 
Detecting the displacement of two hydraulic 

cylinders respectively, we can get position deviation 
in the comparison circuit, feedback the deviation to 
electro-hydraulic proportional flow valve and control 
it further. In these two electro-hydraulic proportional 
flow valve, the current constant controlled by valve 1, 
valve 2 is controlled by position deviation value of 
the two hydraulic cylinder, so that the hydraulic 
cylinder 2 controlled by this valve can track the 
movements of the hydraulic cylinder 1 accurately. 
Using the master-slave mode can ensure the control 
system more stable and simple. And the control 
system of single input (set current) and single output 
(variable control current) is relatively simple because 
of the control parameter system is only one. If two 
flow valves are controlled by the closed loop, the 
system needs to control two parameters (control 
current of flow valve). While these two parameters 
have a coupling relationship between each other, it’s 
difficult to find a true sense of the decoupling 
controller. And the coupled system is also easy to 
cause the system oscillation and instability. In 
general, the frequency response of electro-hydraulic 
proportional flow valve is greater than the natural 
frequency of hydraulic system. So its control 
precision mainly depends on the accuracy of position 
detection system. The specific hydraulic principle is 
shown in Fig. 2 [3]. 

 
 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 227-233 

 229

 
1-Proximity Switch, 2-Displacement Sensor,  

3-The Forming Workpiece 
 

Fig. 2. The Hydraulic Diagram in the Synchronization 
Process of Axial Feeding Cylinder. 

 
 
3. Improving the Control Method  

of Pressure in the Tube Billet 
 

In order to control the internal pressure in the 
forming process of internal high pressure reasonable, 
realize users’ custom setup of the processing 
parameters when use the upper machine in the 
forming process and make corresponding 
modification on the original equipment of hydraulic 
system circuit creating the internal high pressure and 
control circuit.  

One of the advantages of 1250/850/850 bulging 
machine is supercharger. It has the pressure ratio of 
1:8, can also build up the initial forming minimum 
pressure less than 200 MPa in the initial stage of the 
pipe forming. The original equipment connecting the 
supercharger and the liquid pipe of the horizontal 
cylinder’s telescopic tube, equips with check valve, 
which makes the relief valve can not step-down or 
voltage when the internal pressure P rises in the 
process of pipe forming. 

Only designing the overflow device in the 
telescopic tube and check valve can’t solve the 
voltage stabilization problem thoroughly when the 
internal pressure rises in the process of tube forming. 
In order to realize the aim of adjusting the high side 
pressure, we can consider to remove the check valve, 
design an overflow device on the low pressure side of 
the supercharger, adjust the pressure on the low 
voltage side of pressure cylinder and convert through 
the supercharger in the form of 1:8. The overflow 
device adopts the ordinary relief valve or 
electromagnetic proportional valve abroad can also 
meet the requirements [4].  

When forming different specifications tubular 
parts, we can adjust the overflow pressure by 
changing the size of electrical signals of the 
electromagnetic proportional valve on the operating 
table. Adopting the above solution can ensure the 

internal pressure can be controlled less than 200 MPa 
at any point, so that can avoid or reduce the 
phenomenon of pipe fittings wrinkled or broken. To 
ensure the overflow system safe and reliable, the 
pressure on the low voltage side of the supercharger 
will less than 25 MPa through transform the internal 
pressure in the form of 1:8 at the same time. Practices 
show that adopting this design can make the forming 
effect idea and the yield is above 95 % not only for 
thin-walled and low strength alloy (copper alloy, 
aluminum alloy, etc.) which the tube bulging internal 
pressure is less than 32 MPa but also the thick-walled 
and high strength tubes with the bulging force of  
3-200 MPa such as stainless steel, carbon steel, 
titanium alloy, etc.  

The specific principle is shown in Figs. 3 and 4.  
 
 

 
1-Pressure Cylinder, 2- The Punch on the Right Side 

 
Fig. 3. The End Relief Method of the Supercharger. 

 
 

 
 

Fig. 4. The Improved Internal High Pressure  
Control System. 

 
 

4. The Computer Control System 
 
The function of computer monitoring system can 

be summarized as two aspects in the process of 
internal high pressure forming: controlling the time 
variable curve of the internal pressure reasonably, 
controlling the time variable curve of the axial 
feeding of punch side cylinder reasonably and 
recording the data of pressure and displacement [5]. 
Considering the graphical interface has the features 
of easy to operate and good interactivity, this article 
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from the perspective of rapid development, bases on 
virtual instrument programming language LabView 
and creates the control platform of internal high 
pressure forming machine control system, the form 
is1250/850/850. We describe the two aspects of 
hardware and software of computer system as below.  

 
 

4.1. The Hardware of the Computer  
Control System  

 
The hardware of the computer control system is 

mainly composed of computer, data acquisition card, 
pressure sensor, displacement sensor, switch output 
drive circuit and PLC (programmable logic 
controller),etc. The system block diagram shown in 
Fig. 5. 

We can see from the diagram of the control 
system, this system mainly includes two aspects: one 
is master cylinder OMRON PLC C200HX which as 
the core control system, this section exchanges 
information between the movement way of main 
cylinder of hydroforming and the upper machine, 
controls the movement way of the master cylinder 
and collect, storages and exchanges involved data in 
the movement process, called master cylinder control 
subsystem; the other is the control subsystem made 
up by A/D PCI-1721 board in the forming process, 
this part is mainly to complete the control of the 
displacement and the internal pressure of left and 
right side urn, including data acquisition, the 
realization of PID control algorithm and the 
proportional valve controlled by simulation output, 
called the board control subsystem. Describing the 
control of the two subsystems respectively as below. 

4.2. The Hardware of the Board  
Control Subsystem 

 
4.2.1. Pressure Sensors and Displacement 

Sensors  
 

The pressure sensor is mainly used to monitor the 
low pressure signal inputted by the end pressure 
cylinder, this sensor will transfer pressure signal 
which is less than 32 MPa into voltage signal in the 
scope of 0 to 5 V, so that the data acquisition card 
can collect and record the pressure signal in the 
cavity; The displacement sensor measures the 
displacement signals of left and right side urn, 
samples by the data acquisition card, completes the 
A/D conversion and realizes the synchronization 
control of the throttle valve 2 according to the result 
of PID algorithm.  

 
 

4.2.2. Switch Output Driving the Circuit  
 

In the process of forming, we need to control 
multiple electromagnetic reversing valve and realize 
to control the axial feed rate of the side cylinder tube 
and the cavity pressure in order to cooperate with 
electromagnetic proportional valve. In the experiment, 
we use PCI - 1721 digital output channel to control. 
TTL level is outputted from the digital output 
channel , its power is less than 1 mW, and the test of 
electromagnetic valve action requires larger power, 
so we must adopt the driven power amplification 
circuit. 

 
 

 
 

Fig. 5. The Computer Control System Diagram of Forming the Internal High Pressure. 
 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 227-233 

 231

DC signal driving the AC voltage circuit with the 
high power and power frequency has a variety of 
methods such as crystal triodes relays, solid state 
relays and thyristors. And some solid-state relays are 
more suitable for the computer control and the input 
power is smaller, it makes the circuit simpler and has 
the low cost. Simultaneously, we join the commonly 
used photoelectric triode between the solid state relay 
and output signal of PCI – 1721.It can enhance the 
ability of driving and play a role in reversing the 
signal. Switch driving circuit shown in Fig. 6. 
 
 

 
 

Fig. 6. The principle diagram of Switch Output Driving  
the Circuit. 

 
 

The series of PCI plug-in module of digital output 
channel is TTL gate circuit, its driving ability is 
limited. It can increase the driving ability by adopting 
the gate 7406 of concatenated open collector, make 
the current up to a maximum of 40 mA and can drive 
the solid state relay. But when TTL output control 
signals present the low electricity, the solid state 
relay breakover and reverses the signal by joining the 
TIL113 photoelectric coupler. The input current of 
solid state relay is 6 to 25 mA, increase the current 
limiting resistor R2 = 510 Ω, the output of controlling 
is the needed voltage value of corresponding 
electromagnet action. Accordingly based on the 
electrical characteristics of the TIL113 increase the 
current-limiting resistor R1 = 1.3 kΩ and limits the 
current of photoelectric diode side to 3 mA. The 
working principle of circuit is: when TTL with low 
electricity, 7406 outputs the high level, the light 
emitting diode cutoff, the photoelectric triode switch 
off and the output disconnect; When the control 
voltage is the high level, 7406 outputs the low level, 
the light emitting diode and photoelectric isolation 
triode switch on, the output breakover. 
 
 
4.2.3. The Amplifier Circuit of  

Proportional Valve 
 

The PCI - 1721 has four analog output channels, 
users can set the output of four channels in different 
range according to the requirement: 0 - +5 V, 10 V,  
0 – 20 mA or 4 – 20 mA, while the driven current of 
the proportional electromagnetic valve up to 1.5 A, 

apparently it must enlarge the signal outputted by the 
acquisition card. Adopting the YD – 4020 dedicated 
board of proportional valves as the amplifier circuit 
of data acquisition card PCI – 1721. It has the stable 
performance and high reliability. The proportional 
amplifier board can control the output current 
according to the size of proportional of the input 
voltage, and achieve the purpose of changing input 
signal of the proportional valve. 

 
 

4.3. The Control Subsystem 
of Master Cylinder 

 
The control system of master cylinder of 

1250/850/850 internal high pressure forming machine 
is controlled by PLC (programmable logic controller). 
The PLC inputs all kinds of switch signal, controls 
the digital output like the motor and the 
electromagnet and through the digital input/output 
templates and the communication of controlling 
computer. The main task of controlling computer is 
to get users’ commands and data through man-
machine conversation, complete the corresponding 
process data analysis, graphics display and save the 
data according to users’ commands, achieve the 
communication with PLC and give the corresponding 
control instructions. Through the PLC programmable 
controller, we can set the related parameters like 
fasting the forward speed, clamping force and the 
return speed, storage related parameters in the 
process of moving and the change of upper computer. 
This machine equips with OMRON C200HX 
CPU44-E programmable controller (the abbreviation 
is C200HX).  

Between the computer and OMRON PLC is the 
system of point-to-point power connection, its 
connection of hardware is very simple. OMRON 
C200HX provides the communication between 
RS232C interface and the upper computer, so we 
only need to make a special RS232C cable connected 
to the computer serial ports. It is important to note 
that the RS232C cable to communicate with a small 
amount of leads, and so it has poor anti-interference 
ability, being easy to damage and the length should 
not be longer than 15 meters and at least one 
electrically neutral when plug in. This paper adopts 
9-pin RS232C cable for data communications, the 
connection method is shown in Fig. 7. 

The speed is not high when testing the slider of 
hydraulic, so the data acquisition frequency of the 
hydraulic system is not high. Using the general 
microcomputer can meet the requirements and 
control it. 

 
 

4.4. The Software of Computer Console 
 

Considering the graphical interface has the 
features of easy to operate and good interactivity, this 
article from the perspective of rapid development, 
bases on virtual instrument programming language 
LabView and creates the control platform of internal 
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high pressure forming machine control system, the 
form is1250/850/850. LabView is the development 
tool of the virtual instrument software based on G 
(graphical programming language) and launched by 
the U.S. National Instrument Company (NATIONAL 
INSTRUMENTSTM, NI). It effectively combines 
computer hardware resources, instrument 
measurement and control hardware, data analysis, the 
process of communication and the graphical user 
interface software. 

 
 

 
 

Fig. 7. The Cabling Diagram of Needle RS232C. 
 
 

The basic operating process of the control system 
software of forming the internal high pressure is: 

1) Through the menu to set the hardware firstly, 
including two parts of setting data acquisition card 
and setting the communication of OMPRON PLC 
RS232C. 

2) Filling in “setting the operation parameter of 
1250/850/850 hydraulic” in the main screen and write 
to the DM area of PLC, and it also provides testing 
function of reading master cylinder pressure and 
displacement of the beam, and directly inputs to PLC 
communications command frame at the same time. 

3) Establishing the connection of “equipment 
connection choice”. This process will activate the 
liquid pressure and displacement of the beam, and the 
pressure display of hydraulic system. It can control 
the movement of solenoid valve, including the data 
display and record or terminate or start it at any time.  

4) Finally disconnect "equipment connection 
choice" at the end of the forming operation. 

 
 

5. Experimental Analysis 
 

5.1. The Analysis on Synchronization 
Performance of Axial Feeding  
of the Side Cylinder 

 
Using the improved internal high pressure 

forming machine, form the part shown in Fig. 8. [7] 

Under the three kinds of loading conditions, testing 
the length of tube billet at both ends of the transition 
zone respectively, so that you can determine whether 
the feeding amount of left and right side urn are equal 
in the forming process. The total length of this part is 
200 mm, the testing results shown in Table 1. 

 
 

Fig. 8. Testing the Feeding Quantity of Left and Right 
Punch of the Specimen. 

 
 

Table 1. Comparison of the Feeding Amount  
of Left Right Side Urn. 

 
Loading 

Conditions 
Project 

(100-L1) 
/mm 

(100-L2) 
/mm 

The first 
loading path 

measured 
value 

11.33 11.28 

The second 
loading path 

measured 
value 

11.17 11.4 

The third 
loading path 

measured 
value 

8.4 8.37 

 
 
5.2. Comparing the Actual Pressure  

with the Internal Pressure in Theory 
 

Taking the corresponding pressure of the second 
loading path as the research object, the custom of 
pressure curve and the actual internal pressure curve 
recorded by the pressure sensor in the pipe cavity 
shown in Fig. 9 (the value of the pressure sensor 
magnify 8 times in the Fig. 9). From the comparison 
diagram, due to the hysteresis of hydraulic 
components and the control system, the actual 
forming pressure and user-defined values have a 
certain gap, but the volatility is less. It shows that the 
pressure of tube cavity can track the user-defined 
internal pressure, and realizes the control mode of the 
user-defined internal pressure. 

 
 

 
 

Fig. 9. Comparison the Theory Load Curve  
with the Actual Pressure Curve. 
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The result shows that the improved dedicated 
hydraulic shaping machine better solve the 
synchronicity problem of the feeding of left and right 
side urn, and the internal pressure are customized by 
users in the forming process. It also improves the 
controllability of hydraulic shaping machine, and the 
improved hydraulic press can fully meet the test 
requirements.  
 
 

6. Conclusion 
 

Based on the control circuit of the existing model 
and hydraulic system, we can adjust the control 
strategy of the axial feeding of left and right punch 
and the internal pressure. 

1) Using the displacement sensor gathers the left 
and right punch displacement value, we can 
determine the electrical signal outputted from the 
second electro-hydraulic proportional valve through 
the PID control algorithm of PLC, make the axial 
feeding of the second punch tightly follow the first 
one and realize the synchronization of axial feeding 
better. 

2) The way to increase electromagnetic 
proportional overflow valve in the low voltage side 
of the supercharger can adjust the internal pressure 
conveniently. The test results show that the setting 
internal pressure is equal to the measured pressure 
basically. It can satisfy the forming requirements of 
the inner pressure set by users in the forming process 
of internal high pressure.  

In a word, the controllability of the improved 
special forming hydraulic press is great and it can 
satisfy the user-defined functions of internal pressure 
and the feed rate. The computer control system can 
successfully control the forming machine and carry 
out the forming experiment of internal high pressure. 
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Abstract: Pile-slab structure is a new subgrade construction with the development of high-speed railways in 
China. It is currently used in a number of high-speed railways. However, it is mainly designed by the empirical 
design method since the interaction mechanism among piles, slab and subgrade soil is not clear. The supporting 
effect on the slab and the lateral constraint effect on piles caused by subgrade soil is not considered using the 
empirical design method. A three-dimensional finite element model including train, track and pile-slab structure 
is established so as to make a systemic mechanical analysis of the slab, piles and subgrade soil in pile-slab 
structure. The conclusions is as follows:(1) When the supporting effect on the slab is not considered, the stress 
of the slab increases by 11.8 % ~ 13.4 %, the stress at the bottom of piles increases by 10.3 % ~ 11.2 %, the 
deflection of the slab increases by 11.0 % ~ 12.0 %. (2) The vertical displacement of the slab increases by about 
52.9 % that of piles increases by about 69.4 % after removing the soil of the embankment and the soft soil in the 
roadbed. This indicates that the embankment soil plays a significant role in the supporting effect on the slab and 
provides a positive frictional resistance on piles. (3)The lateral deformation of the pile-slab structure increases 
by approximately 25 % when slab and soil doesn't contact, indicating that the contact between slab and soil has 
a certain effect on the lateral deformation of the pile-slab structure. The lateral deformation of the pile-slab 
structure increases by about 2.5 times when removing the embankment layer, indicating that the lateral 
constraint effect on piles is very obvious. So the pile-slab structure has significant advantages compared with 
bridges. Copyright © 2013 IFSA. 
 
Keywords: Pile-slab structure, Pile-soil interaction, Slab-soil interaction, Coupling model, Mechanics 
characteristics analysis. 
 
 
 
1. Introduction 
 

In order to meet the requirements of the post 
construction settlements in high-speed railways, some 
new forms of subgrade structure such as pile-slab and 
pile-net structures are used [2-3]. Pile-slab structure 
has outstanding advantages in solving problems such 

as deep soft ground, collapsed loess, short transition 
sections between bridges and tunnels, turnout district 
embankment, existing embankment reinforcement 
and geological environment problems such as carst, 
goaf, etc. Because of that it’s widely used in high-
speed railways in our country [4-5]. The typical 
structure is shown in Fig. 1. 

Article number 1275
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Fig. 1. Typical form of the pile-slab structure. 
 
 

Since the interaction mechanism among piles, slab 
and subgrade soil is not clear, the supporting effect on 
the slab and the lateral constraint effect on piles 
caused by subgrade soil is often not considered when 
the pile-slab structure is designed. This may result in 
the situation that the calculation results are usually 
conservative and the project cost is high. Moreover, 
the conservative design results can lead to a greater 
rigidity of the structure, making the structure more 
sensitive to the effect caused by the temperature 
stress. This can even become a potential safety danger 
sometimes [6-9]. 

To sum up, a three-dimensional finite element 
model including train, track and pile-slab structure is 
built to make a systemic mechanical analysis of the 
slab, piles and subgrade soil. The slab-soil and pile-
soil interactions are the main part of the analysis so as 
to provide theoretical guidance for engineering 
designs. 
 
 
2. Parameters and Judging Criteria 
 

1) According to “Technical Code for Ground 
Treatment of Railway Engineering”, the vertical 
deflection of the slab should not exceed the 
requirements shown in Table 1. 

2) According to “Code for Design of High Speed 
Railway” [1], the limit value of the vertical angle at 
the beam end under the ZK static load should meet 
the requirements shown in Table 2. 

3) According to “Code for Design of High Speed 
Railway” and other criteria: 

The lateral deformation of the reinforced concrete 
slab and piles should meet the requirements of the 
lateral deformation in ballastless track: the lateral 
deformation of the bearing slab should be limited to  
2 mm; the lateral deformation of the piles should be 

limited to L5 ; the horizontal angle should less 
than 1/1000. 

The vertical displacement of the reinforced 
concrete slab is influenced by the limit value of the 
rail longitudinal displacement. It should be limited to 
5 mm when designed. 

 
 

3. Calculation Parameters and Model 
 

1) Calculation parameters. 
The Calculation parameters of the vehicle, the 

track and the pile-slab structure are shown  
in Tables 3 - 5. 

 

 
 

Table 1. Limit value of the vertical deflection of the bearing slab. 
 

Target value of the speed (km/h) ≤ 200 ≤ 250 ≤ 300 ≤ 350 

Limit value of the vertical deflection 1.1L/1300 1.1L/1400 1.1L/1600 1.1L/1700 

Limit value for span of 7.5m on single track railway (mm) 3.808 3.536 3.094 2.912 
 
Attention: L is the longitudinal span of the bearing slab; The limit value of the vertical deflection for single track railway should be  
0.6 times that of double track railway. 

 
 

Table 2. Limit value of the vertical angle at the beam end. 
 

Track style Position Limit value (rad) 

Side span between trimmer beam and bearing slab 1.0  ‰ 
Ballastless track 

Middle span between two adjacent bearing slabs 1 2 2.0   ‰ 
 
 

 
 

Fig. 2. Diagram of the angle at the beam end. 
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Table 3. Calculation parameters of the vehicle. 
 

Name Value Unit 

Mass of the vehicle 48000 kg 

Mass of the bogie 3200 kg 

Mass of the wheelset 2400 kg 

Rolling inertia of the vehicle 1.15e5 kg•m2 

Nodding inertia of the vehicle 2.7e6 kg•m2 

Yawing inertia of the vehicle 2.7e6 kg•m2 

Rolling inertia of the bogie 3200 kg•m2 

Nodding inertia of the bogie 7200 kg•m2 

Yawing inertia of the bogie 6800 kg•m2 

Rolling inertia of the wheelset 1200 kg•m2 

Yawing inertia of the wheelset 1200 kg•m2 

Longitudinal stiffness of the first series/Axle box 9.0e3 kN/m 

Lateral stiffness of the first series / Axle box 3.0e3 kN/m 

Vertical stiffness of the first series / Axle box 1.04e3 kN/m 

Longitudinal stiffness of the second series /Bogie side 0.24e3 kN/m 

Lateral stiffness of the second series /Bogie side 0.24e3 kN/m 

Vertical stiffness of the second series /Bogie side 0.40e3 kN/m 

Longitudinal damping of the first series/Axle box 0.0 kN•s/m 

Lateral damping of the first series/Axle box 0.0 kN•s/m 

Vertical damping of the first series/Axle box 5/0.1-9/0.3 kN•s/m 

Longitudinal damping of the second series /Bogie side 10/0.01-12/0.1 kN•s/m 

Lateral damping of the second series /Bogie side 30.0 kN•s/m 

Vertical damping of the second series /Bogie side 6/0.1-10/0.3 kN•s/m 

Half of the lateral distance of first series 0.748 m 

Half of the lateral distance of second series 0.978 m 

Nominal rolling radius of wheels 0.46 m 

Length between truck pivot centers 17.375 m 

Wheelbase of the bogie 2.5 m 

Height from the mass center of the vehicle to rail surface 1.7 m 

Height from the mass center of the wheelset to rail surface 0.46 m 

Height from the mass center of the bogie to rail surface 0.6 m 
 
 

Table 4. Calculation parameters of the track slab, the supporting layer and the pile-slab structure. 
 

Name 
Strength grade 

of concrete 
Size (m) Density (kg/m3) 

Modulus of 
elasticity (MPa) 

Poisson 
ratio 

Track slab C40 2.8×0.26 2500 32500 0.2 
Hydraulic supporting layer C30 3.6×0.30 2500 30000 0.2 
Bearing slab C30 5×4.4×0.6 2500 30000 0.2 
Piles C25 11×1.0×1.0 2500 28000 0.2 

 
 

Table 5. Calculation parameters of the roadbed. 
 

Soil type 
Thick-

ness 
(m) 

Unit 
weight 

(kN/m3) 

Modulus of 
compressibility 

(MPa) 

Cohesion 
(kPa) 

Poisson 
ratio 

Internal 
friction 
angle (º) 

Packing of A and B groups 4 21.0 80.6 6 0.3 35 
Silty clay 5 20.0 4.49 32.07 0.35 11.05 
Mudstone with sandstone 4 22 647 20 0.2 55 
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2) Calculation conditions. 
Taking the pile-slab structure whose span is 7.5 m 

for example, the analysis is done for three kinds of 
pile-slab structures with different curves. The three 
different curve radii are as follows: R1=400 m;  
R2=2200 m; R3=∞, i.e. a straight line. 

For pile-slab structure, separation may appear 
between slab and soil because of the vibration of the 
slab under long-term train load. So two Calculation 
conditions are calculated: Slab1 and soil doesn’t 
contact, not considering the supporting effect Slab2 
and soil contacts, considering the supporting effect. 

3) Calculation model 
Based on the existing research results, a three-

dimensional coupling dynamical model is established 

using ABAQUS finite analysis software including the 
vehicle, the contact of rail and wheels, the ballastless 
track and the pile-slab structure [10~11]. The model 
is shown in Fig. 3 to Fig. 5. The slab-soil and pile-soil 
interaction are simulated by the contact, shown  
in Fig. 6. 
 
 
4. Mechanical Behaviors  

Under the Vertical Load 
 
The results under the vertical load are shown in 

Table 6 and Figs. 7-12. 

 
 

  
 

Fig. 3. Model of the vehicle. 

 

 
Fig. 4. Model of the contact between rail and wheels. 

 

 

  
 

Fig. 5. Model of the pile-slab embankment  
(partially sectioned). 

 
Fig. 6. Model of the contact among slab, soil and piles. 

 
 

 
 

 
Fig. 7. Vertical displacement of the pile-slab structure. 

 
Fig. 8. Longitudinal stress of the bearing slab. 
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Fig. 9. Displacement nephogram of soil. 

 
Fig. 10. Displacement nephogram of piles, slab and soil 

(cross section). 

 
Table 6. Results under the vertical load. 

 
Pile-slab type R=2200 R=400 Straight line 

Condition One Two Three Four Five Six Seven Eight Nine 
Whether or not consider the 
supporting effect on the slab 

Y N N Y Y N Y Y N 

Whether or not allow the 
separation between soil and slab 

Y N Y Y N Y Y N Y 

Vertical displacement 
(mm) 

0.7834 0.7772 0.8755 0.8026 0.7962 0.8989 0.7863 0.7818 0.8731 

Outer tension stress 
(MPa) 

0.4993 0.4915 0.5703 0.5024 0.4954 0.6763 0.5021 0.4980 0.5686 

Middle tension stress 
(MPa) 

0.5548 0.5508 0.6294 0.5627 0.5551 0.6365 0.5618 0.5575 0.6282 

Bottom 
of the 

bearing 
slab 

Inner tension stress 
(MPa) 

0.4997 0.4924 0.5708 0.5043 0.4962 0.5776 0.5021 0.4976 0.5685 

Inner compression 
stress (MPa) 

0.5052 0.4994 0.5619 0.4956 0.4859 0.5534 0.5027 0.4990 0.5560 

Outer compression 
stress (MPa) 

0.5047 0.4979 0.5618 0.4912 0.4833 0.5483 0.5027 0.4990 0.5560 Piles 

Vertical displacement 
(mm) 

0.6354 0.6311 0.7044 0.6536 0.6493 0.7264 0.6376 0.6340 0.7032 

Compression stress 
under piles(MPa) 

0.2537 0.2513 0.2814 0.2547 0.2521 0.2831 0.2506 0.2488 0.2763 

Compression stress 
under the outer slab 

(kPa) 
4.471 4.608 - 4.578 4.735 - 4.502 4.601 - 

Compression stress 
under the middle slab 

(kPa) 
3.075 3.316 - 3.119 3.189 - 3.085 3.134 - 

Soil 

Compression stress 
under the inner slab 

(kPa) 
4.481 4.619 - 4.619 4.750 - 4.502 4.601 - 

 
Vertical displacement 

(mm) 
0.7935 0.7870 - 0.8124 0.8059 - 0.7961 0.7916 - 

 
 
Results can be drawn as follows from the 

calculations above: 
1) The deformations of the pile-slab structure 

are very small, much far from the limit value. The 
separation of piles and soil has little effect on the 
deformation and stress of piles, slab and soil, 
indicating that the pile-soil interface properties 
have little effect on the stresses and displacements 
of the pile-slab structure. 

2) The vertical displacement of the slab, the 
stress at the bottom of piles, the mechanical 
behaviors of the slab can be influenced if the 
separation between slab and soil is allowed (i.e. the 
supporting effect on the slab is not considered). 
When the supporting effect on the slab is not 
considered, the stress of the slab increases by  
11.8 % ~ 13.4 %, the stress at the bottom of piles 

increases by 10.3 % ~ 11.2 %, the deflection of the 
slab increases by 11.0 % ~ 12.0 %. It can be seen 
from the above that the supporting effect on the 
slab caused by the soil should be considered when 
the pile-slab structure is designed. The results can 
be conservative when the supporting effect is not 
considered. 

3) Compared to the pile-slab structure in 
straight lines, the stress of the slab of the pile-slab 
structure in curves is basically the same under the 
vertical load. The difference is less than 1.5 %. So 
as the piles. The difference is less than 3 %. It can 
be seen that the mechanical behaviors of the pile-
slab structures in curves and straight lines are 
almost the same when the lateral constraint effect 
on piles is considered. 
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Fig. 11. Vertical displacements of the bearing slab (the first and the third conditions). 
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Fig. 12. Settlements of the pile and soil. 
 
 

5. Mechanical Behaviors under Vertical 
and Lateral Coupling Loads 
 
In this part a pile-slab model under vertical and 

lateral coupling load is established to put emphasis on 
the supporting effect on the slab and the lateral 
constraint effect on piles caused by the soil. To have a 
good analysis of the relationship between the 
mechanical behaviors of the pile-slab structure and 
the constraint conditions caused by the soil, the soil 
under the slab is removed step by step. 

Take the condition whose curve radius is 2200 m 
and span is 7.5 m for example. The design speed is 
taken as 200 km/h, the superelevation is 105 mm, 
parameters of the road bed are taken according to 
Table 5. Results after applying transverse rocking 
force, centrifugal force and ZK load to the surface of 
the rail are shown in Table 7 and Figs. 15-20. 

It is can be seen from the calculations above: 
1) The vertical deformation of the pile-slab 

structure becomes a little larger when slab and soil 

doesn’t contact. That of the slab increases by about 
52.9 % that of the pile increases by about 69.4 % after 
removing the soil of embankment and the clay in the 
roadbed. That indicates the embankment soil plays a 
significant role in the supporting of the slab and 
provides a positive frictional resistance on piles. 

2) The lateral deformation of the pile-slab 
structure increases by approximately 25 % when the 
slab and soil doesn't contact, indicating that the 
contact between slab and soil has a certain effect on 
the lateral deformation of the pile-slab structure. The 
lateral deformation of the pile-slab structure increases 
by about 2.5 times when removing the embankment 
layer and that of the slab already exceeds the limit 
value by 2mm. The lateral displacement of the pile-
slab structure increases obscurely when the silty clay 
layer is removed, indicating that the constraint effect 
caused by the soil besides piles has a larger 
relationship with soil properties. Overall, the lateral 
constraint effect on the piles caused by the subgrade 
soil is very obvious. The pile-slab structure has 
significant advantages compared with bridges. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 234-243 

 240 

 
 

 
Fig. 13. Model of the pile-slab structure without 

embankment. 

 
Fig. 14. Model of the pile-slab structure only with the 

mudstone layer. 
 
 

Table 7. Results under different constraint conditions. 
 

Bearing slab Piles Soil 

Conditions 
Vertical 
displace-

ment 
(mm) 

Lateral 
displace-

ment 
(mm) 

Tension 
stress at the 
bottom of 
the slab 
(MPa) 

Mise 
stress 
(MPa) 

Vertical 
displace-

ment 
(mm) 

Lateral 
displace-

ment 
(mm) 

Lateral 
displace-

ment 
(mm) 

Soil 
pressure 
besides 
the 3# 

pile 
(kPa) 

Soil 
pressure 
besides 
the 4# 

pile 
(kPa) 

Fully restricted 0.5818 0.866 0.5469 0.7786 0.4279 0.838 0.843 4.103 4.088 

Slab and soil is 
separated 

0.6306 1.084 0.5762 0.9404 0.4759 1.046 1.046 13.649 17.740 

Separated by1 m 0.6615 1.249 0.5819 1.057 0.4846 1.202 1.101 17.833 22.078 

Separated by 2 m 0.7002 1.551 0.5957 1.227 0.5222 1.497 1.189 20.461 24.126 

Separated by 3 m 0.7406 2.001 0.6176 1.371 0.5667 1.940 1.294 21.768 24.912 

Separated by 4 m 0.8344 3.024 0.6584 1.553 0.6661 2.946 1.712 3.581 3.629 

Separated by 5 m 0.8510 3.261 0.6652 1.595 0.6851 3.179 1.452 3.311 3.343 

Separated by 6 m 0.8646 3.456 0.6709 1.624 0.7001 3.371 1.136 2.878 2.896 

Separated by 7 m 0.8750 3.598 0.6750 1.642 0.7112 3.511 0.8104 2.309 2.317 

Separated by 8 m 0.8823 3.685 0.6777 1.651 0.7186 3.596 0.4962 1.731 1.730 

Separated by 9 m 0.8893 3.734 0.6798 1.654 0.7252 3.644 0.2500 85.297 85.513 
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Fig. 15. Relationship between the vertical displacement of the slab and subgrade soil 
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Fig. 16. Relationship between the lateral displacement of the pile and subgrade soil 
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Fig. 17. Relationship between the lateral displacement of the slab and subgrade soil. 
 
 

  
 

a) only with the rock layer 
 

b) fully restricted 
 

Fig. 18. Comparison of the vertical displacement. 
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a) only with the rock layer 

 
b) fully restricted 

 
Fig. 19. Comparison of the lateral displacement. 
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Fig. 20. Comparisons of the lateral displacements of piles under different conditions. 
 
 

3) It can be seen from Fig. 20 that whether the 
roadbed fillings are present or not can have a large 
effect on the lateral deformation of the piles. 
Moreover, whether or not considering the contact 
between slab and soil causes little effect on the lateral 
deformation of the piles. This proves the roadbed 
filling is the main factor that controls the lateral 
deformation of the pile-slab structure. 
 
 
6. Conclusions 

 

1) A three-dimensional refined model of the pile-
slab structure is established and its mechanical 
properties under the vertical load are analyzed. 
Results show that the vertical displacement of the 
bearing slab, the stress at the bottom of piles, the 
mechanical behaviors of the slab can be influenced if 
the supporting effect on the slab is not considered. 
When the supporting effect is not considered, the 
stress of the slab increases by 11.8 % ~ 13.4 %, the 
stress at the bottom of piles increases by 10.3 % ~ 

11.2 %, the deflection of the slab increases by 11.0 % 
~ 12.0 %. It is suggested that the supporting effect on 
the slab caused by the soil should be considered when 
the pile-slab structure is designed. The results can be 
conservative if the supporting effect is not considered. 

2) The vertical displacement of the slab increases 
by about 52.9 % (including the settlement of the pile-
slab structure as a whole), that of the pile increases by 
about 69.4 % after removing the soil of embankment 
and the clay in the roadbed, indicating that the 
embankment soil plays a significant role in the 
supporting of the slab and provides a positive 
frictional resistance on piles. 

3) The lateral deformation of the pile-slab 
structure increases by approximately 25 % when slab 
and soil doesn't contact, indicating that the contact 
between the slab and the soil has a certain effect on 
the lateral deformation of the pile-slab structure. The 
lateral deformation of the pile-slab structure increases 
by about 2.5 times when removing the embankment 
layer, indicating that the lateral constraint effect on 
piles caused by the roadbed soil is very obvious. The 
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pile-slab structure has significant advantages 
compared with bridges. 

4) Whether the roadbed fillings are present or not 
can have a large effect on the lateral deformation of 
the piles. In contrast, whether or not considering the 
contact between slab and soil causes little effect on 
the lateral deformation of the piles. This proves the 
roadbed filling is the main factor that controls the 
lateral deformation of the pile-slab structure. 
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Abstract: With the wide application of computer and DCS in industry, the discrete controller has begun to play 
an important role in the process industry, thus leading internal model controller, which has good tracking 
performance, become the focus of the researchers’ study [1]. Meanwhile, industrial field exists a large number 
of non-square multivariable systems, therefore it is significantly practical to study on non-square system. So this 
paper puts forward the design scheme of internal model controller, based on the discrete control system. At first, 
the paper presents the concept of discrete channel gain, and through discrete channels relative gain, square 
subsystem can be chose from non-square system. Then by using the square subsystem, the controller is 
designed. However, if the system is designed in this way, the control effect and the robustness of system will not 
be perfect. To solve this problem, we add a low pass filter based on the original control system. Through this 
way, the robustness and stability of the system will be increase. Copyright © 2013 IFSA. 
 
Keywords: Discrete systems, Non-square multivariable system, Internal model control. 
 
 
 
1. Introduction  

 

In order to improve the control effect and achieve 
higher yields, computer control and discrete control 
system are widely used in modern industrial fields. 
Based on these systems, internal model controller has 
developed with good tracking performance, thus it 
becomes the focus of the researchers—how to replace 
PID control. Therefore, this paper will do more 
research about the internal model controller by 
designing the controller parameters in non-square 
discrete multivariable system, which will improve 
control performance. 

In the continuous system, there are mainly two 
kinds of internal model control methods for non-
square multivariable system [2, 3]: one is to choose 
closest relative input and output, making the input 
and output variables matched and achieving the 
purpose of the decoupling and designing controller 

[4, 5]. The other is to decouple the non-square control 
system directly, designing internal model controller 
of non-square systems by using the generalized 
inverse method [6]. But in discrete multivariable 
system, the research is so limited that we need to 
explore more information on this field. To achieve it, 
the paper introduces the concept of discrete channel 
relative gain and matches loop in non-square 
multivariable system, thus the square subsystem can 
be obtained and then though it the internal model 
controller could be designed, achieving satisfactory 
results. 
 
 

2. The Relative Gain  
 
In the design of internal model controller of non 

continuous system, subsystem of the non-square 
system can be selected by using the concept of 

Article number 1276

http://www.sensorsportal.com


Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 244-251 

 245

relative gain. Then through this approximate square 
system, the controller can be designed. Similarly, in 
the design of discrete non-square systems, through 
the relative gain, subsystem of the non-square 
systems can also be selected. 

In the relative gain matrix, it is assumed that 
system is stable and open loop, meanwhile the 
transfer function matrix is steady and nonsingular, 
then: 
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(1) 

 
In the formula, molecule is under the condition of 

open loops except for loop iy - ju , and the 

denominator is under the condition of closed loops 

except for loop iy - ju  

ij is the relative gain. For a non-square system 

with m rows and n columns, relative gain will exist 
between each of its input and output, which formed a 
relative gain matrix, such as 
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It suggests that relative gain is used to describe 

the degree of coupling between loops of system, 
pointing out the ratio of the open loop gain and the 
closed-loop gain and showing the influence degree of 
the loop by other circuit. However, it is very difficult 
to calculate the relative gain by this simple definition. 
Comparing with continuous system, discrete system 
relative gain can be calculated in the following way: 
First, according to the following formula: 
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It can get the matrix K, 
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R is generalized inverse transpose matrix of K, 

that is: 

( )TR K   (5) 

 

The element of R is ijr , that is: 
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The relative gain matrix can be obtained by the 

Amada multiplication of K and R, that is: 
 

*ij ij ijk r   (7) 

 
 

3. The Selection of Subsystem in Discrete 
System  
 
The concept and calculation method of relative 

gain and the relative gain matrix is introduced in the 
second section, including how to build the 
subsystems of non-square system through the relative 
gain matrix. 

For the non-square system which has m inputs and 
n outputs, several kinds of subsystems should be 
chose. When the input dimension is greater than the 
output dimension (also known as fat system), the 
number of subsystems of non-square systems can be 
obtained by statistically which is:  

 
!

!*( )!
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 (8) 

 
In so many subsystems, the system, which has 

smallest loop coupling effect, should be chose. How 
to find this system? The concept of relative gain 
matrix will be used. The following describes how to 
select square subsystems using the relative matrix. 

According to the method described in the second 
section, the discrete relative gain of non-square 
system can be got. The relative gain matrix represents 
the coupling degree between loops. According to its 
definition, loops can be match through the following 
principles to find out the square subsystems. 

1) If 1ij 
 
; which indicates the open loop of 

iy
 

and ju …gain equals the closed-loop gain of 

them, in other words, iy
 

is only controlled by ju . 

And the other loop has no effect on the loop. 

Therefore iy  and ju
 
matching the most easily. 

2) If 0ij  ; which indicates the open loop gain 

of iy
 
and ju

 
is equal to zero, that is to say, iy

 
and 

ju  is irrelevant , iy
 
is not controlled by ju , they 

can't match in this case. 
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3) If 0 1ij  , which indicates the open loop 

gain of iy
 
and ju

 
is less than the closed-loop gain of 

them, iy
 

is decided jointly by several control 

functions, namely the coupling exists between loops. 

When 0.5ij  , which indicates the effect of ju
 
to 

iy  is equal to the reaction of other circuits. When 

0.5 1ij  , that indicates ju  plays a larger role than 

other circuits; On the contrary, when 0 0.5ij  , that 

indicates the other loop play a larger role. In this 

case, when 0.5 1ij  , iy and ju  can match, and 

when the closer ij  is to 1, the better the effect of 

matching. 

4) If 0ij  , that indicates the open loop gain 

and the closed-loop gain of iy
 
and ju is opposite in 

sign, which explains that ju  and other circuit not 

only have interactions, but other circuits play the 

main role, in this case, iy
 
and iy

 
can’t be match. 

5) If 1ij  , that indicates the open loop gain 

of iy
 

and ju  is larger than the closed-loop gain, 

which explains that ju
 
plays a main role, but the 

other loop still has a certain impact on iy , In this 

case, iy
 
and ju

 
can match. But when ij  is very 

large, it may lead to the instability of other loops, so 
it is not recommended to match. 

In general, when the closer Y is to 1, the more 
matching is recommended, the control effect will be 
better; when the farther Y is from 1, the less 
matching is recommended. According to this method, 
we can choose the minimum coupling system from 
the subsystems to replace the original non-square 
system model approximately, which is used to design 
internal model controller. 

 
 

4. The design of Internal Model 
Controller for Discrete Systems  
 
Such as block diagram of discrete internal model 

control method shown in Fig. 1, R is a given value, y 
is the output of the system, d is the system 

interference, ( )IMCG z
 
is the discrete internal model 

controller, ( )pG z
 

is the object of discrete 

system,  mG z
 
is the discrete object model:  

The output of the system can be got from the 
picture: 
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Fig. 1. Discrete internal model control structure. 
 
 
When the object model and system objects 

perfectly matched, that is: 
 

  ( )p mG z G z  (10) 

 
The transfer function of the system is: 
 

        (   )IMC p IMC mH z G z G z G z G z   (11) 

 
In common with the design of continuous internal 

model controller, discrete internal model controller 
can also be operated by two steps, but controller 
design should be carried out in the Z domain. The 
design steps of discrete internal model controller are 
as follows: 

The first step: discretizing, and resolving object 
and object model. 

In general, the obtained system object model is 
continuous system model. In order to use the 
computer to control the system, the system object and 
the model should be discretized firstly. 

 

  ( ( ))p pG z G s Z  (12) 
 

  ( )( )m mG z G s Z  (13) 
 

Then the discrete model of system should be 
decomposed, According to the continuous internal 
model control principles, the object model should be 

decomposed into ( )mG s and ( )mG s , this will be 

extended to discrete system, in which object model is 

decomposed into ( )mG z and ( )mG z  
. ( )mG z is 

 mG z the minimum phase part, and 

( )mG z should include zeros outside the unit circle 

and pure delay part of  mG z
 
, that is: 

 

  ( ) ( )m m mG z G z G z   (14) 
 

The second step: design the filter, and form 
internal model controller. 

The internal model control principles are 
extended to discrete control system, the general form 
of the discrete internal model controller is: 
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   1 * ( )IMC mG z G z f z
  (15) 

 
Filter f (z) of the general form: 
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Among them: 
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1f fb a   (19) 

 
In the above formula,   is the required 

parameters of the design filter, T is the sampling time 
of the system. 

In the fifth section, it finds that the effect of the 
internal model controller is not ideal only through 
such design. In many cases, the robustness of the 
control system is nonideal, and even output 
divergence will happen. In order to solve this issue, 
we add a first-order filter in the feedback loop when 
designing the IMC controller. 
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b z
F z
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 (20) 

 
By adding the feedback filter, the robustness of 

the system can be greatly enhanced, what’s more, the 
stability of the system and the steady-state value of 
the output won’t be affected. 

 
 

5. Simulation and Comparison of the 
Control Effect 
 
In order to test the control effect of discrete 

internal model controller, SHELL standard control 
model is used to do control simulation of discrete 
controller. Standard SHELL model is as follow: 
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(21) 

 
The discretization time is 1 second; after 

discretization the pulse transfer function systematic 
matrix can be obtained, which is as follow:  

 

 
81 84 81

54 42 45

0.0802 0.02926 0.1164

0.9802 0.9835 0.9802
0.1067 0.09454 0.1704

0.9802 0.9835 0.9753

p

z z z
z z zG z

z z z
z z z

  

  

 
    
 
      

(22) 

 

In the nominal case, pulse transfer function of 
discreted model is: 
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(23) 

 
According to the method mentioned before, 

relative gain matrix can be calculated, 
 

1.2728 0.5946 0.3218

0.0184 1.5735 0.5551
K

 
    

 (24) 

 

According to the matching principle, 2u and 

3u are used for control, 1u is a fixed value, and 1y is 

controlled by 3u , 2y
 
is controlled by 2u . Then based 

on this square subsystem, internal model controller 
can be designed and by using a V type control 
method the square subsystem decoupled. Internal 
model controller is obtained: 
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(25) 

 
At start point, set value of

1y to be 0.5; in 1000 s, 

set the value of 2y  to 1; in 2000 s, add the interfered 

parameter 1d ; in 2500 s, add interfered parameter 2d . 

Through MATLAB simulation, the Fig. 2 and Fig. 3 
can be got. 

They suggest that the discrete internal model 
controller, designed by this method, can track the 
output system well and eliminate steady state error of 
system. 

When the object is perturbed, system object 
changes to: 
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(26) 

 
The simulation research suggests the robustness 

of the internal model controller, designed by this 
method for time-delay, is limited. Once the delay 
variation is relatively large, the system becomes 
unstable, making output divergent. Fig. 4 and Fig. 5 
show output of the system when delay variation 
changes 10 %, it is obvious that the output becomes 
divergent. 
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In order to increase the robustness of system, we 
add a feedback filter in feedback loop. The added 
feedback filter is:  
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After adding a feedback filter, we can get new 
figures of system output when object was perturbed 
again, which show the output is more stable than 

before and without systemic diverge. It concluded 
that the robustness of the system will be increased 
when adding a feedback filter. However, it also finds 
that systemic error cannot be diminished, which will 
be the focus of further study. These figures are as 
following: 

Similarly, after adding a feedback filter, we can 
also get new figures of system output when object 
wasn’t perturbed, see Fig. 8 and Fig. 9. Though the 
comparison of these figures, although feedback filter 
is added, the system can still perfectly track a value 
given by system. 

 
 

 
 

Fig. 2. Curve of Y1 when there is no feedback filter. 
 
 

 
 

Fig. 3. Curve of Y2 when there is no feedback filter. 
 

 
 

Fig. 4. Curve of Y1 when the perturbed Object has no feedback filter. 
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Fig. 5. Curve of Y2 when the perturbed Object has no feedback filter. 
 

 

 
 

Fig. 6. Curve of Y1 when the perturbed object has feedback filter. 
 
 

 
 

Fig. 7. Curve of Y2 when the perturbed object has feedback filter. 
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Fig. 8. Curve of Y1 when the origin object has feedback filter. 
 
 

 
 

Fig. 9. Curve of Y2 when the origin object has feedback filter. 
 
 

6. Conclusions 
 
In this paper, we put forward a direct method of 

internal model controller design in discrete non-
square systems. Since there is little research on 
method of internal model controller design in discrete 
system. So, this paper only puts forward the design 
methods of discrete internal model controller based 
on the original method through making full use of the 
method of internal model controller design in 
continuous system, making the design of internal 
model controller possess good control effect and the 
robustness improved obviously at the same time. 

However, this method still has a larger space to 
promote. First of all, this is an indirect method of 
internal model controller, which can’t completely 
eliminate the coupling between the system circuits. 
Secondly, designing internal model controller 
directly can be a new try. Thirdly, online internal 
model controller can also be used in the discrete 

control system, which makes real-time update 
possible and itself more acceptable; this is also the 
focus of discrete controller research in the future. 
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Abstract: It is very difficult to built reliability design model of structural parts working in a complex and 
uncertain environment because of their dynamic time-dependent characteristic, an intelligent method of 
reliability analysis based on integration algorithm is presented in this paper, RBFNN and finite element analysis 
combined with Monte Carlo numerical simulation is integrated to improve simulation computing precision. And 
this method is applied to reliability analysis of OCS suspension system, mathematic model of reliability 
calculation on OCS system based on integration algorithm is built, and reliability of OCS suspension system are 
calculated by the method, and the influence of outside parameter on the whole system is analyzed by the model. 
OCS suspension system are critical force-bearing parts of OCS system in the high-speed electrified railway, and 
fault rate is very high, their reliability analysis is important research subject in railway system, the integration 
algorithm provides feasible new method for the reliability analysis and design of OCS system and the other 
Structural system. Copyright © 2013 IFSA. 
 
Keywords: RBFNN, Reliability analysis and design, Monte Carlo, Finite element analysis, OCS. 
 
 
 
1. Introduction 
 

The OCS in the high-speed electrified railway is 
erected directly and no alternately, various size and 
structure are in motion and change under natural 
environment and complex loads, so frequent trip, 
electricity supply failure and frequent faults of 
pantograph and OCS become one of the most 
equipment faults affecting transportation safety.  

Improving OCS system stability and reliability 
plays an important role to improve operation 
efficiency and decrease operation faults of the high-
speed electrified railway, particularly for some 
location parts, such as location supporting seat and 
location pipe, they are critical force-bearing parts of 
OCS system in the high-speed electrified railway and 
work in a complex and uncertain environment and are 

in dynamic changing because of all kinds of complex 
loads such as pantograph, wind and natural climate, 
so fault rate is very high, their reliability analysis and 
design are important research subject in railway 
system [1].  

In reliability design model, stress-intention 
distribution model reveals clearly fault cause and the 
essence of reliability design, but it is difficult to 
establish stress and intention distribution and joint 
probability density function in dynamic time-
dependent environment. In this paper, an intelligent 
method of reliability analysis based on integration 
algorithm is presented, RBFNN and analysis of finite 
element combined with Monte Carlo numerical 
simulation is integrated to improve simulation 
computing precision. Mathematic model of reliability 
calculation on OCS system and integration algorithm 
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model are built, reliability of OCS suspension system 
is calculated by the method, and the outside 
parameter influence on OCS suspension system is 
analyzed by the model. It provides a new way for the 
design and research of reliability in complex railway 
system [2]. 

 
 

2. Stress-intention Interference Model 
 

Every components of mechanism part maybe 
invalid because all kinds of complex static loads and 
dynamic loads lead to internal stress exceed material 
intensity limit, the failure probability can be obtain 
by (1) according to stress-intention interference 
theory [3, 4].  

 

 dsdsfSPP
D

Sf   ),()0(  , 
(1) 

 

where )....,,,( 321 iXXXX   ,

),...,,,( 321 SjSSS XXXXSS . 

),( sf S   is the stress and intention joint 

probability density of every components, 
iX  is 

the structural intention, sjX  is the stress. 

If T
nXXXX )....,,( 21 is random parameters 

vector, then state function is Expressed as: 
 

 )()()( XSXXg   , (2) 
 

The components will invalidate if 0)( Xg  

according to (2) and probability and statistics theory, 
failure probability and reliability can be calculated in 
a certain amount of random numbers  and S. 
Intensity interference model of structural reliability 
analysis is shown in Fig. 1. 

 
 

 
 

Fig. 1. Intensity interference model of structural  
reliability analysis. 

 
 

3. Compound Algorithm Mathematic 
Model of Reliability Analysis 

 
It is difficult to build reliability model of OCS 

suspension system because they work in a complex 
and uncertain environment. In this paper, reliability 

analysis method of OCS suspension system based on 
RBFNN and finite element combined with Monte 
Carlo is presented, integration algorithm course is as 
follows [4]:  

1) Critical factors that influence the reliability of 
OCS suspension system are established, they are pre-
tighten force P, contact wire tension T and wind 
speed W and ice-covering thickness d.  

2) N groups of random data are generated 
according to statistical distribution for selected 
parameters, maximum stress in dangerous section for 
each group of parameters are calculated by the finite 
element [5]. After selecting the fragment structure 
unit, characteristic analysis of typical unit is 
necessary, relationship of any point displacement is 
derived by nodal displacements.  

 

 )(}]{[}{ euNw  , (3) 
 

where }{w  is the column vector of any point 

displacement in the unit, )(}{ eu  is the column vector 

of nodal displacement, ][N  is the shape function 

matrix. The relationship of unit strain and unit stress 
and unit balance equation are obtained by (3).  

 

 )(}]{[}{ euB , (4) 
 

 )(}]{][[}{ euBD , (5) 
 

 )()()( }{][}{ eeE ukP  , (6) 
 

where }{ is the strain column vector of any point in 

the unit, ][B is the unit strain matrix, ][D is the 

elasticity matrix, dxdydzBDBk Te ]][[][][ )(  , )(}{ eP is 

the force column vector of unit equivalent node.  
Relationship between node load and displacement 

is built by principle of minimum potential energy, 
namely equilibrium equation of structure.  

 

     PUK  , (7) 
  

where,  K is the whole rigidity matrix;  P  is the 

load array; U is the displacement array.  

3) The N groups of data are acted as RBFNN 
training samples, input-output relation between 
external parameter and interior stress is built by 
RBFNN algorithm, the detailed realization of 
RBFNN algorithm is as follows [6-8].  

Let X is input variable and Y is network output 
vector: 

MT
Mm RxxxxX  ),,,,,( 21  , 

T
NyyyY ),,,( 21   

hz is the hidden output ( Hh ,,2,1  ), then 

output expression is:  
 

    )( hhhh CXbgZ ,  
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where (*)hg  is the Gaussian function, 

T
mhhhhh cccCW ),,,(1 21  is the Gaussian 

function central vector, hh b2  is the 

standardized parameter; hZ  is the output of h  

hidden node.  
It is shown that the distance between input vector 

and Gaussian function datum center is nearer by 
formula (8), because the Gaussian function is radial 
symmetry, hide node will have same output for the 
input of same radial distance from basis function 
centre 

hC . The output of Radial basis network is 

linear combination, namely: 
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where 10 Z ， 0jw  is the goal unit threshold, 

T
jHjjjj wwwwW ),,,,,( 210  ,

T
HzzzzZ ),,,,( 210  .  

The outputs of hide nodes are usually normalized to 
obtain good speciality of input and output: 
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Then network output is obtained: 
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where 
T

HuuuuU ),,,,( 210  .  

Let K samples pairs, then network goal function is: 
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where 
kd is the network goal output; 

ky  is the 

network real output value. Network learning rules 
are: 
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where )(k is learning rate and  is momentum 

factor.  
The structure of RBFNN is shown in Fig. 2.  

 
 

 
 

Fig. 2. The structure of RBFNN. 
 
 
4) Material intensity distribution is established by 

testing and statistical data in document.  
5) Reliability of OCS suspension system is 

calculated by numerical simulation-Monte Carlo, 
Monte Carlo method is that state function g is 
calculated by random sample, and g<0 is judged, the 
parts is considered failure if maximum stress exceeds 
limit state[9]. Testing total numbers N meets 

fPN /100 , if failure total number is L, failure 

probability fP is NL /  and reliability R  is 
fP1 , 

calculation flow chart is shown in Fig. 3.  
Eighty groups of basic variables are randomly 

generated according to the mean and variance of 
basic variables, then the stress S of each groups of 
basic variables are calculated by finite element 
software ANSYS [10, 11], seventy-five groups data 
are acted as training samples, and five groups data 
are acted as testing data. In finite element calculating, 
entity model is turned into PARASOILD format, then 
it is lead into ANSYS software and solid92 
tetrahedron unit is used, 76726 units 168872 nods are 
obtained by free-dividing meshes. Finite element 
analysis model the base of OCS suspension system is 
shown in Figs. 4- 9. Finite element analysis model 
the fixing hook of OCS suspension system is shown 
in Figs. 14- 16.  
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Table 1 is testing result after RBFNN is trained, it 
is clear that theory values and RBFNN output values 
is very close from Table 1.  

The reliability of OCS suspension system are 
calculated by integration algorithm mathematic 
model, the mean value and deflection coefficient of 
material intensity limit value of OCS suspension 
system are obtained according to according to 
statistics. Reliability calculating result of the base of 
OCS suspension system is 0.9981, Reliability 
calculating result of the fixing hook of OCS 
suspension system is 0.9912, relative error is only 
0.125 % comparison with calculating result of 
optimal SVM integration algorithm method.  

It is analyzed that distribution deflection 
coefficient of external parameter have an effect on 
reliability the base of OCS suspension system by the 
program, relation curve is shown in Figs. 10-13. 
Relation curve that distribution deflection coefficient 
of external parameter have an effect on reliability the 
fixing hook of OCS suspension system is shown in 
Figs. 17-20. 

Distribution deflection coefficient of pre-tighten 
force P and contact wire tension T have a great 
influence on reliability, so reliability optimal design 
is necessary to reduce failures of OCS suspension 
system [3]. 

 
Table 1. Test Result. 

 

F 
(KN) 

P 
(N.m) 

d 
(mm) 

W 
(m/s)

Theory 
value 

(MPa) 

Forecast 
value 

(MPa) 

Relative
error 
(%) 

17.089 57.134 12.112 17.213 430 423.56 1.498 
16.678 57.297 16.829 41.114 410 402.51 1.827 
15.274 58.183 19.250 54.994 404 400.03 0.983 
14.982 64.952 10.158 32.749 409 408.75 0.061 

 

 
 

Fig. 3. Flow chart of reliability calculation based  
on RBFNN and Monte Carlo numerical simulation. 

 
 
 

 
 

 
 

 
Fig. 4. Entity model of the basem of OCS  

suspension system. 
 

 
Fig. 5. Finite element model of the base 

of OCS suspension system. 
 

 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 252-259 

 256 

  
 

Fig. 6. Whole stress cloud imagery of the base 
of OCS suspension system. 

 
 

 
Fig. 7. Finite element model of OCS  

suspension system. 
 

 
 

 
Fig. 8. V.Mises stress cloud imagery of  

OCS suspension system. 
 
 

 
Fig. 9. V.Mises stress cloud imagery of OCS 

suspension system. 
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Fig. 10. Relation curve between deflection coefficient  
of wind speed W and reliability. 

 

 
Fig. 11. Relation curve between deflection coefficient  

of ice-covering thickness d and reliability. 
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Fig. 12. Relation curve between deflection coefficient of 
pre-tighten force P and reliability. 

 
 

 
Fig. 13. Relation curve between deflection coefficient 

of contact wire tension T and reliability. 
 

 
 

 
Fig. 14. Entity model of fixing hook. 

 

 
Fig. 15. Finite element model of fixing hook. 

 
 
 

 
 

Fig. 16. V.Mises stress cloud imagery of fixing hook. 
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Fig. 17. Relation curve between deflection coefficient  
of ice-covering thickness d and reliability. 

 
 

 
Fig. 18. Relation curve between deflection coefficient 

of contact wire tension T and reliability. 
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Fig. 19. Relation curve between deflection coefficient  
of pre-tighten force P and reliability. 

 

 
Fig. 20. Relation curve between deflection coefficient  

of wind speed W and reliability. 
 

 

4. Conclusions 
 
Reliability statistical data is deficient because the 

reliability research of railway OCS system is just 
beginning, in addition, there are complex non-linear 
relation between each part internal stress of OCS 
system and external load, it brings great difficult to 
reliability research. 

In this paper, an intelligent method of reliability 
analysis based on compound algorithm is presented 
in this paper, RBFNN and analysis of finite element 
combined with Monte Carlo numerical simulation is 
integrated to improve simulation computing 
precision. Mathematic model of reliability calculation 
on OCS suspension system and compound algorithm 
model are built, reliability of OCS suspension system 
is calculated by the method, OCS suspension system 
is critical force-bearing parts of OCS system in the 
high-speed electrified railway, and fault rate is very 
high, their reliability analysis is important research 
subject in railway system, it is difficult to built 
reliability model because it works in a complex and 
uncertain environment. In this paper, analysis method 
of location installation based on support vector 

machine and finite element combined with Monte 
Carlo is used, and the outside parameter influence on 
location installation is analyzed by the model. It 
provides a new way for the design and research of 
reliability in complex system of railway. 
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Abstract: In digital signal processing, the Fast Fourier Transform (FFT) is a kind of high efficient method to 
calculate the discrete Fourier transform (DFT). It cuts the discrete signal sequence which the length is N for 
different radix sequences to operate using the way of handing back and partition. Currently, the radix-2 FFT 
algorithm is a popular approach to do the transform work. However, its computation is still big. This paper seeks 
for a more efficient algorithm to better reduce computational complexity and it starts the study from the  
radix-2 and the radix-4 fast Fourier transform, then explores more efficient and faster radix-8 FFT algorithm and 
finally extends to radix any power of 2. Experiments evidence that the radix-8 FFT algorithm outperform the 
radix-2 in all in circumstances, therefore prove the feasibility and efficiency of the radix-2n.  
Copyright © 2013 IFSA. 
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1. Introduction 
 

Digital signal processing is using a computer or 
dedicated processing equipment to transform the 
signal into a number or a symbol sequence, through 
the method of numerical calculation for signal 
collection, transformation, integration, valuations and 
recognition and other processing, so as to achieve the 
purpose of extracting information and easy to 
application [1]. It has been more and more widely 
used in communications, voice, images, radar, 
earthquake forecast, sonar, remote sensing, TV, 
biological medicine, space technology, automatic 
control, artificial intelligence, Earth and nuclear 
physics and many other fields [2]. 
 
1.1. Fourier Transform 

 

Fourier transform is the most widely used signal 
processing method [3]. According to the different 

types of an original signal, the Fourier transform can 
be divided into four categories [4], as seen in the 
Table 1. Only the discrete Fourier transform (DFT) 
can be processed on a computer. The Fast Fourier 
Transform (FFT) is presented, showing a strong 
function of the discrete Fourier transform. 
 
 
1.2. Discrete Fourier Transform 

 
Select one cycle of a discrete Fourier series [5], 

there can be the discrete Fourier transform formula 
(1). Each point here is complex valued data. There 
are real part and imaginary part. The Fourier 
transform is composed of these two parts [6], because 
the complex number form can shorten transform 
expression. The FFT is based on the complex number 
form [7], so almost all the description of the Fourier 
transform is a complex number form. 
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Table 1. The Fourier Transform classification. 
 

1. 
Non-periodic 
continuous signal 

Fourier Transform 

2. 
Periodic continuous 
signal 

Fourier Series 

3. 
Non-periodic discrete 
signal 

Discrete Time 
Fourier Transform 

4. 
Periodic discrete 

signal 
Discrete Fourier 
Transform 
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The coefficient has the following properties (2). 
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Using these characteristics, some items in the 

DFT operation can be combined and the long 
sequence of the DFT can be divided into several short 
sequences of DFT, thus greatly reducing the number 

of operations of the DFT. Computational amount of 
the DFT is proportional with N2 [8]. N is smaller, the 
DFT computational amount is smaller. The FFT 
algorithm is based on this basic idea. 

 
 

1.3. Fast Fourier Transform 
 
The FFT calculation can be divided into three 

steps. An N-point time domain is firstly divided into 
N time-domain signals of one point [9]. Then 
calculate each one point signal to get its frequency 
domain. After this, the N frequency domains are 
combined in a certain order to get the required 
spectrum. 

First step, the signal segmentation is in 
accordance with the law of Fig. 1. (Take a 16-points 
signal as an example). 

As seen in the Fig. 1, it is according to bit reverse 
order to segment [10]. The data comparison in the 
sample of before bit inversion and after is shown in 
Table 2. 

Second step, calculate each one point spectrum. 
Here the spectrum of a time domain point value is its 
own. At this time, the point is not a time-domain 
signal, but a frequency-domain signal. 

 
 

 
 

Fig. 1. The FFT signal segmentation schematic diagram. 
 
 

Table 2. The data comparison before and after. 
 

Normal order 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Bit reversal 0 8 4 12 2 10 6 14 1 9 5 13 3 11 7 15 

 
 
Third step, combining these N frequency domain 

signals in the opposite order of the time domain 
segmentation. Combine two signals of a point into a 
signal of two points, and then combine two signals of 
2 points into a signal of 4 points, until the end. 

Now take a look at the amount of computing 
DFT. Here x(n) is a complex sequence as said before. 
Therefore, the calculation of the value of X(k) needs 
N times complex multiplications and N-1 times 
complex additions. As analyzed above, the N-point 

DFT calculation amount is N2, where the N-point 
FFT operation amount here is Nlog2N [11]. FFT 
speed can be quicker, such as the use of radix-4. It 
calculates every four points instead of every two 
points to improve the speed. The calculated amount 
of the radix-4 FFT is Nlog4N. The following analysis 
of the study is based on radix-8 as well as even faster 
FFT. 
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2. Radix-2 FFT and Radix-4 FFT 
Algorithm 

 
2.1. Radix-2 FFT 

 
Radix-2 means that there are 2M points [12]. 

Setting the input sequence length is N which is equal 
to 2M. M is a positive integer. If N doesn’t comply 
with this condition, artificially plus zero to 2M. This 
sequence x(n) (n=0,1,…,N-1) is divided into two 
groups according to the parity, forming two sub-
sequences, and bring them two into the DFT formula 
[13, 14]. Use the characteristics of the coefficient 

kn
NW  to simplify the formula, and then get (3)  

and (4). 
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So all the value of X(k) in the interval from 0 to 

N-1 can be gotten as long as the value of X1(k) and 
X2(k) corresponding to each integer k in the range of 
0 to N/2-1 can be known. The operation above can 
use the butterfly flow diagram to indicate [15], as 
seen in Fig. 2. 

 
 

 
 

Fig. 2. The Radix-2 FFT butterfly flow diagram. 
 
 

On the left side, X1(k) and X2(k) are input, the 
right side is output. When the N/2 is still an even 
number, each of the sequence with N/2 points can be 
further divided into two subsequences each with N/4 
points. Continue like this until each subsequence has 
only one point. Dividing for one time, there is a level 
of operations [16]. 

 
 

2.2. Radix-4 FFT 
 
Similar to the radix-2 FFT algorithm, the radix-4 

algorithm is dividing k into four equal portions, 4k, 
4k+1, 4k+2 and 4k+3. Take them into the DFT 
formula (1) and simplify the equation with the 
formula (2). Assuming there are 4M points, M is a 
positive integer. In the same way, there are four 
formulas (5)-(8). 
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And the Fig. 3 is the radix-4 butterfly. The left 

side is time-domain signal, and the right side is the 
frequency-domain signal. 
 
 
3. Radix-2n FFT Algorithm 
 
3.1. Radix-8 FFT Algorithm 

 
Radix-8 means that there are 8M points. Setting 

the input sequence length is N which is equal to 8M. 
M is a positive integer. Similar to the radix-2 FFT 
algorithm and the radix-4 FFT algorithm, the radix-8 
algorithm is dividing k into eight equal portions, 8k, 
8k+1, 8k+2, 8k+3, 8k+4, 8k+5, 8k+6 and 8k+7 
(k=0,1,…,(N/8)-1). This sequence x(n) (n=0,1,…,  
N-1) is divided into eight groups, forming eight sub-
sequences. Take them into the DFT formula, as seen 
in (9). 
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And the coefficient has characteristics as shown 

in (10). 
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Fig. 3. The Radix-4 FFT butterfly. 
 
 
Since these properties, the rdix-2 DFT formula 

and the radix-4 DFT formula can be simplified. But 

the coefficients of 
8kN

NW , 
83kN

NW , 
85kN

NW  and 
87kN

NW  are 
completely complex valued data. The formulas like 
the radix-2 FFT and the radix-4 FFT are not easy to 
get from simplification. Therefore, thinking from 

another perspective, the definition of 
8kN

NW  in formula 
(11) is used. 
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The Euler’s formula is shown in formula (12). 
 

)
2

sin()
2

cos(
2

N

nk
j

N

nk
e N

nk
j 




. 
(12) 

 
So there is a formula as shown in (13). 
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3.2. The Implementation of the Algorithm 

 
Using the definition of the coefficient, take the 

equation (13) into the formula of the radix-8 FFT. 
The radix-8 FFT algorithm can be implemented by 
complex multiplication, addition and subtraction. The 
pseudo-code of the radix-8 FFT algorithm is shown 
as follows. 

 
void FFT(complex* v) 
{ 
 Copy node 
 Initialize the next node to 0 
 Set W the complex number 
 Express the Eq.13 
 Calculate X1+WX2,X1-WX2 
} 
The rest is similar to the radix-2 FFT algorithm. It 

cuts the discrete signal sequence which the length is 
N for eight sequences to operate using the way of 
handing back and division. Continue dividing until 
each subsequence has only two points.  

Each division is a level with a set of operations. N 
points of DFT can be divided for M times. And every 

level of operation has N/2m groups. Thus, two loops 
can be used. 

In these loops there is a function to implement 
each set of butterfly operations. As the input of the 
butterfly is the natural order and the output is bit-
inverted, there is a sorting process in the function. 
After the completion of each set of butterfly, the 
output is put to the position where the next level 
input is, and this is equivalent to rearrange each level. 
The pseudo-code of the butterfly function of the 
radix-8 FFT algorithm is shown as follows. 

void FftIteration(int j, int N, int R, int Ns, 
complex* data0, complex*data1) 

{ 
 Define the array subscript parameters 
 Calculate rotating factor 
 FFT function 
 Rearrange array 
} 
 
 

3.3. The FFT Algorithm Promotion 
 
The implementation of the radix-8 FFT algorithm 

uses the definition of the coefficient factor and the 
Euler’s formula which all can be common used. The 
DFT formula is also universal. So it doesn’t need to 
simplify the formula like the radix-2 FFT algorithm 
and the radix-4 FFT algorithm. The following 
sentence of the template is to implement the function 
of radix-2n FFT algorithm. 

 
template <int R> 
 
Keep the framework of the FFT algorithm and 

replace 8 in the radix-8 FFT algorithm with R(R=2n). 
Because the basic idea doesn’t change, the only one 
needs to be changed is the radix. Then, a series of fast 
Fourier transform of radix 2n can be realized, such as 
radix-16 FFT, radix-32 FFT and so on. Thus, the FFT 
algorithm module can be implemented and promoted. 

 
 

4. Experimental Design 
 
4.1. Theoretical Analysis 

 
Assume that an N-point signal sequence needs to 

be transformed through the radix-2n FFT algorithm. 
When the N is large enough, the bigger the radix 
number 2n is, the amount of the computation of the 
FFT algorithm is smaller, and run faster. Now 
analyze the running speed in theory. The operation 
speed can be estimated from the amount of 
computation. The calculated amount of different 
radix FFT algorithm is shown in the Table 3. 

Of course, the amount of computation drawn here 
are theoretical values, roughly calculating through the 
mathematical way so as to estimate the speed of the 
running time of the algorithm processing. Through 
the actual operation, the results will be test below. 
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Table 3. The calculated amount of different radix FFT. 
 

 Complex multiplication times 

radix-2FFT N
N

2log
2  

radix-4FFT N
N

N
N

24 log
8

3
log

4

3


 

radix-8FFT N
N

N
N

28 log
24

7
log

8

7


 

 
 

4.2. Experimental Design 
 

The hardware test environment of the design is on 
the Intel® Core™ i3550CPU at 3.2 GHz computer 
through the Microsoft Visual Studio 2008 software 
environmental platform. 

In order to test the performance of the algorithm, 
adding a function of time in the main function 
module to test the run time. Use the function of time 
coming with the system, clock (), to get the system 
time before and after implementation of the FFT 
algorithm. The value after subtraction of these two is 

the system time of each calculation. Then divide the 
system time per second, CLOCKS_PER_SEC, to get 
the time in seconds for each running. 

Now choose the appropriate input data to run the 
FFT algorithm. As the FFT algorithm is aiming at 
implement large amounts of data quickly, here a lot 
of data are also needed to have a test. However, 
manually entering large amounts of data to test takes 
too much time and doesn’t conform to the actual 
situation. Generally read data in the file or input data 
automatically by the system. Here in order to 
facilitate the testing, only emphasizes the correctness 
of the algorithm and time performance, it specifies 
the input data directly through the cycle. The input is 
a sequence of complex numbers. Through the 
structures define the input data of the algorithm. Here 
specify that the real part is the odd from 1 and the 
imaginary part is the natural number from 1. 

The experiment is designed to test the high-speed 
performance of the radix-8 FFT algorithm. Here just 
take the radix-2 FFT algorithm as a reference for easy 
setting N. Because the N must be the power of 2 and 
the power of 8.The N starts from 8 to be tested here. 
By a large number of data testing, the running speed 
comparison between the radix-2 FFT algorithm and 
the radix-8 FFT algorithm is shown in Table 4. 

 
 

Table 4. The running speed of radix-2and radix-8 FFT. 
 

N 23=8 26=64 29=512 212=4096 215=32768 218=262144 221=2097152 

Radix-2FFT 0s 0s 0.007s 0.033s 0.353s 2.944s 25.486s 

Radix-8FFT 0s 0s 0.005s 0.021s 0.220s 2.029s 19.668s 

Speed 
difference 

0s 0s 0.002s 0.012s 0.133s 0.915s 5.818s 

 
 

It is easy to see that the radix-8 FFT takes less 
time when the N is the same. That is to say, the  
radix-8 is faster than the radix-2 FFT algorithm. 

When the N is very small, such as 8 or 64 points, 
the running time can’t be recorded by the computer. 
Because the time is too short even approximate  
to zero.  

The bigger the N is, the speed difference can be 
more obvious, and it is easier to see the good 
performance of the radix-8. 

In order to see the speed difference between the 
radix-2 FFT and the radix-8 FFT much more clearly, 
the line chart is better, as shown in Fig. 4. 

 
 

5. Conclusions and Future Work 
 

1) When the N is large enough, the bigger the 2n 
is, the calculated amount of the FFT algorithm is 
smaller. Starting the study from the radix-2 and the 
radix-4 fast Fourier transform, implement them and 
put forward the more efficient and faster radix-8 FFT 
algorithm and finally extend to radix any power of  
2 FFT algorithm, such as radix-16, radix-32. Through 

the experiments, the radix-8 FFT algorithm proves its 
faster and more efficient performance than the  
radix-2 from the fact. 

 
 

 
 

Fig. 4. The running speed of the radix-2 FFT algorithm 
and the radix-8 FFT algorithm. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 260-265 

 265

2) The amount of data that the radix-2n FFT can 
transform is just the power of 2n. If the amount of 
data doesn’t comply with this condition, artificially 
add the number of zero. So according to the actual 
situation, consider a decision to choose n as the most 
suitable number. 

3) The further work will run this algorithm on the 
GPU. The CPU is not fast enough and strong enough 
to run even more data. It takes a long time when the 
N is reach two million as shown in the Table 4.The 
GPU is a faster device that can popularize this 
algorithm. 
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Abstract: Nowadays, model checking is recognized as an efficient technology for verifying system properties. 
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1. Introduction 

 
Model checking [1] is recognized as an efficient 

technology for verifying system properties. There 
are many tools such as SPIN supports it which will 
greatly enhance its applicability. Model checking 
tool searches the system state space finitely and 
checks whether exists some states against the 
specified property. If there is no such state, then it 
indicates that the system meet the property. If there 
is such state, the model checking tool gives a 
counterexample. 

Model checking tool has been widely used in 
the verification of hardware, protocol, concurrent 
and real-time software. While the Object-Oriented 
technology is so mature, the model checking 
methods for Object-Oriented system had been 
concerned rarely. Let alone developed model 
checking tools specifically for them. 

Object-Z [2] is the Object-Oriented extension of 
formal specification language Z [3]. It is suitable 
for describing the property of state-based system. 
However, lack of automatic verification tool 
support for Object-Z is the greatest obstacle. If 
there are tools can be used to check the mistakes or 
verify the property of Object-Z specification, the 
potentiality of Object-Z might work out greatly. 

This paper proposes a method to model 
checking Object-Z specification. Firstly, the 
Object-Z specification is put into label transition 
system (LTS), and then the LTS is translated into 
the input language Promela of Spin. Subsequently, 
the history invariant in Object-Z is described by 
Linear Temporal Logic (LTL). So the correctness 
of Object-Z specification can be verified. 

We choose LTS for many reasons. First, 
Object-Z is a high-level abstraction language, there 
are no model checking tools can be directly applied 
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for it. So they must be converted to an intermediate 
representation to use the existing tools. LTS exactly 
is the intermediate representation can be used to 
many model checking tools. 

Second, Object-Z is the state-based specification 
language, its specification mechanism is very 
similar to LTS so that it will make the transition 
between them relatively simple and direct and 
maintain the semantics of Object-Z well. 

In recent years, model checking Object-Z has 
been some concerned. [7] and [8] integrate Object-
Z with CSP, ASM separately; their work can only 
be used for special tools, FDR and SMV. [9] 
translates the Object-Z specification into SMV 
program, without considering the semantics-
preserving in the conversion process. [10] converts 
the Object-Z into translation system, though it 
keeps the semantics of Object-Z and can also be 
used for many model checking tools, but it didn’t 
consider the combination of operation. [11] 
proposes a model checking tool PAT, which 
contains the functionality of model checking 
TCOZ, the main idea of the tool is similar with [7], 
the difference is that the semantics of process is 
defined by LTS, then model checking TCOZ using 
existing tools. 

The rest of this paper is organized as follows. 
Section 2 introduces Object-Z and LTS. Section 3 

gives the translation rules from Object-Z to LTS 
and from LTS to Promela. Section 4 is the example. 
Last is the conclusion. 

 
 

2. Basic Concepts 
 
2.1. Object-Z 

 
Object-Z is the Object-Oriented extension of 

formal specification language Z. Its main structure 
is class, which encapsulates state schema and 
operation schema. 

The class of Object-Z is represented by a box 
with name. The name is the class name. A class can 
include the declaration of local variables and 
constants, at most one state schema and initial 
schema, and zero or more operation schema. The 
declaration in state schema is called state variables, 
and the predicates are called invariant of the class. 
The invariant constrains the possible value of state 
variables. Initial state schema assigns the initial 
value to the state variables. An operation is either 
an operation schema or a schema expression 
including existing operation and schema operator. 
Operation is constrained by precondition and post 
condition. 

 
 

[msg] 
State=init|ready|wait|replySuccess|replyFailure| q&a 
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The figure above is the Object-Z specification of 
Booking System class. State is a state variable 
assigns the possible state of the Booking System 
class. Ticketnum is a constant. It represents the 
current number of tickets. INIT defines the initial 
schema, which initializes the state variable State and 
the constant ticketnum. The operation Query and 
Book express that the clients can query and book 
tickets through travel agency. The operation 
RequestTicket indicates that travel agency can buy 
tickets directly from airline. If the ticketnum is 
greater than 0, then the booking from clients is 
successful otherwise fail.  

The property specified by the history invariant 
related to Object-Z class can be described by 
temporal logic formula. The history invariant 
indicates the history collection of state of class. Here, 
the history invariant is expressed by linear temporal 
logic. The history invariant in the figure above states 
that if the ticketnum is greater than 0, then the 
booking from clients is successful otherwise fail.  
 
 
2.2. Label Transition System (LTS) 
 

We use Label Transition System (LTS) to specify 
the semantics of the class of Object-Z. The semantics 
of the class of Object-Z is the set of computations 
that the object of the class can go through. LTS is the 
compact representation of computations, so it is the 
suitable mechanism to represent the dynamic 
semantics of the class of Object-Z. Moreover, there 
have been many model checkers for verifying the 
properties of the model specified by LTS. Its 
definition is given as follows: 
Definition 1 LTS is a quadruple (S, s0, L, T), where 
• S is the set of states 
• s0 is the initial state 
• L=EVE×ACT×GUD is the set of labels, where 

EVE, ACT, GUD denote the set of events, actions 
and guard conditions respectively 

• T⊆S×L×S is the transition relation 
If there is (s,(e,a,g),s')∈T, then it can be denoted 

as (e,g)s s
a

′⎯⎯⎯→ , which is said that when the event is 

triggered and the guard condition is true then state s 
is changed to state s' and action a is generated. Such 
transition is called basic transition. We introduce 
composite transition in order to ensure the atomicity 
of the operation in Object-Z. If two transitions t1,t2 

T and  , then t1 and 
t2 are called composite transition, where source(t1) is 
the source states of t1. t1 and t2 are said coordinated iff  

 
where read(t1) and write(t1) express the data t1 read 
from and write to the environment.  
 
2.3. SPIN 

 
Spin is a well-known model checking tool which 

used to analysis the complicated system to verify 

their logical consistency and is a generic verification 
system that supports the design and verification of 
asynchronous process system [12-14]. SPIN 
verification models are focused on proving the 
correctness of process interactions, and they attempt 
to abstract as much as possible from internal 
sequential computations. Process interaction can be 
specified in SPIN with rendezvous primitives, with 
asynchronous message passing through buffered 
channels, through access to shared variables, or with 
any combination of these. In focusing on 
asynchronous control in software systems, SPIN 
distinguishes itself from other well-known 
approaches to model checking, e.g., [15-20]. 

Nowadays, SPIN is widely used to model 
checking of all kinds of software systems and 
verifying communication protocols mainly because it 
is designed for checking distributed asynchronous 
systems, a characteristic suitable for a wide range of 
software systems. The paper [21] proposes a 
partition-based model checking method, which can 
be employed to address the state explosion problem 
in some procedures of verifying complex 
communication protocols with SPIN. Designing 
model of a communication protocol into different 
sub-models by a message-based way, and verifies the 
design model through validating the sub-models with 
relatively low resource consumption. The paper [22] 
compared the two model checking tools: NuSMV and 
SPIN, and used model checker SPIN on commercial 
Flight Guidance Systems. The result is that SPIN get 
a better understanding of the capabilities of explicit 
versus symbolic model checker in the same domain 
and can be more flexible than NuSMV in handling 
large scale systems. 
 
 
3. Model Checking Object-Z Specification 
 

The specification of Object-Z can be viewed as an 
abstract state machine. An object of the class 
produces state sequences through operation. LTS is 
used to define the compact representation of these 
state sequences. The definition of Object-Z class 
includes the following elements: 

 
 

constant definitions 
state schema 
init state schema 
operations

Class name 

history invariant 
 

 
 
3.1. From Object-Z Specification to LTS 
 
3.1.1. Translation Rules 

 
Constant definition: Constants are defined in the 

beginning of the class and their values remain 
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unchanged, thus they are not considered in the 
definition of dynamic semantics of Object-Z. 

State schema: Local variables and state variables 
are defined in a state schema, and the values of them 
at some time can be mapped to a state in LTS. Let var 
and state be the local variables and state variables 
defined in state schema respectively. Given function 
Π:var×state S, it maps the different values of the 
pairs of (var, state) to the set of states in LTS.  

Initialization state schema: Initialization state 
schema assigns initial values to variables defined in 
state schema. The initial values of these variables are 
mapped to the initial state in LTS directly. 

State transition: State transition can be achieved 
by changing the values of the variables defined in the 

-list of the operation. For the pair consisting of the 

variables defined in -list, a state can be translated 
into a new state if one of the variables in the pair 
changes its value or two variables both change their 
value. For instance, the value of var is changed to var' 
and the value of state remains unchanged in  

(var, state), then (var,state) →(var',state)∈T.  
Operation: An operation is either an operation 

schema or an operation expression including existing 
operations and schema operators. Operation is 
constrained by pre-conditions and post-conditions, 
and describes the state changes of the object. For the 
operation schema, it is mapped to an event in LTS, its 
pre-conditions and post-conditions to the guard 
condition and action. Given function F:Op→Seq 

EVE, it maps the set of operations Op to the sequence 
of events in LTS. Function P:Pre(Op)→GUD maps 
the pre-conditions of the operation to the guard 
condition, and function Q:Post(Op)→ACT maps the 
post-conditions of Op to an action. 

For the operation expressions including schema 
operators, we discuss them in the following four 
cases [1]: 
1. Conjunction operation: Op Op1 ∧ Op2, both 

Op1 and Op2 are executed. 
2. (Non-deterministic) Choice operation: 

Op Op1 Op2, one of Op1 and Op2 is chosen 
and executed randomly. 

3. Parallel operation: Op Op1||Op2, both Op1 and 
Op2 are executed with bi-directional 
communication. 

4. Sequential operation: Op Op1 Op2, Op1 and 
Op2 are executed sequentially, and the output 
variable of Op1 must match with the input 
variable of Op2. 
Let LE∈T be the set of enable transitions in LTS, 

and t1 has higher priority than t2 denoted by t2< t1. 
Each operation in the composite operation is 
translated into a transition in LTS directly. 

Conjunction operation: Two operations can be a 
conjunction iff there is no common input and output 
variables between them, that is, they are coordinated. 
The LTS semantics of conjunction operation is as 
follows: 

 

  (1) 

 
RS:after(ai)/before(aj) 
Where revar(ai) denotes that rename the prime 

variable occurring in Opi which has the same name 
with the nonprime variable occurring in Opi+1. If 
there is no such variable, then revar(ai) is null. 
after(ai)/before(ai+1) represents that the renamed 
variable substitute for the nonprime variable in the 
post-conditions of Opi+1 after Opi and before Opi+1. 
If revar(ai) is null, then after(ai)/before(ai+1) is null. 

If the pre-conditions of the operation Opi are 
satisfied, then the state will be changed and the action 

corresponding to the post-conditions of Opi will be 
generated. For the conjunction operation, if the 
conjunction of the pre-conditions of each operation is 
true, then each operation will execute sequentially 
from the start state of the first operation to the final 
state of the last one, and generate the sequence of 
actions. In the semantics, ti is the transition 
corresponding to the Opi. And ei, gi and ai are the 
event, guard condition and action labeled on ti. 

Choice operation: The LTS semantics of choice 
operation is as follows: 

 

 , (2) 

where k∈{i j}. For choice operation, if the pre-
conditions of one of the operation are satisfied, then 
the transition corresponding to the operation will 
occur. 

Parallel operation: It is similar to the 
conjunction operation, the differences between 
them are that the communication of parallel 
operation is done by input and output variables 
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which are required consistent, and the source state 
of the operations in the parallel operation must be 
the same. Let the function input:Op→IV be used to 
get the input variables of operation Op, and 
output:Op→OV be used to get the output variables 
of operation Op. Function constraint: 
(Op→OV)→CON is used to get the constraints on 
the output variables of Op. The input and output 
variables of the operations Opi and Opj are 
consistent iff (output(Opi) ⊆input(Opj)) ∧  

(output(Opj)⊆input(Opi)). If the output variables of 
Opi is consistent with the input variables of Opj or 
the output variables of Opj is consistent with the 
input variables of Opi at the same time, then we 
assume that Opi has higher priority than Opj. The 
constraints on the output variable of Opi are 
combined with the guard condition in the transition 
which corresponds to Opj. The LTS semantics of 
parallel operation is as follows: 

 

  (3) 

 
C:constraint(output(ti)) S:output(ti)/input(tj) 

Where output(ti)/input(tj) is expressed that the 
output variables of Opi substitute for the input 
variables of Opj. 

Sequential operation: Sequential operation is 
the sequential combination of two operations, 
which require that the source state of the second 
operation is equal to the target state of the first one 

and the output variables of the first operation is the 
same as the input variables of the second one. 
Operation Op1 and Op2 can be combined 
sequentially iff (target(Op1) = source(Op2)) ∧   
∧  (output(Op1) = input(Op2)), where target(Op1) 
represents the target state of Op1. The LTS 
semantics of sequential operation is as follows: 

 

 , (4) 

 
where S-1 is input(tj)/output(ti). 

 
 
3.1.2. LTS Representation of Class Booking 

System 
 
According to the above translation rules, we 

can translate the Object-Z specification of the 
Booking System class in section 2 into LTS 
through following steps. 

There is a local variable ticketnum and a state 
variable State in the state schema, therefore, the 
pair (ticketnum,State) formed the set of states S in 
LTS.  

In the INIT schema, ticketnum=100, State=init, 
so the initial state s0=(ticketnum=100,init). 

There are three operations in the Booking 
System class: Book, Query and RequestTicket. 
According to ticketnum is whether greater than 0, 
RequestTicket can be viewed as a choice operation. 
Due to 
 

 
 

 
Book and RequestTicket are sequential 

operation. We also can get 

 
 

 
 
the translation corresponding to 
Book RequestTicket and Query is a composite 
translation. Because 
 

 

 
is satisfied, so they also are a parallel operation. 
The operation name is directly translated into the 
event in LTS, and its precondition and 
postcondition are corresponded to the guard 
condition and action separately. The LTS translated 
from the Object-Z specification of the Booking 
System class according to the translation rules can 
be the two following cases: 

In Figs. 1 and 2, n, c, a, s, f, Q, B, RT is the 
abbreviation of ticketnum, client, agent, success, 
failure, Query, Book, RequestTicket. For the 
atomicity of each operation, the two LTSs above 
are equal. 



Sensors & Transducers, Vol. 154, Issue 7, July 2013, pp. 266-273 

 271

3.2. From LTS to Promela 
 

State. The states in LTS can be declared by 
mtype{} in Promela, the pair (var,state) can be 
defined as a new state variable. 

Input variables and output variables. The 
input variables and output variables including in the 
guard condition and action of the translation are 
defined by channel chan. For the input variables 
and output variables in the composite translation, 
they can be defined as synchronous channel. 

Translation. The guard condition and action of 
the translation can be defined as the precondition 

and postcondition in Promela separately. The 
precondition can be the Boolean expression 
between if…fi, the atomic is used to represent the 
atomicity of the translation. We take the translation 
from state ready to wait as an example to explain. 

state==ready-> 
if 
:: c?=B->atomic{a!=RT;state=wait;} 
fi 
The entire LTS can be declared by active 

proctype processname{}, where processname 
represents the process name. 
 

 
 

 
 

Fig. 1. LTS representation of Booking system Class. 
 
 

 
 

Fig. 2. Another LTS representation of Booking system Class. 
 
4. Verification Result of Class Booking 

System 
 

So far, we can verify the property 
□(client?book ∧  ticketnum>0=>client!success) ∨  

□(client?book ∧ ￢ (ticketnum>0) =>client!failure) 
by SPIN. By the verification, we can know that the 
property is satisfied by the Object-Z specification 
of Booking System class. Fig. 3 is shows the result 
of verification: 
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Fig. 3. Result of Verification. 
 
 

5. Conclusion 
 
This paper proposes a method used to verify the 

Object-Z specification in detail. We first translate 
the Object-Z specification into LTS which is an 
intermediate representation can be used by many 
model checking tools. We give the translation rules, 
and the semantics preserving is concerned in the 
translation procedure. In order to verify the 
correctness of Object-Z specification, the 
translation procedure from LTS to Promela is 
given. Finally the verification of Booking System 
class is used to show the feasibility of our work. 

Although the translation rules have been 
provided, the relevant translation algorithm needs 
to be implemented in future. The history invariant 
is expressed by linear temporal logic, how to verify 
the property if it is represented by other forms, it is 
also a problem we consider future. 
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